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OMEGA/Mars Express hyperspectral imagery is an excellent source of data for exploring the surface
composition of the planet Mars. Compared to terrestrial hyperspectral imagery, the data are challenging
to work with; scene-specific transmission models are lacking, spectral features are shallow making them
difficult to detect, and field data for validation is mostly not available. Software is available for calibrating
the raw data to radiance-at sensor, but a processing methodology for processing the radiance data to
surface reflectance is not straightforward. In this paper, we present a processing methodology for
converting OMEGA data from radiance-at-sensor to surface reflectance. To overcome specific issues with
OMEGA data, we developed novel methods for determining a per-scene transmittance spectrum,
performing an atmospheric correction, and filtering systematic and random noise. The processing
methodology produces surface reflectance images, from which single-pixel spectra can be extracted to
identify surface features. Consistent with several previous studies, our results indicate the presence on
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the Martian surface of iron-rich clays.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Mars Express, the European Space Agency's (ESA) first planetary
mission to Mars, was launched on June 2, 2003 and inserted in Mars
orbit on December 26, 2003 (Bonello et al, 2005). Mars Express
carries eight instruments for different science objectives, of which the
OMEGA (Observatoire pour la Minéralogie, I'Eau, les Glaces et I'Acti-
vité) spectrometer (Bibring et al., 2004) is the most suitable instru-
ment for studying the surface mineralogy of Mars. The instrument
consists of three subsystems that cover the spectral ranges of 0.36-
1.1 um (VNIR), 0.93-2.7 pm (SWIR1) and 2.5-5.1 pm (SWIR2). Depend-
ing on the altitude of the satellite, the spatial resolution of OMEGA
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varies from 300 m to 4 km, which makes it an excellent instrument to
study the mineralogy of large areas (Gendrin et al, 2005). In that
respect it is complementary to NASA's CRISM (Compact Reconnais-
sance Imaging Spectrometer for Mars) instrument onboard of the
Mars Reconnaissance Orbiter (MRO), which has an overall higher
spatial resolution of 18 m at best (Bishop and Green, 2006).

The information derived from the OMEGA and CRISM instru-
ments has had a major impact on our understanding of the
evolution of Mars. Hydrated minerals and clays were first detected
by OMEGA (Bibring et al., 2005, 2006; Poulet et al., 2005), and
mafic minerals were distinguished (Mustard et al., 2005). CRISM
confirmed the findings of OMEGA, reported a more diverse
mineralogy (Mustard et al., 2008; Ehlmann et al., 2009) and
detected carbonates (Ehlmann et al., 2008; Michalski and Niles,
2010). Both hydrated minerals and carbonates are important
evidence for the presence, now or in the past, of liquid water at
the surface or in the subsurface, and hence are important in the
context of search for life on Mars (Ehlmann et al., 2011).

Data from OMEGA are available through ESA's Planetary
Science Archive (PSA, 2011). The same website offers software
for the calibration of the data, named the OMEGA reduction
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software, Soft07 (ESA - OMEGA team, 2010). This software, which
consists of an IDL routine, produces radiance data at the sensor.

Further processing of the radiance data and conversion to
surface reflectance have been described in the literature
(Langevin et al., 2006; Jouglet et al., 2007; McGuire et al., 2009).
A common method used by various researchers is to use a
transmission spectrum derived by measuring the transmittance
at the base and the summit of Olympus Mons. This method,
commonly called volcano scan or empirical transmission function
(ETF), was first applied to the OMEGA instrument (Combe et al.,
2005; Gendrin et al., 2005) and is also used for the CRISM
instrument of the Mars Reconnaissance Orbiter (MRO) (Bishop
et al,, 2007; Mustard et al., 2008; Wiseman et al., 2010). The ETF is
determined once and applied for all successive images by deriving
a scale factor. This factor is calculated from the depth of the 2 um
CO, feature by applying a band ratio of two bands, one in the
absorption feature and one on the shoulder of the feature.

Scene-specific atmospheric transmission models of the Martian
atmosphere at the time of the data acquisition are left to the
responsibility of each team using the data. This, together with the
presence of bad spectral bands in the wavelength regions that
cover atmospheric features, makes it difficult to atmospherically
correct the radiance spectra using standard techniques employed
for terrestrial data (e.g. Gao et al., 2009). Also, calibration targets at
the Martian surface that could be used for conversion to surface
reflectance are not available, because there are no reflectance
spectra that were acquired in situ at the Martian surface with well
calibrated instruments.

The spectral features contained by the image data are, com-
pared to remotely sensed hyperspectral data on Earth, shallow,
which makes them difficult to differentiate from noise in the data.
Difficulties in identifying surface spectral features in OMEGA data
mainly arise from the specific configuration of observations (mix-
ing of mineral signatures within a given km-size OMEGA pixel, the
presence of dust coating at the surface, remote measurements
performed above the dusty atmosphere, spectral resolution, etc.).
Analysis of the images shows different types of instrumental
artefacts common to this type of imaging spectrometers, likely
from a variety of systematic and random sources such as bad
detector elements, a nonlinear detector response, spatial striping,
spectral spiking, spectral smile, and the image wavelet compres-
sion used for transmission (Tragheim et al., 2010; ESA - OMEGA
team, 2010; Carter et al., 2012).

In this paper, we present a processing methodology for OMEGA
imagery to attempt to overcome the issues associated with the
conversion of image spectra from calibrated radiance data at
sensor to surface pseudo-reflectance. In two steps the spectra
are atmospherically corrected by generating a scene-specific atmo-
spheric transmission model (ATM) and by applying a correction
algorithm that is insensitive to bad spectral bands. Systematic and
non-systematic noise in the image spectra is reduced by applica-
tion of normalization methods and spatio-spectral filtering. The
resulting pseudo-reflectance data can be further used to extract
surface mineralogical information.

2. Processing methodology

Fig. 1 shows the steps involved in the conversion of OMEGA
data to pseudo-reflectance.

Raw data were downloaded from the Planetary Science Archive
(PSA). The raw data consist of two data sets per scene, one data cube
having an extension QUB, and a geometry cube with an extension of
NAV. The calibration of the raw data to radiance is carried out using
the public domain software tools Soft07 (ESA - OMEGA team, 2010).
The accompanying readme file (SOFTO7_readme.txt) provides

y raw data-cube

Calibration

y radiance data

Masking Noisy Bands

A 4

Geometric Correction

A J

Solar Correction

Y

Transmittance Model

Y

Atmospheric Correction

y reflectance

Log Residuals

y pseudo-reflectance

Spatio-spectral Filtering

v

Fig. 1. Processing methodology for OMEGA data. The first step is done using Soft07.
The result of this step is radiance data, in which the reliable bands—i.e. those that
are not degraded due to cosmic rays or otherwise—are also flagged as useable
bands. The remaining steps are done using the HypPy software (Bakker, 2013).

important information on pre-processing of the OMEGA data set
with the Soft07 tools. The result is a number of files used as input in
our processing methodology.

The geocube file is used for geocorrection of the image data.
It should be noted that the looking directions of the three channels
are shifted along track by 1-3 spectels. Furthermore, due to
uncertainties in a posteriori orbit reconstruction, the actual loca-
tion of an observation may be shifted along track or cross track by
several pixels. Therefore, a careful adjustment of the geometrical
information needs to be performed whenever large local slopes
are present.

The specmars file contains a Solar spectrum which is used for
Solar correction. The mola file contains the elevation data of the
image derived from the MOLA (Mars Orbiter Laser Altimeter) data
(Zuber et al.,, 1992). The file named jdat contains the image data
calibrated to radiance values (W/m?/sr/um). The jdat file contains
all the 352 bands of the OMEGA sensor.

The processing methodology that we developed starts with the
identification of noisy spectral bands in the radiance data file jdat
(Fig. 1). We assume that the dead and hot bands are masked by the
Soft07 reading routine. The noisy bands are identified and subse-
quently masked using a semi-automated process based on their
signal-to-noise statistics. Interactively, a threshold for masking
bands is determined and the remaining bands are visually
inspected. Then the image is geocoded using the location informa-
tion in the geocube file. Each data set acquired by the three
different detectors (VNIR, SWIR1 and SWIR2) is geocoded sepa-
rately because of misalignments between the three. The OMEGA
georeferencing lacks precision and a shift up to a few pixels can
occur between the position of a given pixel as indicated in the
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geocube compared to its real position. The geocoding is visually
checked and additional georeferencing steps may be needed for
more accurate alignment of the images from the three detectors.
In this paper, a spectral subset is made containing the SWIR1
bands and used for further processing. Solar and atmospheric
corrections are applied to the geometrically corrected image. The
atmospheric correction is performed in two steps: first, an atmo-
spheric transmittance model (ATM) is derived from the image, and
second, an atmospheric correction is done using the ATM. This
method differs from the standard empirical transmission function
(ETF) or “volcano scan” method that uses a model that is derived
from an image of Olympus Mons, while we derive a model for each
individual image. Subsequently, systematic errors in the image
spectra are removed using the log residuals method (Green and
Craig, 1985), and random noise is reduced using spatio-spectral
filtering.

The procedures for Solar correction, atmospheric correction,
logarithmic residuals and 3D spatio-spectral filtering are described
in more detail in the following sections. The effects of the
processing steps are illustrated using the OMEGA image
ORBO0422_4. This image covers the Nili Fossae area on Mars, which
is mineralogically very diverse (Ehlmann et al., 2011).

The methods described in the processing methodology are
implemented in a package called Hyperspectral Python, HypPy
(Bakker, 2013). This software was partly developed during the
Mars planetary mapping pilot project of the ESA (Tragheim et al.,
2010).

2.1. Solar correction

The geocoded image is corrected for Solar irradiance by divid-
ing the radiance data by a Solar irradiance curve at Mars (Fig. 2),
available in the specmars data file. The specmars curve is obtained
from a standard Solar irradiance curve determined at Earth scaled
to the Sun-Mars distance. This distance varies between
204.52 x 10% km and 246.28 x 10° km, which means that the Solar
irradiance may change by as much as + 16%. The Sun-Mars
distance of a particular image is available in the header of the cube
file. This process only corrects for Solar irradiation and does not
take into account topographic effects. Albedo effects caused by the
topography of the terrain may still be present.

Prior to Solar correction, the data could be corrected for
thermal emission. However, thermal emission only plays a sig-
nificant role above 3 um. In this paper we mainly focus on the
range between 1 pm and 2.5 um, where the thermal emission is
negligible in the range of the observed daytime Martian surface
temperatures of 220-300 K (Jouglet et al., 2007).

250

[— ORBO422_4_specmars.txtl

200

150 |

Solar irradiance (W/m%um)

50 r

wavelength (xm)

Fig. 2. The specmars Solar irradiance curve at Mars for scene ORB0422_4.

2.2. Transmittance model

In order to obtain an atmospheric transmittance model to
correct images for the effects of the Martian atmosphere, we use
in-scene statistics.

The method estimates atmospheric parameters, the optical
path and the wavelength dependency from individual images, by
using a standard model for the optical path depending on eleva-
tion. For Mars, the elevation is derived from MOLA. This method
was first explored by Guan et al. (2006) and Zhu et al. (2010).

Here, we describe our version of this method for obtaining an
atmospheric transmittance model (ATM) for all wavelengths by
using in-scene statistics. As input, the method takes a Solar-
corrected radiance image and an elevation model of the same
image. The output is an estimated transmittance curve at the
elevation O for the current image.

Transmittance t can be expressed as a function of the optical
path z (Wallace and Hobbs, 2006; Petty, 2006):

t=e"" 1)

With the optical path we mean the total radiative transfer path
through the atmosphere, which means that it depends on the
Solar incidence angle and the sensor viewing angle. For simplicity
we assume that these two angles are fairly constant over the
entire scene. It should be noted that the optical path ¢ itself is an
exponential function of the height z, which makes the transmittance
t a double exponential function of the elevation z (Petty, 2006).
The optical path is proportional to the elevation z:

r~e #/H )

The scale height H is a distance over which a quantity, in this
case the optical path 7, decreases by a factor of e.

The transmittance ty at zero elevation (z=0) is then
top=e"" 3)

where g is the optical path at zero elevation.

In the following, it will be shown that Eq. (4) describes the
relationship between the transmittance t and the transmittance at
elevation zero ty:
t=tg “)

Filling in the equations for t and ty we get
e*T:(e*TO)a:e*TUUl (5)

Taking the log on both sides gives
—7= —1pQ (6)

This gives
a=" (7

70

We call « the relative optical path at elevation z.

The observed intensity I can then be expressed by the intensity
without atmosphere [* times the transmittance t:

I=I 8)
If we substitute t using Eq. (4) this gives the following relation:
=TIt )

This equation states that if the transmittance at zero elevation is
known and the intensity without atmosphere would be known,
then the intensity I is only a function of the relative optical path a.

Unfortunately, both I* and t, are unknown. However, in the
following we will show that with a number of assumptions
regarding I*, in fact t, can be estimated from an image and its
elevation model.

The first observation we make is that, for the spectral range
between 1 pm and 2.5 pm, the spectrum is rather flat and that the
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bands are highly correlated (Fig. 3). This leads to the first
assumption that for I* we might as well take any band within
the range of 1-2.5 pm that falls within an atmospheric window.
Inside the atmospheric window, the transmittance is 1, or at least
very close to 1.

The atmosphere of Mars is composed of 95% carbon dioxide, 3%
nitrogen, a tiny fraction of water vapour ( + 0.03%), and 2% other
trace gases (Carr, 2006). Carbon dioxide and water vapour have
strong absorption features between 1 pm and 2.5 pm. Absorption
by nitrogen and the trace gases does not play a role in this spectral
region. For the I*, we have selected the OMEGA band of 1.714 pm,
because we think this band is the best regarding all the factors
involved. The band is well within an atmospheric window of
carbon dioxide (1.66-1.76 um) (Prabhakara and Hogan, 1965), and
it is outside (or at least at the shoulder of) the broad water
absorption feature (1.72-2.03 pm, Fig. 4). At the same time, the
band of 1.714 pm is roughly in the middle of the spectral range of
1-2.5 pm. To make the method more robust, to reduce noise or to
be less dependent on one band, one could consider an average of
wavelengths in an atmospheric window. Here, we only use the
1.714 pm band.

From the previous, it follows that, as an approximation for I*,
we can use Ij 7149, Which is the Solar-corrected radiance I of the
1.7149 um band of the OMEGA scene:

I* =11 7149 (10

It turns out that if we plot the log-log of the ratio of a particular
band I; and I; 7149 against the elevation z, then we obtain a straight
line. In Fig. 5b, all log-log relative intensity pixel values of a scene

Correlation with band 1.7149 pum

1.000 1

0.999 | 1

0.998 [ 1

correlation

0.997 | 1

0.996 | 1

1.0 1.5 2.0 2.5
wavelength (zm)

Fig. 3. Correlation of band 1.7149 pm with the other bands. Note that the y-axis
runs roughly from 0.996 to 1.000. Graph produced from image ORB0422_4, SWIR1,
corrected for geometry, Solar curve and atmosphere.

)
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are plotted against altitude. This particular figure was generated
from an OMEGA scene of Nili Fossae (ORB0422_4, Fig. 5a).
The elevation of the terrain in this scene ranges from —2970 m
to +1731 m, which is an elevation difference of 4701 m. For the
figure, the band with most atmospheric absorption (2.0133 pm)
is divided by the band with least atmospheric absorption
(1.7149 pm). The scatterplot of all 46,848 pixel values against
elevation forms a straight line. The regression using a straight line
fit has an 1? of 0.892. This shows that the transmission of the
Martian atmosphere can be modelled using a linear fit on the
double-logarithm of the relative intensity against the elevation.

The only condition that is required for a good estimate of the
transmission spectrum is to have enough elevation difference in
the scene (our images typically had a height difference of more
than 3 km), and the scene should be relatively homogeneous with
a relative flat spectrum in the spectral range between 1 pm and
2.5 pm.

The straight-line fit on the log-log can be approximated as

L
—1n<—1n< ))%cozjtc]
117149

The coefficients ¢y and c¢; can be determined using linear regres-
sion from the pixel values I, against their elevations z.
Transmittance t at zero elevation can be derived from c;:

an

711’1( I}. >:e7592751=e—cle—foz (12)
17149
or, by using a double-exponent on both sides,

I/"L :eiefflefcoz (13)
I1.7149

Using Eq. (9) this result can be split into two parts:
a=e (14)
to=e " (15)

Thus the transmittance at elevation zero ty can be derived from
the linear regression coefficient c;.

From Eq. (2) it is clear that the scale height H can be derived
from the coefficient co:

H=1

& (16)

The scale height only depends on the temperature and the
molecular weight of the gas (Eq. (17)), and does not depend on
the wavelength:

kT
H=_"
Mg
with k is the Boltzmann constant 1.38 x 10> JK~', T is the mean
planetary surface temperature (K), M is the mean molecular mass

a7

(on

22045 lines

log,, intensity (cm‘1 mol”! sz)

1 1.5 2 25
wavelength (um)

Fig. 4. Log-plot of HITRAN absorption lines of CO, and H,0 between 1.0 pm and 2.7 um. Data generated using the online tool at http://spectralcalc.com. Hitran data for

(a) CO, and (b) H,0.
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Fig. 5. Log-log of the relative intensity of band 2.0113 pm against altitude. For I* the band 1.7149 pm of image ORB0422_4 was used (Nili Fossae, left figure). The linear fit on
the data has an r? of 0.892. (a) Nili Fossae. (b) Log-log relative intensity against altitude.

of dry air (kg), and g is the acceleration due to gravity on planetary
surface (m/s?).

The scale height of the Martian atmosphere is around 11 km
(Carr, 2006). This means that the first 33 km contains 95% of the
total atmosphere and that even the summit of Olympus Mons is
not free of atmosphere, because there is still 15% of the atmo-
sphere left above the top.

The actual scale height determined from the images may differ
from 11 km. For instance, for the ORB0422_4 image we find a scale
height of 12.41 km. The most plausible cause of a difference in
scale height from one cube to the next is a change in atmospheric
temperature. The dependency of the scale height on temperature
is shown in Eq. (17).

Our method operates in two steps. In step one the ¢q is
determined from the deepest absorption feature between 1.8 pm
and 2.2 pm. In step two, c¢; for every wavelength is determined by
keeping ¢y constant.

Next to CO,, water vapour is an important absorbent in the
range of 1-2.5 ym. It must be noted that, because of the different
molecular weight, the theoretical scale height (Eq. (17)) for water
vapour is different and that the transmission spectrum generated is
only valid for CO,. In fact, because the H,O molecule is much lighter
than CO,, the scale height for water vapour is 2.44 times larger than
carbon dioxide as the molecular weight of H,O is 18 g/mol and of
CO-, is 44 g/mol. However, the role of water vapour in an atmo-
sphere is complex. On Earth the scale height deviates considerably
from its theoretical scale height (Makarieva and Gorshkov, 2010).
Also the role of water vapour in the Martian atmosphere may be
more complex than was previously understood (Maltagliati et al.,
2011). Because the fraction of water ( 4+ 0.03%) is tiny compared to
CO, (95%), we only considered the scale height of CO-.

To get an indication of the robustness of the method to derive
transmittance spectra, the image is divided into 100 random
subsets and the minimum and maximum transmittance curves
are determined from these 100 subsets. The minimum and
maximum values are plotted together with the derived transmit-
tance curve of the entire image. The amount of variation between
the minimum and the maximum gives an indication of the
confidence interval of the derived transmittance spectrum for a
particular image. The confidence level of the transmittance spec-
trum derived from the scene ORB0422_4 is high (Fig. 6).

1.0 T T T T T T T —
T
09 r 4
0.8 1
(v}
o
& 0.7} )
=]
€
2
S 0.6F 1
=
0.5 1
0.4t — mlnlmum |
—  maxXimum
— transmittance
0.3 n n / . . . . .
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

wavelength

Fig. 6. Derived transmittance spectrum at zero altitude for the OMEGA scene
ORB0422_4. The minimum and maximum are an indication for the quality of the
obtained transmittance spectrum.

2.3. Atmospheric correction

In our method of atmospheric correction the scaling of the ATM
is determined by calculating the local “busyness™ (Dondes and
Rosenfeld, 1982) of all the bands in the spectral range between
1.8 um and 2.2 um. The local busyness is the sum of the absolute
differences of the values of adjacent bands. The local busyness is a
function of the atmospheric correction factor, which is the relative
optical path a (Eq. (7)). The optimum « is where the local busyness
has its minimum. This method is insensitive to bad bands, because
a bad band only adds a constant to the local busyness, but does not
change the shape of the curve. Furthermore, the local busyness
curve as a function of a appears to be a smooth curve with only a
single minimum. This means that a simple minimum finding
function using the downhill simplex algorithm suffices to find
the q, for which the local busyness is minimal.

The optical path z can be expressed in terms of the incoming
and outgoing radiation respectively I* and I (Milliken et al., 2007):

e 1n(li*) (18)
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The transmission t is equal to the ratio of I and I*:

t=% 19)
We define a relative optical path a with respect to a standard
(average) Martian atmosphere. The relationship between the
standard optical path , the relative optical path « and the standard
transmittance t, then becomes

e~ =t (20)

The relative optical path « can be estimated from spectra by
assuming that the spectrum of a pixel must be smooth in the spectral
region between 1.8 pm and 2.2 pm. On the other hand, the CO,
absorption feature around 2.0 um is not smooth at all and has a
triplet with three distinct absorption peaks (Figs. 4a and 6). This
triplet can be used to estimate the effect of the atmosphere. The
transmittance t, can be scaled by modifying the relative optical path
a in such a way that the resulting spectrum is as smooth as possible.
We use a local busyness operator for expressing smoothness.

The local busyness is minimized by multiplying the spectrum
with a scaled version of the transmission spectrum. In other
words, we minimize the relative optical path « such that the
following expression is minimal:

2.2 pm I] Ij+1
local busyness(a)= > |2~ (21)
18m |fof Loy

where ty is the standard transmission spectrum of the Martian
atmosphere and I is the observed intensity. The index j denotes the
spectral band number of the OMEGA sensor.

It must be noted that light travels through the atmosphere
twice and that the « models the entire radiative path through the
atmosphere.

Once the factor « is known the atmospheric correction can be
done by dividing I by t§:

I

@ (22)

Icorr =
The method works well for wavelengths up to 3.5 pm. After
roughly 3 pm the influence of thermal radiation becomes notice-
able and the correction model becomes much more complex.

As mentioned before, factor « is the relative optical path of the
Martian atmosphere (Eq. (7)). The optical path is, amongst others,
related to the elevation of the Martian surface. The factor « is
recorded for every pixel, and can be compared to the elevation
model of the MOLA to check the consistency. In general, the image
containing the factor « is more noisy than MOLA. However, in
some locations, like in deep fossae or deep craters, MOLA is over-
generalized, whereas the image with the factors a« shows more
details in these areas.

The elevation z of the terrain can be derived from the scale
height H and « (Eqgs. (14) and (16)):

z= —HIn(a) (23)

The atmospherically corrected image represents surface reflec-
tance (Fig. 1). Systematic and random noise still present in the data
can optionally be removed using the two following steps.

2.4. Logarithmic residuals

The reflectance image may still contain systematic errors
caused by the instrument or the atmosphere. Ratio techniques
with spectra of homogeneous terrain have been used to correct
for such errors (Loizeau et al., 2007; Bishop et al., 2007; Jouglet
et al, 2007). This step is necessary to bring out the shallow
features in the reflectance spectra of surface materials. A

disadvantage of this method is that the reference spectrum must
typically be hand-picked from a homogeneous area.

For removing systematic errors we optionally apply the loga-
rithmic (log) residuals method. One advantage of this method is
that the conversion to pseudo-reflectance does not require a priori
knowledge of the site. The log residuals method is a two-step
normalization in which the spectra of the pixels are normalized
first and then divided by the mean spectrum of the whole image
(Green and Craig, 1985).

The purpose of the log residuals method is to remove
systematic errors present in the scene that are caused by, for
instance, albedo effects (caused by topography) and atmo-
spheric effects. Removing atmospheric effects only works if
the atmosphere is constant over the entire scene. At the same
time, the method also assumes that the composition of the
surface that is covered by the image is rather heterogeneous. If
the image contains a spectral feature that is present in the entire
image then it will have disappeared in the resulting image. Such
a feature will only be visible in the SLUB spectrum
(Eq. (24)). One disadvantage of log residuals method is that
the resulting spectrum is a ratioed spectrum and the result is
not absolute reflectance but pseudo-reflectance.

There are different ways to do the double normalization
(CSIRO, 2002). The first method calculates the geometric mean
rather than the arithmetic mean. The geometric mean can be
calculated efficiently in log space, hence the name of the
method ‘log residuals.” The difference between the arithmetic
and geometric means is not dramatic. The quick (kwik) residuals
method uses the arithmetic mean rather than the geometric
mean. However, for the correction of multiplicative effects, such
as remaining atmospheric effects, the log residuals works best.

To make the mean spectrum of the entire image less sensitive
to noise, a statistical method is used to determine this spectrum.
The statistical least upper bound (SLUB) spectrum is determined as
follows (per band):

SLUB; = min((scene_avg; + Ns=scene_stdev;), scene_max;) 24)

in which scene_avg; is the scene's average value for band i,
scene_stdev; is the scene's standard deviation for band i, and
scene_max; is the scene's maximum value for band i. To make
the algorithm less sensitive to noise, the top 1% of the values are
ignored. N is a user-supplied factor, which is typically 3 standard
deviations. In a normal distribution only 1% of the values would be
larger than the mean plus 3 times the standard deviation.

The SLUB spectrum is a spectrum constructed from relatively
bright—but not the brightest—values in the image. If N is set to
0, then the SLUB spectrum is equal to the scene average
spectrum.

2.5. Spatio-spectral filtering

For the purpose of removing unsystematic (random) noise
we optionally apply a 3-dimensional median or mean filter to
the image. The filter does a 3D convolution of a small 3 x3 x 3
kernel over the entire 3D image data cube (Du et al.,, 2005).
Using a 3D spatio-spectral filter has the advantage that it
simultaneously filters the spatial as well as the spectral infor-
mation. Therefore it can take more values into account (more
smoothing), while at the same time the filter remains compact.
The latter results in less filter artefacts in the image.

In order to control the degree of smoothing, three different 3D-
filters kernels are currently implemented, using a 7-element
kernel for least smoothing, using a 19-element kernel for medium
smoothing, and using a 27-element kernel for most smoothing
(Fig. 7). All elements have equal weight.
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Fig. 7. 3D spatio-spectral filter kernels used. x and y are the spatial dimensions

(rows and columns) in the image; 4 represents the spectral dimension
(wavelength).

70 75

Fig. 8. Colour composite of spectral parameters BD1900, D2300 and D2400 that
were calculated from image spectra (Pelkey et al, 2007) for scene ORB0422_4.
BD1900 responds to absorption feature at 1.9 pm produced by water. D2300 and
D2400 to a drop in the reflectance spectra caused by absorption features near
23pm and 24pm respectively. Point P indicated by the cross is at
19°33'37"N, 73°3'46"E. (For interpretation of the references to colour in this figure
caption, the reader is referred to the web version of this paper.)

In the example of the Nili Fossae image (Fig. 8) we use the
7-element median filter (Fig. 9¢ and d). Compared to averaging,
median filtering is more edge-preserving and less sensitive to outlier
values. However, because median filtering requires sorting of values,
it is a rather time-consuming operation.

3. Results and discussion
The effects of the various processing steps on a single-pixel

spectrum extracted from OMEGA scene ORB0422_4 (point P,
indicated by cross ‘+’ in Fig. 8) are shown in Fig. 9a-c.

Fig. 9a shows calibrated radiance spectra that were produced
by the OMEGA reduction software, Soft07. The radiance curve has
the general shape of the Solar radiance curve and contains
prominent absorption features near 2 pm caused by atmospheric
CO,. Correction for the Solar irradiance curve modifies the general
shape of the curve and enhances absorption features of atmo-
spheric gases (Fig. 9b, bottom). Atmospheric correction results in a
removal of atmospheric features, for instance the deep absorption
features near 2 pm of CO,, (Fig. 9b, top). The resulting curve shows
absolute reflectance. Effects of systematic and random noise are
still clearly present, for instance near 1.17 pm (Fig. 9b, N). Further
processing of the image by logarithmic residuals removes sys-
tematic noise (Fig. 9c, bottom) and spatio-spectral filtering
removes noise and enhances the overall spectral shape and
spectral features that are most likely produced by surface materi-
als (Fig. 9c, top). In addition, the spatio-spectral filter reduces
incoherent noise in the spatial domain (Fig. 9d).

The resulting pseudo-reflectance curve of the pixel shows distinct
absorption features at 1.91 pm and near 2.30 pm, and a smaller feature
near 143 pm (Fig. 9¢, A, B and C). The positions and shapes of these
features together with the overall curved shape of the spectrum could
indicate the presence of iron-rich clays, such as nontronite, at the
Martian surface. This interpretation is in line with those of other
studies in this area (Poulet et al., 2005, 2008; Ehlmann et al., 2011).

The ATM method we present here is calculated from in-scene
statistics and this has several advantages. One advantage is that
the ATM takes into account the variability (seasonal, diurnal and
other) of the atmosphere regarding CO, and H,0. Although water
in the atmosphere is complex and not well-understood. The ATM
provides an alternative transmittance model in case the ETF
contains biases that are specific to the Olympus Mons scenes from
which it was derived. Furthermore, the ATM fits the current state
of the sensor regarding bad bands, spectral response function, and
calibration status.

Since the ETF is derived from one snapshot of the atmosphere it
may not represent the atmospheric condition of a different scene.
The ETF is not corrected for the state of the sensor at the moment
of acquisition of the current scene. The response function of sensor
may have degraded and calibration coefficients may need updating.
The ETF may contain artefacts due to the mineralogy present at
Olympus Mons, which may differ from the current scene.

The following problems or disadvantages are identified for our
ATM and correction method. The statistics of the scene may
contain errors due to a remaining misregistration with the MOLA
elevation model. However, misregistration is in the order of a few
pixels and only gives problems in the steepest areas which occurs
at most in a few percent of the pixels. Our ATM only corrects for
gaseous absorption (mainly CO,), while the effect of aerosols may
be considerable. The contribution of aerosols to the signal is
difficult to model (Vincendon et al., 2007), hence we make no
attempt to correct for aerosol effects. The ATM may not work for
scenes that have height differences less than 2 km. In this case one
could generate an ATM from a scene that is close in location and
time of acquisition, or one could fall back to using the ETF derived
from Olympus Mons. If we compare our ATM (Fig. 6) with the ETF
published by the OMEGA team (Jouglet et al., 2007, Fig. 2), then the
ATM has an obvious downward trend between 2.2 pm and 2.5 pm.
Correlation is insensitive to bias or offset, which means that even
though the bands are highly correlated (Fig. 3) there may still be
differences in albedo. In general, reflectance spectra of many
minerals seem to have a maximum around 2 pm and drop off
toward the shorter and longer wavelengths. Trying to take this
into account would seriously complicate the equations under
Section 2.2, and worse, be mineral dependent. However, we think
that not taking this into account only results in the flattening of
the overall shape of the output spectra, while we are mostly
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Fig. 9. Spectral and spatial data as processed for point P in scene ORB0422_4. (a) Bottom, radiance curve at the sensor; top, spectral subset of the SWIR1 (offset for clarity).
(b) Bottom, data corrected for Solar irradiance; top, data corrected for atmosphere (offset for clarity). (c) Bottom, data corrected with log residuals; top, data filtered with 3D
median filter with a 7-element kernel (offset for clarity). (d) The effect of the 3D median filter with a 7-element kernel; left, log residual image of band 1.7149 pm; right,

3D filtered data. Point P is at the center.

interested in the absorption features, which are well-preserved in
the correction process.

The advantages of the local busyness method of atmospheric
correction are the following. The local busyness operator is simple
and fast. The curve in which the minimum must be found is smooth,
has a single minimum, and a simple algorithm suffices to find this
minimum. The method is robust with respect to bad bands. Unlike the
ratio method that is commonly used for calculating the scaling, the
local busyness method does not need to be changed when a different
band, or, worse, when yet another band goes bad. The method does
not need an elevation model. The advantage of this is that it is not
prone to errors or generalizations introduced in MOLA and that it is
not sensitive to misregistration between the image and the elevation
data. Possible misregistrations make all areas with relatively steep
slopes suspect. And last, with a proper model of the built-up of the
Martian atmosphere, the elevation could in fact be derived from the
relative optical paths a. The local busyness method may not work if
the surface materials do not have a flat spectrum around 2 um. For
instance, CO, ice has absorption features very similar to CO,. However,
most of the CO, ice occurs at south of the 60°S latitude, and we were
mainly interested in minerals that have absorption features around
0.9 um (iron-bearing minerals) or between 2.1 um and 2.4 um (phyl-
losilicates, carbonates, sulphates, etc.).

4. Summary and conclusion

In this paper we describe a complete processing methodology
for converting calibrated radiance-at-sensor OMEGA images to
surface reflectance images. A method is introduced for deriving
atmospheric transmission model (ATM) from the OMEGA image
itself. This has the advantage that the ATM reflects the
atmospheric condition and the state of the sensor at the exact
time of acquisition. We present a new method for atmospheric
correction that is insensitive to bad spectral bands. Log
residuals is used for correcting systematic errors, and spatio-
spectral filtering is applied for reducing random noise. In-scene
statistics are used, which avoids subjective bias and enables
automatic processing of the OMEGA images. The processing
methodology produces surface reflectance images, from which
single-pixel spectra can be extracted for the interpretation of
surface mineralogy of Mars. Consistent with several previous
studies, our results indicate the presence on the Martian surface
of iron-rich clays.

The processing chain presented here provides an alternative
to existing processing methods. The complete chain or parts of it
may be applied to solve specific issues related to the processing of
OMEGA images.
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