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Abstract

The aim of this work is to extract the surface contribution in the Martian visible/near-infrared
spectra removing the atmospheric components by means of Principal Component Analysis (PCA)
and target transformation (TT). The developed technique is suitable for separating spectral
components in a data set large enough to enable an effective usage of statistical methods, in support
to the more common approaches to remove the gaseous component. In this context, a key role is
played by the estimation, from the spectral population, of the covariance matrix that describes the
statistical correlation of the signal among different points in the spectrum. As a general rule, the
covariance matrix becomes more and more meaningful increasing the size of initial population,
justifying therefore the importance of sizable datasets. Data collected by imaging spectrometers,
such as the OMEGA (Observatoire pour la Minéralogie, I’Eau, les Glaces et I’ Activité) instrument
on board the ESA mission Mars Express (MEXx), are particularly suitable for this purpose since it
includes in the same session of observation a large number of spectra with different content of
aerosols, gases and mineralogy. The methodology presented in this work has been first validated
using a simulated dataset of spectra to evaluate its accuracy. Then, it has been applied to the
analysis of OMEGA sessions over Nili Fossae and Mawrth Vallis regions, which have been already
widely studied because of the presence of hydrated minerals. These minerals are key components of
the surface to investigate the presence of liquid water flowing on the Martian surface in the

Noachian period. Moreover, since a correction for the atmospheric aerosols (dust) component is
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also applied to these observations, the present work is able to completely remove the atmospheric
contribution from the analysed spectra. Once the surface reflectance, free from atmospheric
contributions, has been obtained, the Modified Gaussian Model (MGM) has been applied to spectra
showing the hydrated phase. Silicates and iron-bearing hydrated minerals have been identified by
means of the electronic transitions of Fe** between 0.8-1.2 pm, while at longer wavelengths the
hydrated mineralogy is identified by overtones of the OH group. Surface reflectance spectra, as
derived through the method discussed in this paper, clearly show a lower level of the atmospheric
residuals in the 1.9 hydration band, thus resulting in a better match with the MGM deconvolution
parameters found for the laboratory spectra of Martian hydrated mineral analogues and allowing a

deeper investigation of this spectral range.

Keywords: Mars, atmosphere, surface reflectance, OMEGA, mineralogy

1. Introduction

The main purpose of this work is to apply the PCA and the target transformation (TT) method to
data acquired by imaging spectrometers on board space missions orbiting Mars, in order to remove
the atmospheric contribution. This will allow for the isolation of the surface spectra in order to
investigate hydrated mineral features. Imaging spectrometers measure a signal in the near-infrared
spectral range that contains information about the atmosphere as well as about the surface. The
measured spectra result in a combination of these different spectral contributions and a
methodology is necessary to separate the atmospheric component from the surface reflectance. The
high resolution spectral data provided between 0.4 and 2.5 um by both the OMEGA (Observatoire
pour la Minéralogie, I’Eau, les Glaces et I’ Activité) and CRISM (Compact Reconnaissance Imaging
Spectrometer for Mars) imaging spectrometers, on board the ESA/Mars Express and the
NASA/MRO respectively, allow for the identification and mapping of different minerals (e.g.,
Bibring et al., 2004; Murchie et al., 2007a). However, while the electronic absorption features
diagnostic of transitional elements bearing minerals (e.g., ferro-magnesian silicates) occur at
wavelengths not affected by Mars atmospheric composition, the vibrational overtone absorptions
bands due to water, OH’, and (C03)2' in minerals overlap the absorption of water and CO, in the
atmosphere. Therefore, an accurate removal of the atmospheric components (aerosols and gaseous
species) is necessary to extract the actual surface contribution in the spectra. The standard
processing approach to remove the atmospheric contribution is to divide the spectra by a scaled

atmospheric spectrum measured across Olympus Mons (Langevin et al., 2005; McGuire et al.
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2009). Then, the residual errors are suppressed by ratioing the target spectrum by a low spectral
contrast reference spectrum of the same observational session (or cube), apparently without any
relevant features and characterized by a smoother continuum (e.g., Bibring et al., 2005). Bakker et
al. (2014) introduced a new method to obtain the surface reflectance deriving atmospheric
transmission models (ATM) from the OMEGA image itself. This method has the advantage to take
into account the seasonal and diurnal variability of the atmospheric gases (CO;, and H,0O), but no

attempt was made to correct for aerosols effects.

Bandfield et al. (2000) and D’Amore et al. (2013) have already applied the multivariate analyses
techniques to the Thermal Emission Spectrometer (TES) on board the NASA Mars Global Surveyor
satellite and to the Planetary Fourier Spectrometer (PFS) instrument on board the ESA Mars
Express (MEx) spacecraft, respectively. The authors were able to properly recover the atmospheric
contribution (dust and water ice clouds) to the observed radiation in the thermal/far-infrared spectral
range. Glotch and Bandfield (2006) found the surface spectral components and atmospheric spectral
shapes at Meridiani Planum applying the PCA and TT to the Miniature Thermal Emission
Spectrometer (Mini-TES). Glotch and Rogers (2013) used factor analysis and TT to search for
carbonate decompositions products on the surface of Mars. Smith at al. (2000) successfully
separated the contribution of atmospheric and surface components in TES data assuming that each
spectrum is a linear combination of its components. Thomas and Bandfield (2013) used the TT on
CRISM data to confirm the presence of Mg-rich carbonates near Nili Fossae region on Mars, while
Thomas et al. (2014) used the TT to identify diagnostic serpentine spectral features in the CRISM
near-infrared data on the same Martian region. Klassen (2009) found a set of spectral end-members
applying the PCA and TT to near infrared cube images of Mars acquired by the NASA Infrared
Telescope Facility. In our work, we apply the same technique, hereafter called Surface Atmosphere
Separation (SAS) method, to the OMEGA data in the near-infrared spectral range. In particular, we
focused on surface reflectance spectra that show the hydrated absorption bands, which occur in the
spectral range between 1.8 and 2.2 um that is strongly influenced by the atmospheric absorption of

H,0 and CO..

Section 2 gives a short description of the OMEGA instrument and the set of data used in the present
work. Section 3.1 summarizes the theoretical background of the PCA and target transformation
approach, while the application of the method to a test case is shown in Section 3.2. Section 4 is
devoted to the analysis of two OMEGA orbits passing through Nili Fossae (Section 4.2) and
Mawrth Vallis (Section 4.3), where different mineral assemblages and the presence of

phyllosilicates where already recognized (e.g., Poulet et al., 2005; Mustard, et al., 2007; Mangold et
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al., 2007; Ehlmann et al., 2008; Poulet et al., 2008; Bishop et al., 2008; Noe Dobrea, et al., 2010).
The presence of these minerals on the Noachian crust of Mars implies likely the presence of liquid
water during the first billion year (e.g., Loizeau et al., 2007) and strong climate changes between
the present time and the epoch in which phyllosilicates formed. The application of the multivariate
analyses techniques to OMEGA spectra in order to remove the gaseous atmospheric components is
completed by the removal of atmospheric dust component as described in Section 4.4. The spectral
surface component classification and deconvolution are addressed in Section 5, where it is shown
that the SAS method permits an improvement in the identification of the mineralogical phases by
means of MGM, in particular for the investigation of hydrated mineralogy. Finally, the discussion

and conclusions are in Section 6 and 7, respectively.

2. Instrument and dataset

In each resolved pixel (1.2x1.2 mrad instantaneous field of view, [FOV) OMEGA acquires a
spectrum in 352 contiguous spectral elements (spectels) from 0.35 to 5.1 pum, with a spectral
sampling ranging from 7 nm (in the visible and near infrared (VNIR) channel, between 0.38 and
1.05 um) to 14 nm (short wavelength range, SWIR-C, between 0.93 and 2.73 pm) and 20 nm
(SWIR-L, which covers the interval 2.55-5.1 um). The signal-to-noise ratio (SNR) is > 100 over
the whole spectral range (Bibring et al., 2004) for observations obtained in nadir mode and
considering low solar zenith angles. The data products are organized in three-dimensional arrays (or
cubes), with one spectral and two spatial dimensions (X, y, A). Due to the MEx spacecraft elliptic
orbit, the scan widths in each orbit are changed (16, 32, 64, 128 pixels) accordingly to the variation
of the observing distance, e.g., 16 pixels are used for the low-elevation (<350 km, orbit peri-center)
and consequently for high-resolution (300 m/pixels) observations, whereas the 128 pixels mode is
adopted for elevations above 1500 km to provide wide images with spatial sampling greater than 2
km/pixel. Data and calibration software are publicly available through ESA's Planetary Science
Archive. The OMEGA VNIR and SWIR-C channels data are co-registered according to Carrozzo et
al. (2012). Together with CRISM, OMEGA allowed for the first time the clear detection of hydrated
minerals such as hydroxides, sulphates and in particular phyllosilicates (e.g., Poulet et al., 2005;

Gendrin et al., 2005; Arvidson et al., 2005; Milliken et al., 2008).

In order to investigate regions where hydrated minerals have been already found and to include a
variety of mineralogical units, in this work we focus on the two MEx orbits: 0422_4 and 0353_3.

Orbit 0422_4 includes the north of Syrtis Major Planum, passing through Nili Fossae and highlands
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of Nili Fossae. This OMEGA observation contains 44,640 spectra and, besides the considerable
mineralogical diversity, it shows significant variability in gas absorption due to an altimetry
variation of 4.7 km. This observational session has been acquired on May 20", 2004 during Martian
year 27 (the Martian years start on 1955, April 11 at solar longitude 0°, following the convention
used in Clancy et al, 2000), at solar longitude 36.1° (northern spring). The ground track goes from
south to north crossing a changing elevation from -2.97 km to 1.73 km. Orbit 0353_3 passes
through Mawrth Vallis, a region located at mid-low latitude in the west part of Arabia Terra, with
an elevation spanning from a minimum of -5 km to a maximum of -700 m. This observational
session has been acquired on April 30", 2004 during Martian year 27, at solar longitude 26.8°

(northern spring) and contains 99,820 spectra.

3. Method and validation
3.1 Principal component analysis and target transformation

This Section follows closely the methodology given in Bandfield et al. (2000). In statistical
methods the covariance matrix is used, with different approaches, to derive the eigenvectors, a set
of N, orthogonal spectral functions summarizing the variability of the sample. They can be
organized in a m x N, matrix R (m being the number of spectral points), whose rows can be linearly
combined to reproduce every spectrum in the dataset. More specifically, being D the full set of

measured spectra (n x m matrix, gathering n sampled spectra in m spectral bands), it holds
D=R-C (1)

where C is a N, x n matrix whose columns give the contribution (weights) of each endmember to
the different spectra in the population. To derive the matrix R (composed by eigenvectors of D) we
use the PCA. However, there are many works that use instead the Factor Analysis (FA), such as
Bandfield et al. (2000, 2002), D’Amore at al. (2013), Glotch and Bandfield (2006), Glotch and
Rogers (2013), and Hamilton et al. (2012). PCA and FA have the same purpose: reduce the
dimensionality of the variables. However, they reach this goal in two different ways: PCA uses the
variance of the observed variables and finds the principal components, while FA accounts for
common variance in the data and finds a smaller set of latent variables or scores (the original
variables are defined as linear combinations of the factors). Both methods provide significant
components (or eigenvectors) to be transformed in physically meaningful end-members by means

the Target Transformation. In our opinion and for the goal of our work, both methods are useful in
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the same way, and, we suppose, they could afford to achieve same or similar results. Therefore, we
proceed using the PCA approach.

The main purpose of the PCA is to reduce the number of variables and found the minimum set of
eigenvectors whose linear combinations are able to reconstruct the original measured spectra. The
original population of spectra can be represented in a space with dimensionality given by the
number of spectral channels. In the PCA approach, the diagonalization of the covariance matrix is
used to represent the original information in a rotated space of reduced dimensionality, but
preserving the most part of the original variance. Once the eigenvalues are sorted by decreasing
values, the first eigenvector (principal component 1) accounts for the maximal variance, the second
eigenvector (principal component 2), orthogonal to the previous one, accounts for the maximum
variability that has not been counted from the first one, and so on. Once all eigenvalues and
eigenvectors (their initial number is equal to the original dimension of data) have been found, the
dimensionality can be reduced by retaining the minimum AN, number of components that actually
influence the dataset. Even if ideally N, should be strictly related to the number of spectral end-
members present in the dataset, actually secondary eigenvectors could still contain spectral
information. As explained in Section 3.2, we use a chi-square test to constrain the number of
eigenvectors. The eigenvectors associated to the N, eigenvalues or principal components can thus
reproduce the measured signal, while the remaining eigenvectors are featureless and contain mostly
random noise.

Since the eigenvectors do not necessarily have a physical meaning, target transformation (Hopke,
1989) 1s used to assign a physical significance to this abstract matrix by rotating the space defined
by the meaningful eigenvectors to be geometrically realigned to a set of predefined axes, called test
vectors, representing the possible physical contributions to the measured data. For this purpose, a
set of trial (or test) spectra have been computed by means of a radiative transfer (RT) code (Ignatiev
et al., 2005), each one representing the gaseous spectral end-members: carbon dioxide, carbon
monoxide and water vapour transmittances. The trial spectra describing the surface components can
be laboratory spectra or retrieved surface components obtained with existing methods, e.g., the so
called Mons Olympus’ method (Langevin et al. 2005), hereafter MO method, which is also often
referred as “volcano scan” (e.g., McGuire at al., 2009). The spectral components (R matrix in
Formula 1) are then retrieved fitting the trial spectra with a linear combination of N, eigenvectors.
Finally, the projection of the initial spectral population into the space defined by the retrieved
spectral components allows finding the weight matrix (Hopke, 1989). Considering the retrieved

end-members of the surface only, the gaseous components are removed from the spectra.
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The assumption of linear combination of spectral end-members can be done only when the dust
content in the atmosphere is very low, otherwise their contribution is far from being linear.
Moreover, in the visible and near-infrared range of the spectrum it is difficult to disentangle the
effect of dust on the bright, dusty terrains from that in the atmosphere. For this reason we will adopt
a further step to remove the effect of atmospheric dust scattering, as described in Section 4.4.
Therefore, in our first analysis the aerosol component is not included, and the assumed contribution

to the spectra is only given by the gases transmittance and surface reflectance.

3.2 Synthetic datasets used as a test

To validate and check the accuracy of the described method we proceed with preliminary tests on
simulated data and make a direct comparison between final results and initial input (which we call
“true”). We consider a population of synthetic spectra computed by means of the RT algorithm and
convolved with a Gaussian kernel at the OMEGA spectral resolution. The synthetic population has
been constructed using the observational geometries of OMEGA orbit 0248_1 (16th pixel) that

includes 2848 scans and shows an altimetry variation from -3.53 km to 1.96 km.
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Figure 1. Reflectance of a bright surface (upper spectrum) and dark surface (lower spectrum) used as input for the

surface reflectance in the RT code.

In the simulated dataset we consider a bright surface reflectance (in Figure 1, the upper curve) and a
dark surface reflectance (the lower curve in Figure 1, taken from a spectrum of a hydrated mineral
measured in laboratory). The two reflectances (Figure 1) are mixed with uniform random weights in
each of the 2848 different spectra of the population and used as input for the surface reflectance in
the RT code. The gaseous components include CO,, CO and H,O. Realistic gases abundances and

pressure-temperature vertical profiles are extracted from the Mars Climate Database (MCD, Lewis
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et al., 1999; Forget et al., 1999). Deep space measurements from OMEGA orbit 0285_0 have been
used to derive the standard deviation of random instrumental radiometric noise. Series of normally
distributed random numbers have eventually allowed us to simulate a realistic measurement error
for each spectrum. Since the visible portion of the spectrum does not have gaseous absorption

bands, this analysis involves the spectral range from 1 ym to 2.5 pm.
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Figure 2. Eigenvectors retrieved using PCA for the simulated dataset, shifted for clarity. Only the first eight eigenvalues

are listed.

The PCA applied to the synthetic population identifies a significant contribution of three principal
components, which are found to be essentially the gases components (the first two eigenvectors)
and the surface (the third eigenvector), as shown in Figure 2, whereas all the other eigenvectors
contain mostly noise. However, the correct number of principal components, which represents the
eigenvector space size, has been defined iteratively considering the best-fit value (XZ:[ZU (xij —
yij)/csijz]/n_points, where i is the index on the spectra and j is the index on the spectral points, G is
the noise, x is the reconstructed spectrum, y is the original spectrum and n_points is the number of
spectral points considered) between the reconstructed spectra and the initial spectra (Hopke, 1989),
considering a signal to noise ratio of 100. Before PCA is performed, we cast the problem in the
logarithm space, therefore multiplicative contributions become additive: this step extend the validity
of eq. 1 to the solar-dominated region of the spectrum. Then we remove the mean that obviously is
equivalent to a ratio of each spectrum by the average. Then the mean is included as an additional
component. However, it is not necessary to remove the mean before the analysis is performed.

Indeed, the retrieved spectral components are quite the same in both cases.
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Based on the method described above, we compute the surface components for the simulated
population. Figures 3a and 3b show the result of target transformation applied to the gas and surface
components, respectively.

The retrieved gas spectral end-member (red line in Figure 3a), in addition to the strong CO,
absorptions, shows the contribution of CO and H,O (e.g., absorptions at about 1.35 um and 1.9 ym
for H,O and at about 2.3 um for the CO) even if they have not been included in the trial spectrum,
showing the ability of the method to recognize spectral signatures even if not present in the trial
spectrum. Figure 3b shows that the TT is able to infer the correct shape of the surface spectral end-

member (red line).
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Figure 3. (a) Gas spectral component (red line) retrieved by fitting the trial spectra (black line) with a linear
combination of significant eigenvectors. The gas trial spectrum (black line) is a simulated spectrum, which considers
the contribution of carbon dioxide only. (b) Surface spectral component (red line, shifted for clarity) defined as the best-
fit representation of trial spectrum (black line) with a linear combination of significant eigenvectors. The trial spectrum
for the surface component (black line) is the linear combination of the dark and bright surface reflectance shown in

Figure 1.

Once the weights of each spectral component have been computed for every spectrum of the
population, the surface reflectance is retrieved. The residuals (Figure 4) show the percentage error
of the method and it is computed as the difference between the true surface and the retrieved surface
normalized to the true surface. The error is less than 1% except in few spectral points where it

reaches values of about 2%.
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Figure 4. Modelling error computed as the difference between the true surface and the retrieved surface normalized to

the true surface.

Figure 5 shows the retrieved surface components (red spectra) for two spectra of the population.
The method, described in the present work, permits a successful reconstruction of the surface
reflectance (being the residual errors less than 2%) and of the spectrum (Figure 6). We check also if
the elevation variability is necessary for the application of the method. Therefore, we consider a
simulated population where the atmospheric path length is uniform and only the surface spectra are
variable. The method works very well even in this case, showing almost the same residuals of

Figure 4. Indeed, we still have a variability that makes the PCA working fine.
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Figure 5. (a) Spectrum whose surface reflectance is made by 1% of bright component and 99% of dark component. (b)
Spectrum whose surface reflectance is made by 50% of dark component and 50% of bright component. The retrieved

surface reflectances are the red line over imposed to the true surface reflectance (black line). Shifted for clarity the
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Figure 6. Reconstructed spectrum (red line) compared to the initial population (black line) for the same cases of Figure

5.

4. Application to the OMEGA data
4.1 Trials and first guess discussion

We have applied the procedure described in Section 3 to OMEGA cubes 0422_4 and 0353_3,
covering Nili Fossae and Mawrth Vallis, respectively. The application of the PCA to both datasets
reveals that five eigenvectors (Figure 7a and 7b, for cube 0422_4 and 0353_3, respectively) have a
spectral shape above the noise, meaning that at least five components mostly influence the dataset.
We apply the same procedure described in Section 3.2 and chose as trial spectra for the surface the
reflectance obtained using the MO method, while the gas components are the same used for the test
case with a correction at 2.039 um because of a bad spectel (Forget et al, 2007). By using the
already existing spectral shape for the surface end-member as a first guess in the SAS analysis we
can reach meaningful solution for every spectrum in the analyzed dataset. In fact, the MO method
provides a surface reflectance that at first order well represent the mineralogical diversity as
reported in the OMEGA and CRISM data analysis literature and in the derived spectral indexes
used to map on a global scale the different class of minerals found on Mars (eg. Poulet et al., 2008;

Pelkey et al., 2007; Carrozzo et al., 2012; Ody et al., 2012).
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Figure 7. Eigenvectors (shifted for clarity) retrieved using PCA for the two considered orbits. Only the first eight

eigenvalues are listed.

4.2 Nili Fossae, orbit 0422_4

The eigenvectors obtained after the PCA has been applied to the spectral population of orbit 0422_4
clearly indicate that the principal components that influence this dataset are characterized by
gaseous spectral features and surface spectral shape (Figures 7a). As described in the test case, we
consider a number of eigenvectors that gives the best reconstruction of the spectra when compared
(by means of the chi-square test) with the original spectra measured by OMEGA. This ensures that
we are observing the best combination of the retrieved end-members. Figure 8a shows the retrieved
gas spectral components and their amplitude in the dataset. This is possible using the retrieved
weights (C matrix in Formula 1) obtained by projecting the spectral population in the space defined
by the retrieved end-members. The weights of the gas spectral components multiplied to the gas
end-member give the gases opacities, since we are working in the logarithm space. Target
transformation projection of surface trials in the space defined by the eigenvectors and the resulting
best fit of the linear combination of the selected eigenvectors with the trial component is plotted in

Figure 8b for a spectrum where the hydrated band is present.
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Figure 8. (a) Retrieved transmittances corresponding to the maximum (thick line) and minimum (thin line) weights. The
CO, transmittances are the black lines, the H,O transmittances are the red lines and the CO transmittances are the green
lines. The lower panel is a widening of the upper panel to have a better viewing of the CO and H,O transmittances.

(b) Surface trial (black line) and retrieved surface end-member (red line) for a case where the hydrated band is present.

Figure 9 displays the retrieved surface reflectance for bright and dark surfaces from cube 0422_4.
The surface reflectances obtained using SAS procedure are similar to the ones retrieved with MO
method, but a reduced noise and a better evaluation of the spectral shape of the surface are obtained

in the spectral region where the gaseous component is stronger, in particular around 2 pm.

In Nili Fossae region the 2.3 um band has been detected (e.g., Poulet et al., 2005; Mangold et al.,
2007; Mustard et al., 2007; Michalski et al., 2010) in association with the hydration band at 1.9 pm.
This combination of absorptions was attributed to Fe/Mg-rich clays. Figure 10a shows one of these
peculiar spectra as an example of the result obtained by the application of the SAS procedure to a
surface spectrum characterized by phyllosilicates features. In some cases we also observe a shift in
the minimum of the band at 1.9 um (see one case in Figure 10b, red line). This shift consists of one
spectral point compared with the spectra of surface obtained with MO method (black line). In order
to make a deeper check on this result, we search for spectra of surface in the same region of Mars
using the dataset of CRISM/MRO instrument. Figure 10b shows a spectrum (blue line) from
CRISM instrument (on the same spatial region, even if CRISM spectrum is obtained at much higher
spatial resolution than OMEGA spectrum) where the position of the 1.9 um band coincides with

that of our retrieved surface reflectance.
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Figure 9. Spectra from orbit 0422_4 crossing bright and dark surfaces. (a and c) Surface reflectance factor retrieved
using the methodology described in the paper (red spectra) overlying to surface reflectance obtained using MO method
(black spectra). (b and d) Original OMEGA spectra (black line) underlying the retrieved spectra (red line) using the
SAS procedure (red line).
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Figure 10. (a) Surface reflectance from orbit 0422_4 showing the absorption at 1.9 um associated to 2.3 um band
indicating Fe/Mg-rich clays. (b) Surface reflectance factor showing the spectral feature of hydrated minerals at 1.9 um,
2.3 ym and 1.4 ym in Nili Fossae region of Mars (MEX orbit 0422_4). The red line is the surface reflectance retrieved
with the SAS procedure, the black line is the surface reflectance obtained with MO method, and the blue line is a
CRISM observation of the same region but with a higher spatial resolution. The SAS method has not been applied to the
CRISM spectrum in the figure, but the atmospheric features have been removed with “volcano scan” method (McGuire

at al., 2009).
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4.3 — Mawrth Vallis, orbit 0353_3

In this session we present and discuss the results of the SAS procedure to the OMEGA spectra from
orbit 0353_3. Figure 7b shows that the principal components obtained with the PCA have the
typical features of the gas and surface shape. The application of target transformation can be seen in
Figure 11. The reconstructed spectra with the SAS method are indistinguishable from the original
spectra except for the noise that is reduced after the application of SAS method. The absorption at
1.9 um is present in many regions of the area as shown in the map of Figure 12a, where the violet
colour indicates spatial regions where the spectral index values of 1.9 um band (as defined in
Loizeau et al., 2007) derived from the retrieved surface, are higher than 2.5%. We consider an
average of nine surface spectra (the average should remove random noise), from both the MO and
SAS methods, located in the region of the map indicated with a red box. These spectra are all
characterized by hydrated mineral features and their average is shown in Figure 12b with cyan and
red colours for MO and SAS method, respectively. To remove residuals due to atmospheric gases,
the ratio with a featureless surface reflectance measured in a region (yellow box in Figure 12a) very
near to the selected area has been considered and shown as green and black coloured spectra in
Figure 12b for MO and SAS method, respectively. The spectrum retrieved with our statistical
analysis shows clearly the main hydrated features if compared with the spectrum of nontronite
(violet line) taken from the USGS mineral spectral library (Clark et al., 1993) and does not differ

substantially from the normalized spectra.
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Figure 11. Spectra from orbit 0353_3 crossing bright and dark surfaces. (a and c¢) Surface reflectance factor retrieved
using the methodology described in the paper (red spectra) overlying to surface reflectance obtained using MO method

(black line). (b and d) Original OMEGA spectra (black line) underlying our retrieved spectra (red line).
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Figure 12. (a) The violet area is characterized by a band depth at 1.9 pm higher than 2.5% (as derived from the retrieved
surface) overlying the albedo map at 1 pm of orbit 0353_3. (b) The violet spectrum is a laboratory spectrum of
nontronite, red and cyan spectra are surface reflectance (normalized at 1.4 um and shifted for clarity) obtained with the
SAS and MO analysis respectively and corresponding to the region indicated with a red box in the map. Green and
black lines are surface reflectances measured around the pixel indicated with the red box and rationed with a featureless
spectrum measured in the region indicated with a yellow box in the map, considering the MO and SAS method

respectively.

4.4 Correction for the effect of atmospheric dust

Dust is always and everywhere present in the Martian atmosphere showing opacity variation with
season and location as described in Smith (2004). Mars experiences global dust storms as well as
local dust storms and small-scale dust devils. Uplifted dust strongly influences the thermal structure
of the atmosphere. During the observational session of orbit 0442_4 the dust optical depth t (at

1070 cm™) ranges from 0.1 to 0.2, as reported in MCD and shown in Figure 13a. The dust optical
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depth is slightly higher for orbit 0353_3 (Figure 13b), especially in the atmospheric column above
craters south of 16° of latitude, where T can be greater than 0.25. We extract the value of dust
optical depth from MCD to have the value of t influencing each spectrum. The dust input scenario
is the one called “Mars Year 24” (MY24) designed to mimic Mars as observed by Mars Global
Surveyor from 1999 to 2001, a Martian year thought to be typical (MCD, user manual). Vincendon
et al. (2007) used a Monte Carlo approach to determine both the aerosol thickness and the surface
reflectance factor free from the aerosol contribution at each wavelength in OMEGA near-infrared
spectra for high-latitude regions of Mars. We apply the same approach from visible to near-infrared
spectral range (from 0.4 pm to 2.5 um) considering that the observed reflectance factor at a given
wavelength is a function of surface reflectance and t. Taking advantage of this relationship and
knowing t a priori, we use a multiple-scattering radiative transfer code to simulate reflectance
factor, assuming the most recent properties for the atmospheric dust (Wolff et al., 2009) and using
the observing geometries for each observation. The grain size distribution of dust is described with
a log-normal function where the grain effective radius is 1.6 um and the effective variance of
distribution is 0.35 pm. The surface reflectance factor is determined as the value that corresponds to
the best fit between the observed reflectance factor and the simulated one for each wavelength.

The effect of the dust on the spectra depends on the surface reflectance. For dark surfaces the effect
of dust is to increase the reflectance while, on contrary, for bright surfaces is to decrease the
reflectance. For intermediate values of surface reflectance the effect of atmospheric dust is not
distinguishable from that of surface dust. These effects are shown in Figure 14 where two spectra
from orbit 0422_4 and two from orbit 0353_3 corrected for the effect of dust are plotted. The
displayed surface reflectance shows how the effect of dust can be different for bright (Figure 14a,
orbit 0422_4) and dark (Figure 14c, orbit 0353_3) surfaces and how the presence of atmospheric
dust cannot be distinguished for intermediate values of surface reflectance (around 0.2, Figure 14b
and 14d for orbit 0422_4 and 0353_3, respectively). It is also evident that the narrow spectral
features of the surface are not modified by the effect of dust due to scattering, while the continuum

is influenced by the dust contribution.
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430  0.172 for the shown spectra of orbit 0422_4 and 0353_3, respectively.
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5. Application of MGM analysis to Martian surface spectra

Removing the atmospheric contribution in the Martian VNIR-IR spectra is crucial to study and map
the surface mineralogy from remote sensing data. In this Section we discuss how the Martian
surface spectra retrieved by means of the SAS method can be used to study in details the
mineralogy of Martian surface, with particular attention to hydrated phases. We spectrally analyse
the two OMEGA cubes, from Nili Fossae and Mawrth Vallis, focusing on the retrieving of the
Martian mineralogy by using the MGM (Sunshine et al., 1990). In particular, we focus our analysis
on those minerals characterized by absorption bands centered at 1.9 um to 2.3 pm, representative of
hydrated minerals, in which spectral range the atmospheric contribution is more important. In order
to validate the surface spectra obtained through the SAS method, we apply the MGM deconvolution
to both a set of laboratory spectra of minerals of recognized hydrated silicates on Nili Fossae and
Mawrth Vallis and to the SAS OMEGA spectra.
The MGM is a statistic-base method based on the assumption that different mineral absorptions can
be described with a modified Gaussian distribution superimposed on to a continuum. It is widely
applied on mineral phases and mixtures analysis, in particular for the electronic absorptions (e.g.,
Sunshine et al., 1990; Sunshine and Pieters, 1993, 1998; Klima et al., 2007, 2011; Clenet et al.
2011; Serventi et al., 2014submitted). Different papers used also Gaussians models to determine the
vibrational overtones present in hydrated silicates, carbonates and sulfates measured in laboratories
(see Sgavetti et al., 2015; and references therein). Mustard et al. (2005) showed how pyroxene-rich
areas on Mars have wide absorptions at 1 and 2 pm on OMEGA data and how applying the MGM it
is possible to separate orthopyroxene from clinopyroxene contribution. Recently, Clenet et al.
(2013) applied the MGM to OMEGA data exploring the mafic mineralogy of Syrtis Major. The
authors highlighted how the application of MGM on OMEGA data permits to separate the different
contribution of mafic minerals and to quantify their parameters.
Here, we apply the MGM considering:

1) the continuum as a straight line as function of the wavenumber, with two parameters, the

offset and the slope (Sunshine et al., 1990);
2) each Gaussian is described by three parameters: the band depth (in logarithm of the
reflectance), the band center and the band width, or FWHM (both in nanometers).

We choose a continuum that model the real strength of the absorption bands (see also Clenet et al.,
2011) thus avoiding an horizontal continuum by choosing a fixed, tangent continuum. On the other
hand, Gaussians spectral parameters are free to vary. The goodness of the fit is expressed by the

RMS (root mean square) value.
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We select spectra of some clay minerals (e.g., nontronite and smectite) from USGS spectral library
(Figure 15 and Table 1), which can be considered analogues to Martian phases. Taking into account
the literature, which discusses the mineralogy of the selected regions, we consider nontronites,
smectites and montmorillonites as laboratory hydrated phases. These minerals belong to the
smectite family, already recognized on Martian surface, as in Nili Fossae (Ehlmann et al., 2008) and
are characterized by absorption bands comparable with spectra here analysed. Electronic
absorptions characterize the 0.5-1.2 um spectral region and, in particular, bands centered between
0.8 and 1.2 um are due to Fe?* transitions. On the other hand, overtones and combination of modes
characterize the longest wavelength. In particular, smectite, nontronite and montomorillonite have
the strongest water overtones near 1.41 um and water combination bands near 1.92 um. As shown
in Ehlmann et al. (2008; and references therein) the absorption at 1.4 um (due to the OH stretching)
depends on the octahedral cations present in crystal structure of hydrated minerals. The stretching
occurs at 1.43 pm, at 1.41 um and at 1.38-1.39 um if the cation is Fe, Al or Mg, respectively. H-O-
H combination stretching and bending vibrations occur near 1.92 um and 1.97 um, respectively
(Bishop et al., 2008). Weak combination bands have been detected at 2.0 um for adsorbed water in
hydrated minerals. Strong OH combination bands are also present in the 2.2-2.5 um spectral region,
and, as the 1.4 um absorption, their position is a function of the octahedral cation composition. In
general, the OH combination bands occur at 2.17-2.21 um, 2.29-2.31 um and 2.32-2.34 pym if Al,
Fe™* and Mg are in the octahedral sites, respectively. Al/Fe-OH combination bands occur at 2.24
um. If the cation is the Fe®* the band is centered at 2.35-2.37 um. Bishop et al. (2002a) interpreted
the additional bands between 2.4 pm and 2.5 uym as due to further OH stretching and bending.
Bands at 1.6-1.8 um have not been recognized in the literature, and they can be due to the

continuum-removal applied in our deconvolution.
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Fig. 15 MGM deconvolution on laboratory hydrated minerals: a,b) nontronites; ¢) smectite; d) montmorillonite. Spectra

selected from the USGS spectral library are the black lines; the absorption contributions obtained with the MGM

deconvolution are shown with colored lines.

As a result we can clearly determine the different absorption contributions on overtone and their
combinations, and differentiate the various phases bearing to the clay minerals by considering the
position of Modified Gaussians.

The same MGM approach is also applied on OMEGA surface spectra of the two considered orbits
where hydrated phases where recognized, as derived by both the MO method and the SAS one.
Results are shown in Figure 16 and summarized in Table 1. We find that:

a) very few differences are present in the 0.5-1.4 um spectral region, comparing spectra after
application of MO or SAS;

b) in the NIR range, spectra processed with the SAS method allows to recognized more
absorptions within the composite bands and, therefore, an higher number of Gaussians is
requested with respect to the MO method, likewise for the laboratory spectra dataset.

The main differences are in the 1.9-2.1 pm spectral region. In the MO surface spectra, the
absorption bands are described with only two or three Gaussians despite the higher Gaussian
number used for hydrated minerals, and residuals due to atmospheric contribution are high. On the
contrary, in spectra corrected with SAS method, the same spectral region can be described with

five/six Gaussians with a slight variation in position and depth, better fitting the overtone
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510 absorptions and revealing differences in hydrated mineralogy or in their abundance. Moreover,

511  spectral residual is five times lower.
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515 Figure 16 Figure shows Gaussians and residuals after MGM deconvolution. Black: spectra acquired from images after
516 MO; red: spectra acquired from images after SAS. a,b : Nili Fossae; c,d: Mawrth Vallis.

517

518  Itis clear that MGM on laboratory minerals shows deeper bands, explainable with different reasons,
519  such as different particle sizes, presence of darkening agents and mixing effects on a planetary
520  surface, etc.

521  The band centers obtained for the spectra after the SAS correction are comparable with those
522  obtained from laboratory spectra. This indicates that hydrated mineralogy can be evidenced by
523  applying MGM on spectra corrected by SAS, and we have seen that the selected spectra are
524  comparable with the composition indicated in the literature (Ehlmann et al., 2008, 2009; Poulet et
525 al., 2008). Moreover we can model the different absorption processes of these spectra. This aspect

526  allows to better quantify and separate the possible different clay phases. Differences of few
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nanometers can be due either to a mix of hydrated minerals in the analysed regions or to a slightly
different composition.

On the contrary, the lesser number of Gaussians recognized in spectra after MO correction can lead
to difficulties in mineralogical interpretation after MGM deconvolution. In fact, the wider
Gaussians resulting in the spectra after MO correction (Figure 16) do not permit to separate and to
recognize all the vibrational contributions present in the overtone bands, as expected from the
analysis of laboratory data (Figure 15).

In conclusion, by decreasing the level of both the atmospheric residuals and random noise in the
OMEGA data when retrieving the surface component, SAS method enable us to improve the
investigation of hydrated mineralogy present in Nili Fossae and Mawrth Vallis by means of MGM.
A higher number of Gaussians can be considered with respect to the previous technique in the 1.8-

2.1 um spectral range and a better comparison with laboratory data is reached.

131-382 172-297 174-150 198-127 Nontronite  Nontronite 2  Smectite  montmorillonite  Interpretation
MO SAS MO SAS MO SAS MO SAS
0.896 0.898 0.897 0.897 0902 0904 0928 0.923 0.887 0.9519 0.900 0.951 Fe?*
1.109 1.106 1.07 1.064 1.063 1.092 1.128 1.122 1.003 1.005
1.470 1455 1518 1.522 1485 1427 1527 1.568 1.42 1.409 1.419 1.364 OH
1.45 1.443 1.448 1.392
1.537 1.496 1.491 1.401
1.617 1.692
1.762 1.798 1.732 1751  1.723  1.757 1.786 1.798 1.793 1.793
1.813 1.857 1.804
1.918 1.916 1.913 1.906 1.904 1.911 1.922 OH
1944 1965 1946 1959 1935 1943 1918 1.916 1.94 1.937 1.95
1.945 1.982
2.09 2.09 2.005 2.09 2.005 2.015 2.027
2.194 2.179 2.19 2.164 Al-OH
2241 2226 2.203 2.209 2226 2.203
2285 2294 2295 2297 2296 2.296 2.282 2.286 2.293 2317 Fe/Mg-OH
2351  2.359 2.362 2.396 2.373

Table. 1 Band centers found by the MGM deconvolution.

6. — SAS method applications

By completely separating the atmospheric component from the surface one, the results obtained
with the method described in this work have many scientific implications for the study of the

Martian orbiter data in the infrared spectral range:
e Since each gas spectral end-member can be isolated and their opacities can be estimated by
means the TT, it is possible to retrieve the geographical distribution of the gaseous

components. In particular the opacities distribution as well as the gaseous column density
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(if a uniform mixing is assumed with altitude in the atmosphere and the absorption
coefficients are known) can be determined.

e The final surface spectra we are able to obtain are of great importance, for example, in the
study of ice clouds where the knowledge of each spectral component (including the dust
contribution to the spectra) is crucial to estimate the ice properties.

e The spectral index maps can be greatly improved, especially for weak mineralogical
absorption bands. In Figures 17a and 17b we compare our spectral index maps with those
obtained with MO method. We consider orbit 0353_3 (Mawrth Vallis) and spectral index
maps at 1.93 um and 2.3 um. The comparison shows that, for the 1.93 um spectral index
maps, the two methods give the same results, while at 2.3 um the map obtained with SAS
method is considerably improved respect to the one obtained with MO method.

e Usually, in order to minimize the MO atmospheric residuals and retrieve a smoother surface
relative component to be compared with mineral spectral libraries, the analysis of OMEGA
and CRISM spectra requires the ratio with a featureless surface reflectance measured in a
region very near to the selected area. Hydrated mineralogical features in the OMEGA
surface reflectance spectra retrieved by SAS (in particular in the 1.8-2.1 um range) show a
better consistency with laboratory data, without necessary rationing the data. The SAS
surface reflectance spectra can be used to deconvolve the contribution of different minerals
in the data, not only those highlighted by the rationing.

e The lower level of the atmospheric and noise residuals in the retrieved surface reflectances
with SAS method enables us to make a better match with the MGM deconvolution
parameters found for the laboratory spectra of Martian hydrated mineral analogues,

allowing a deeper investigation of this spectral range.

(a) (b)

Figure 17: (a) Albedo map at 1 um superimposed with the spectral index maps of the 1.93 um band obtained
considering surface reflectance with SAS method (on the left, using as threshold the 3¢ of Gaussian distribution of
values) and with MO method (on the right, considering a detection threshold of 2%). (b) Albedo map superimposed

with spectral index maps of the 2.3 um band obtained considering surface reflectances with SAS method (on the left,

24



579
580
581

582

583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612

using as threshold the 3¢ of Gaussian distribution of values) and with MO method (on the right, considering a detection

threshold of 2%).

7. — Conclusion

The removal of atmospheric contribution from reflectance spectra measured by airborne
instruments is crucial to investigate the features of the surface, which are on the same spectral
regions of atmospheric components. In particular, the vibrational absorption bands due to water and
O-H bound in the near infrared region of the spectrum overlap with atmospheric water and CO,,
compromising the mineralogical deconvolution. The standard processing approach to remove the
atmospheric contribution is to divide the surface reflectance data by a scaled atmospheric spectrum
measured across Olympus Mons, and to suppress the residual errors by dividing the target spectrum
by a low spectral contrast reference spectrum of the same session apparently without any relevant
features. This method assumes that any instrumental contaminations, as well atmospheric residuals,
affect in the same way the two considered spectra. The SAS method based on the principal
component analysis and target transformation removes the noise and atmospheric gaseous
components from the reflectance spectra, thus allowing to deeply investigate hydrated minerals on
the Martian surface. Moreover, the contribution of dust in the atmosphere is also removed by
modeling its effect on each spectrum. We first apply the SAS method on a simulated spectral
population in order to evaluate its accuracy and then on two OMEGA orbits where hydrated
minerals have been already found. The surface reflectance obtained with the SAS method is almost
free from instrumental noise and residuals due to atmospheric components (gases and aerosols) are
removed.

The surface reflectances obtained for two sessions of observations over Nili Fossae and Mawrth
Vallis regions have been investigated by means of MGM, comparing the results obtained from
spectra of the same pixel after MO and SAS treatment. In particular, surface spectra showing the
hydrated phase have been selected because the diagnostic vibrational absorptions of these minerals
are superimposed to the atmospheric absorptions. The information on mineralogy is obtained
considering laboratory data, which allows to define the different electronic and vibrational
processes to be compared with the measured spectra at Mars. Absorptions between 0.8-1.2 um can
be assigned to electronic Fe®* transitions, both in mafic silicates and in iron-bearing hydrated
phases, while absorptions at higher wavelengths reveal the presence in the spectra of overtones of
the OH group, in particular Al-OH and Mg-OH overtones. Moreover spectra treated with SAS show
a better definition of overtone processes after MGM application, showing a clear reduction of the

level of the atmospheric residuals in the 1.8-2.1 um spectral range. This residual reduction permits
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to better define the vibration processes indicative of the hydrate minerals present in remote sensing

data and improve the comparison with laboratory data.

As a further application of our work, we will apply the SAS (including the dust correction) method

and MGM to the different surface conditions present on Mars.
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*Highlights (for review)

We retrieve the surface component from near-IR reflectance spectra.

We apply the principal component analysis and target transformation to
OMEGA spectra.

Atmospheric dust is removed by means of a radiative transfer model.

A test spectral population is used to validate the method used in this
work.

MGM analysis shows an improved match of our result with laboratory
analogues.



