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Abstract
We propose a new method to perform atmospheric correction and de-noising on hyperspectral image cubes acquired by the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) on board NASA’s Mars Reconnaissance Orbiter (MRO). The CRISM imager has
had an important role in advancing our understanding of many aspects of Martian mineralogy. Many mineral detections from CRISM data have been facilitated by significant efforts
in the development of the CRISM data processing pipeline to retrieve surface reflectance.
However, some residuals remain in CRISM spectra after atmospheric correction, causing
difficulty in the interpretation of processed reflectance spectra. In addition, CRISM images
are occasionally corrupted with high noise levels exhibiting heterogeneous statistical properties. This paper identifies the cause of such spectral distortions and describe a technique
that simultaneously performs both atmospheric correction and de-noising for each image
cube individually. In particular, our method focuses on the 1.0-2.6 µm wavelength region of
CRISM images and is applicable to images of non-icy surfaces. Experimental results show
that our technique is able to significantly mitigate noise and distortions from various sources
like gaseous absorptions, detector temperature, and water ice aerosols, compared with the
atmospheric correction method in the CRISM official processing pipeline called volcano scan
correction, for a variety of scenes. Careful validations that include the qualitative examination of noise and artifacts both on ratioed and non-ratioed spectra and comparison using
multiple overlapping images strengthen confidence in our approach.
Keywords: Image Processing, Mars surface, Mars atmosphere, Spectroscopy, Infrared
Observations
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1. Introduction
1.1. Motivation
Since the beginning of its operations, the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) (Murchie et al., 2007) on board of Mars Reconnaissance Orbiter
(MRO) has made significant contributions towards understanding many detailed aspects of
the surface mineralogy of Mars thanks to its high spectral and spatial resolution. CRISM
has reinforced and detailed previous findings made by OMEGA (Observatoire pour la Mineralogie, L’Eau, les Glaces et l’Activitié), such as the identification of phyllosilicates including
kaolinite, montmorillonite, muscovite, illite, chlorite, saponite, nontronite, and hydrated
silica (Poulet et al., 2005; Bibring et al., 2006; Mustard et al., 2008). Moreover, CRISM
has confirmed the existence of opaline silica (Milliken et al., 2008) and Fe-Mg carbonate (Ehlmann et al., 2008b, 2009; Brown et al., 2010, 2020), two minerals that were not
previously discovered. Many other minerals have been identified (Carter et al., 2015). Mineral detections are compiled and summarized in Viviano-Beck et al. (2014) and Ehlmann
and Edwards (2014). More recently, mineral detections and mapping derived from CRISM
images for Jezero crater (Ehlmann et al., 2008a,b, 2009; Goudge et al., 2015, 2017; Tarnas
et al., 2019; Dundar et al., 2019; Horgan et al., 2020; Brown et al., 2020; Parente et al.,
2019) are also expected to support the Perseverance rover mission (Williford et al., 2018)
scheduled for launch in 2020.
Raw image cubes acquired by CRISM require complex processing protocols before they
can be used for mineral identification (Murchie et al., 2007, 2009b, 2016). In the current
pipeline for CRISM products, a raw image cube recorded in a 12-bit integer format undergoes calibration and corrections to be converted to an apparent reflectance, I/F image
cube (Murchie et al., 2016). The I/F image is then processed to the TRR3 I/F product
(TRR: Targeted Reduced Data Record), with TRR3 filtering using iterative kernel filter
(IKF) and ratio shift correction (RSC) applied in order to remediate outstanding noise and
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spatial stripes. Some data are further processed with photometric correction, atmospheric
correction, repetitive filtering using RSC for de-spiking and de-striping, smile correction, and
empirical geometric normalization. Finally, visible and near infrared (VNIR) and infrared
(IR) images, are map projected and spectrally combined, producing the TER/MTRDR data,
currently the most advanced products available for CRISM (TER:Targeted Empirical Data
Record, non-map projected version and MTRDR: Map Projected Targeted Reduced Data
Record) (Seelos et al., 2012, 2016; Murchie et al., 2016).
Artifacts still persist in the corrected I/F spectra as residuals of the atmospheric correction process. Other artifacts due to calibration errors can also be observed. Practitioners
successfully abate systematic, column-dependent distortions by spectral ratioing (Mustard
et al., 2005, 2008; Ehlmann et al., 2008b; Milliken et al., 2008; Ehlmann et al., 2009), i.e.
by dividing the spectral signature of interest with a hopefully unremarkable spectrum in the
same column. The division carries, however, the risk of changing the shape of the continuum of the spectrum that may cause the misinterpretation of spectral absorption features.
Furthermore, spectral ratioing requires spatial averaging as the division always amplifies
random noise. This complicates the identification of species in small deposits. Finally, the
selection of unremarkable spectral denominators relies on a manual and subjective inspection
by the individual user.
The so-called “volcano scan” correction, is the atmospheric compensation method currently used in the pipeline for CRISM IR images (Murchie et al., 2009a,b; Seelos et al.,
2011, 2016). The technique was first proposed for atmospheric correction by the OMEGA
team (Langevin et al., 2005; Mustard et al., 2005) and has been used to produce the CRISM
TER and MTRDR data products. It assumes a Beer-Lambert model and uses empirical
transmission spectra derived from the ratio of I/F spectra at the the summit and the base
of Olympus Mons. The atmospheric contribution is removed by dividing each of the I/F
spectra in the image by the empirically derived transmission spectra scaled appropriately
by a factor estimated for each I/F spectrum. The volcano scan correction can be performed
using the publicly available software, CRISM Analysis Toolkit (CAT). The latest version
(currently 7.4) provides a better estimate of the scaling factor (McGuire et al., 2009), the
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optimal selection of a transmission spectrum for each scene, and an empirical correction for a
bowl-shape artifact around the 2.0 µm wavelength region (Morgan et al., 2011). While these
modifications led to significant improvements in the quality of the signal, a considerable
amount of distortions remains due to atmospheric absorptions and instrument artifacts. In
addition, the set of available transmission spectra only partially models temporal and spatial variations of atmospheric conditions and thermally-induced random shifts of the central
wavelength of the detectors.
The current calibration and correction pipeline for IR cubes was designed to operate
at a range of IR detector temperatures much smaller than the ones recorded in a large set
of scenes. As a result, CRISM IR images acquired at elevated IR detector temperatures,
which already suffer from more severe noise and higher frequency of bad pixels, can exhibit
problematic artifacts after calibration. In some cases, the current processing pipeline also
causes the emergence of spurious absorptions occasionally in small outcrops due to TRR3
filtering on spike clusters regardless of IR detector temperature (Leask et al., 2018). Leask
et al. (2018) showed that the detection of perchlorate (Ojha et al., 2015) is likely to be a
false positive brought by such spurious absorptions.
This paper proposes a new method for simultaneous atmospheric correction and denoising of CRISM IR images over the 1.0-2.6 µm wavelength region. Our technique removes
most of the residuals of the atmospheric correction endemic in the volcano scan method
and mitigates the outstanding noise even in images acquired at elevated IR detector temperatures. The removal of systematic column-dependent artifacts, makes spectral ratioing
unnecessary in most cases, which will expedite the analysis of images. Our method deals with
the noise before TRR3 filtering is applied and artifacts originated from it will be avoided.
The new method supports a wide range of scenes with non-icy surfaces, including ones whose
atmospheric spectra include contributions from water ice aerosols.
Our proposed method extracts an atmospheric transmission spectrum directly from each
image rather than estimating it from the atmospheric parameters using radiative transfer
models. The underlying idea is that information regarding small static errors and timevarying and spatially-varying atmospheric gaseous absorptions detected at a certain instru5

ment temperature is encoded in the spectra of each CRISM image column. On the other
hand, the extraction of the underlying atmospheric transmission spectrum from the image
requires isolating the atmospheric contribution from surface contributions, which are unknown a priori. We address this issue by accurately modeling the surface reflectance using
a modified version of the hyperspectral unmixing with adaptive background (Itoh and Parente, 2017b). We believe that our unmixing model is suitable since it is specifically designed
for geological exploration where observed reflectance is expected to be mixed with smooth
unremarkable spectra caused by dust and aerosols. In our algorithm, the surface mixing
model and the transmission spectrum are estimated in an iterative way. A de-noising stage
is also integrated, where large noise spikes are flagged and removed. This work includes
significant improvements over our earlier efforts (Itoh and Parente, 2017a, 2018) and initial
results were presented in Itoh and Parente (2019a).
1.2. Previous work
To improve upon the volcano-scan technique, atmospheric-correction approaches based
on forward modeling of radiative transfer using discrete ordinate radiative transfer code
(DISORT) have been proposed (McGuire et al., 2008; Smith et al., 2009; Wolff et al.,
2009; Arvidson et al., 2014; Kreisch et al., 2017). Input atmospheric parameters are initialized/estimated from Martian climatological data measured by other instruments. This
method also considers scattering and absorption by dust and water ice aerosols.
The presence of noise and artifacts in CRISM products have compelled the development of several de-noising approaches. For the previous iteration of CRISM targeted observations (TRR2), the CRISM Iterative Recognition and Removal of Unwanted Spiking
(CIRRUS) (Parente, 2008) and a filtering based approach implemented within the mapping method proposed by Carter et al. (2013) were implemented. The major update of the
CRISM targeted products to version 3 (TRR3) provided an improvement in calibration with
the addition of TRR3 filtering (Seelos et al., 2009; Murchie et al., 2016). In this new era,
a denoising method (Parente et al., 2014) and a Complement to CRISM Analysis Toolkit
(CoTCAT) (Bultel et al., 2015) were proposed to complement the TRR3 filtering. More
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recently, Kreisch et al. (2017) implemented a simultaneous de-noising and map-projecting
method using a maximum likelihood for single scattering albedo obtained by DISORT under
that assumption that noise follows a Poisson distribution, combining with prior processing
using a median filter. He et al. (2019) advanced this idea by injecting hypothesis testing
into maximum likelihood based de-noising method, which allows the automatic evaluation
of noise distribution. Here, we employ a different approach altogether that simultaneously
performs atmospheric correction and de-noising from in-scene spectra.
1.3. CRISM data
CRISM is a hyperspectral imager, observing the Martian surface at hundreds of narrow
wavelength bands over the visible to infrared region. The instrument has two sets of spectrographs and detector focal planes, for the VNIR wavelength region (0.362-1.053 µm) and
the IR wavelength region (1.002-3.920 µm), with their slit shared. The VNIR and IR image
cubes are simultaneously recorded during acquisition. The pitch of the spectral channels is
as good as 6.5 nm to achieve fine mineral identifications and a total of 107 bands for the
VNIR and 438 bands for the IR are measured. CRISM has several observation modes with
different spatial and spectral resolutions to achieve multiple research objectives.
In this study, we focus on image cubes acquired in the Full Targeted Resolution (FRT),
the Half Resolution Long (HRL), the Half Resolution Short (HRS), the Full Resolution Short
(FRS), or Along Track Oversampled (ATO) modes, where the imager operates with the
highest spectral resolution. We focus on IR image cubes over 1.0-2.6 µm wavelength region.
This wavelength region has been used for many mineral identifications in the literature, but
we found that it is significantly affected by artifacts caused by the volcano scan method and
occasionally by severe noise and other calibration errors. We note that our method cannot be
directly expanded into other wavelength regions. For instance, applying our method to the
longer wavelength region (2.8-4.0 µm) of CRISM IR images would require complementing
it with the compensation of the thermal emission component. For the VNIR wavelength
region, artifacts and noise corrected by our method are scarcely present, because of little
atmospheric gaseous absorption over this range and a much lower noise level of the VNIR
7

detector.
2. CRISM noise and artifacts
This section investigates four major issues observed in the current CRISM products:
1) a systematic effect caused either by atmospheric distortions or within the calibration
pipeline, 2) random noise, 3) interpolation bias, namely systematic spike trains created in
the calibration pipeline, which is informally known as bed-of-nails, and 4) the spectral effect
of water-ice aerosols. Here, we define an image frame as the image captured at the detector
array at a time, spanning the cross-track and wavelength directions, and a pixel as an image
cell in one image frame spanning the cross-track and wavelength dimensions. If the image
is binned in the cross-track dimension, the pixel refers to the binned cell, not the detector
element.
2.1. Atmospheric residuals
The residuals caused by atmospheric correction are large enough to obscure some absorption features, such as the water absorption around 1.4 µm. Also, they appear to be consistent
not only in the along-track direction but also in the cross-track direction over several pixels.
Fig. 1 shows representative examples. Fig. 1 (a) and (b) show some atmospherically corrected I/F spectra from the same column in the image “FRT00009312 07 IF166L TRR3,”
compared with the transmission spectrum used for their correction by the volcano scan
method. The transmission spectrum that minimizes artifacts is selected with an empirical
optimization method implemented in the CAT software. Triplet-like spikes around 2.0 µm,
a relatively small spike around 1.44 µm, and small dual spikes around 1.6 µm are likely to be
residuals caused by atmospheric correction because they coincide with absorption features
shown in the atmospheric transmission spectrum (green). Overall, the current atmospheric
correction exhibits a similar fluctuation pattern in the 1.0-1.7 µm and 2.0 µm regions of the
corrected spectra along the cross-track column. Furthermore, Fig. 1 (c) and (d) indicate
that the similar pattern of fluctuations is also consistently observed across the cross-track
direction over several pixels. This suggests that the systematic pattern is likely to be the
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residual of atmospheric correction rather than a calibration error, under the assumption of
the uniformity of atmospheric transmission.
These artifacts are not fully removed even in the most advanced TER products. Fig. 2
shows the same analysis on the corresponding TER I/F product, as performed in Fig. 1.
One can still observe a similar fluctuation pattern on the spectra both along the column
and across several neighboring columns, although the shape of such a pattern changes on
the spectra in Fig. 1 due to additional processing made for the TER product.
Such artifacts are also observed in the simulation of the volcano scan correction using
radiative transfer modeling (Wiseman et al., 2016). As discussed in Wiseman et al. (2016),
some are related to the violation of the assumptions made in the empirical volcano scan
method. The empirical method requires that the atmospheric transmission spectrum at the
Olympus Mons be exponentially scaled to the one in the image to be corrected by a single
exponential factor. Differences in atmospheric conditions, such as the amounts of dust and
ice aerosols, the amount of water vapor, and temperature and pressure, from those at Olympus Mons break this assumption, causing the artifacts. This problem is partly addressed by
the optimal selection of transmission spectrum from the several empirically derived transmission spectra measured in different seasons and different atmospheric conditions, although
the small collection of the empirically derived spectra is unlikely to be sufficient to fully consider temporal and spatial variations. In addition, Wiseman et al. (2016) showed that the
absorption coefficient of carbon dioxide for each wavelength channel is not constant along
the optical path due to the vertical variation of the Martian atmosphere.
Furthermore, there is another limitation in the empirical volcano scan method – the violation of the log-linearity of the transmission spectrum empirically obtained from the CRISM
instrument. The reason is that the Martian gaseous atmospheric transmission spectrum has
many much narrower absorption bands than the spectral resolution of the CRISM instrument. Therefore, even if the Martian atmosphere was vertically uniform, the empirically
obtained transmission spectrum could not be scaled to exactly cancel out the transmission
component of the measured I/F spectrum. We refer the reader to Appendix B for a more
rigorous explanation on this issue.
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2.2. Random noise
There are several sources of random noise in CRISM images. The behavior of noise
at each detector element over time can be observed within the profile in the along track
direction because the along-track direction is equivalent to the “time” direction as CRISM
is a pushbroom scanner. Fig. 3 shows representative examples of four different aspects of
the along-track dynamics of the noise – an example of a “good” detector and three different
kinds of “bad” detectors, together with a spectrum that intersects those profiles. The
residual1 profiles in the along-track direction of bad detectors are shown in black and that
of a good detector is in red in Fig. 3 (b)-(d). Each of the bad detectors shows different time
dependent behaviors: autoregressive random noise, random spikes, and a telegraph pattern.
The residual profile shown in black in Fig. 3 (b) is always larger than zero and seems to
be highly related to its previous residual, indicating a strong autoregressive property. The
black profile in Fig. 3 (c) shows mostly small variance (but slightly larger than that of the
good detector shown in red) and often corrupted with spiky noise of various magnitudes.
The occurrence of spikes seems to be random. Finally, the black profile in Fig. 3 (d) shows a
clear telegraph noise, exhibiting occasional sudden step-like transitions between two levels.
These different sources of noise, which confirm and expand previous observations by Parente
et al. (2010), make wholistic statistical modeling difficult. Fortunately when we observe a
spectral profile, as shown in Fig. 3 (a), these various kinds of noise manifest themselves as
spikes with varying magnitudes.
2.3. Interpolation bias
Some pixels are corrupted with elevated noise. In some pixels, only the value indicating saturation (4095 in the 12-bit format) is recorded in the raw image cube and therefore, no information relevant to radiative energy is measured. Those pixels are marked as
“bad pixels” (BP), discarded, and replaced in the calibration by linear interpolation in the
1

The residual of our atmospheric correction method, obtained by removing estimated atmospheric and

surface components from I/F signal, is considered to be a suitable approximation of the noise in CRISM
signals.
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same wavelength channel of the spatial neighbors in the cross-track direction in each image
frame (Murchie et al., 2007, 2016). If both sides of the neighboring pixels are not “bad”,
then linear interpolation is simply the mean of the neighbors.
The linear spatial interpolation of BPs sometimes causes small spikes, which we call
interpolation bias. In a CRISM image, the continuum shapes of spatially neighboring spectra
tend to be similar but their magnitudes do not completely align. In particular, the magnitude
of the continuum of the spectrum does not correspond to the average of the continua of its
two spatial neighbors. Every bad pixel (channel) that is replaced by the average of the
spatial neighbors will exhibit a spike whose peak is exactly equal to that average. The
overall effect of the interpolation is a ”train” of spikes of similar magnitude. Fig. 4 shows
three representative examples of the interpolation bias. The red spectrum has BPs marked
with purple dots. These BPs are replaced with the interpolation of cross-track spatial
neighbors, namely the mean (in yellow) of the two gray spectra, if the same bands of both
of the neighbors are not marked as BPs themselves.
The interpolation bias can be alleviated by the filtering stage in the TRR3 processing
pipeline. The comparison of atmospherically corrected I/F spectra with (blue) or without
(red) filtering in Fig. 4 (a) shows that filtering largely removes isolated spikes over 1.6-2.6 µm.
However, the filter is sensitive to the occurrence of many adjacent BPs. A spurious artifact is
created around 1.37 µm where there is a concentration of BPs. Fig. 4 (b) shows spike clusters
are left over after filtering. Fig. 4 (c) shows a spurious absorption created by the filter in
a range affected by many adjacent BP’s. This phenomenon also explains the emergence of
spike clusters and spurious absorptions investigated by Leask et al. (2018).
The interpolation bias often occurs when the spectral continuum or shape changes rapidly
in the spatial domain. In particular, it tends to happen in small areas that are spectrally
distinctive from its surroundings. The BPs and interpolation bias occur more frequently on
spatially binned images (HRL and HRS).
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2.4. Water ice aerosols
Depending on seasons and locations, the Martian atmosphere may contain water ice
aerosols, which may significantly affect acquired spectra (Wiseman et al., 2016). It is reported that a significant amount of water ice aerosols is observed at low latitudes near
aphelion (Clancy, 2003), which corresponds to observation IDs A***, B***, C***, 18***,
or 24***. Water ice aerosol spectra are characterized by significant absorptions at 1.5 and
2.0 µm, a shallow wide absorption over 2.3 µm, and a downward slope over 2.6 µm wavelength region toward longer wavelengths. The presence of water ice aerosols in CRISM I/F
spectra could be visually confirmed by the observation of both an absorption at 1.5 µm that
may look like a downward continuum shift and a depression around 2.0 µm (e.g., Fig. 5).
The depression around 2.0 µm may not be sufficient by itself to confirm the presence of
water ice aerosols because it could be a bowl-shape artifact (Morgan et al., 2011; Wiseman
et al., 2016). The feature at 2.0 µm can mask a mineral hydration feature at 1.9 µm. While
some atmospheric transmission spectra stored as “VS” in the ancillary data records (ADR)
consider the presence of the water ice aerosol, the set is not extensive.
3. Method
Our proposed combined atmospheric correction and de-noising method aims to derive a
refined atmospheric transmission spectrum from the observed I/F spectra within the image,
while simultaneously detecting large noise. The computed transmission spectrum is then
used for atmospheric correction. The surface contribution and the transmission spectrum
and its scaling parameters are simultaneously determined through a minimization process.
In order to avoid interpolation bias and subsequent artifacts, our method is performed on
I/F spectra produced by our own implementation of the calibration pipeline (Murchie et al.,
2016) without applying TRR3 filtering or interpolating BPs. First, we describe the signal
model adopted in our method, including a spectral mixing model for the surface and a model
for atmospheric transmission, and then discusses the adopted methodology to perform the
estimation of the atmospheric transmission spectrum and atmospheric compensation.
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3.1. Signal model
Let us denote the observed signal (I/F) at one pixel by y ∈ RL×1 where L is the number
of wavelength channels, its associated surface reflectance by r ∈ RL×1 , and its atmospheric
transmission spectrum by t ∈ RL×1 . Assuming that the spectral contribution of the atmosphere is uniform along the optical path, the signal model under the Beer-Lambert law
is:
yi = tiβ ri ,

(1)

for all i = 1, . . . , L, where yi , ti , and ri are the ith elements of y, t, and r, respectively, and β
is a scaling parameter that depends on the optical path length. Since I/F, transmission, and
surface reflectance are all assumed to be positive, the observed signal y is readily converted
to the logarithmic domain:
log (yi ) = β log (ti ) + log (ri )

(2)

for all i = 1, . . . , L. In this domain, the transmission spectrum present in all pixels is
interpreted as an additive component to the surface reflectance. For the sake of simplicity,
let us express the element-wise logarithmic operation on a vector x (on a matrix X) as log x
(log X). Then the vector form of equation (2) will be
log y = β log t + log r.

(3)

Let us collect the spectra in the same cross-track column and denote the lateral stacks
of the observed I/F and the surface reflectance spectra by Y ∈ RL×N and R ∈ RL×N
respectively, where N is the number of lines in the along-track direction. If we assume that
the atmospheric transmission spectrum is constant in the along-track direction, we have
logY = (log t) β T + logR,

(4)

where β ∈ RN ×1 is the concatenation of the β coefficients for all measurements in the column.
The whole image cube is not stacked together because measured atmospheric spectra are
different depending on cross-track columns due to smile effects of the CRISM instrument.
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Next, we introduce a model for the surface reflectance. We start with a well-known linear
mixing model (LMM). LMM models a single measured spectrum as the linearly weighted
sum of pure endmember spectra according to their fractional abundances. This assumption
would be valid in a “checkerboard” configuration, where the footprint of the measured spectrum would encompass several surface areas each composed of a pure mineral endmember.
Although this is not always a reasonable assumption, our goal is not to accurately model
mineral abundances but rather to accurately model the shape of the surface spectrum to
isolate the effect of the atmosphere. Recently, we extended the LMM to consider an adaptive
background (LMM-AB) (LMM-AB) (Itoh and Parente, 2017b):
R = AX + B (X  0),

(5)

where A ∈ RL×NA (NA is the number of endmembers) is a spectral library matrix whose
columns correspond to endmember spectra, X ∈ RNA ×N is a matrix whose columns store
abundances of endmembers for observed spectra, B ∈ RL×N is a matrix whose columns represent concave background spectra, and  represents element-wise inequality. The concave
background spectra are interpreted as continuum components, which are conventionally
considered to be generally spectrally unremarkable (Clark and Roush, 1984; Clark, 1999;
Clark et al., 2003). In addition, the concave background spectra fit the contribution of
unknown dust aerosols prevalent on Mars that may give negative slopes in this wavelength
region (Brown, 2014; Wiseman et al., 2016). Although the dust aerosols residing in the
atmosphere cannot be considered as a part of surface, it improves the fit to the observed
I/F spectra. We further modify the LMM-AB to a logarithmic LMM-AB:
logR = (logA) X + B (X  0)

(6)

where R and A are replaced with their logarithmic versions and, in general, X and B in
this model are not equivalent to those in equation (5). The conversion to the logarithm
domain is mainly motivated by computational tractability in the formulation we present in
the following section.
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Combining the equations (4) and (6), the I/F signals can be modeled as
logY = (log t) · β T + (logA) X + B.

(7)

3.1.1. Library
We construct a “global” spectral library rather than a small spectral library for each
image, aiming for wide applicability of our method with little customization. The spectral
library A must be as large as possible to represent as many known endmembers so that
it can accurately model all the possible mixed surface spectra encountered in the CRISM
observations. This can be accomplished by using all the spectra of potential mineral phases in
publicly available spectral databases, such as CRISM spectral library (Murchie et al., 2007),
U.S. Geological Survey (USGS) spectral library (Clark et al., 2007), Reflectance Experiment
Laboratory (RELAB) spectral database (NASA Reflectance Experiment Laboratory, 2014),
and the Minerals Identified through CRISM Analysis (MICA) Library (Viviano-Beck et al.,
2014). We select 686 spectra from the mineral group of the CRISM spectral library, splib06,
and all the spectra from the MICA library.
The library endmember spectra are convolved with CRISM spectral channels using the
ground calibrated band pass functions whose parameters are stored in the data labeled as
“SB” in the CRISM calibration data records (CDR) (Murchie et al., 2007). The convolved
endmember spectra are converted to logarithmic scale and normalized with respect to their
`2 -norm in the log-domain, where the `2 -norm of a vector is the square root of the mean
of the square of its elements. In our implementation, we further apply continuum removal
to the normalized logarithmic endmember spectra. The continuum of each spectrum here
is defined as the concave hull that minimally envelops it. Now the term AX represents
the continuum-removed absorption features of the surface reflectance spectra. The removed
continua are interpreted as a part of the background term since they are concave. The
continuum removal increases the dissimilarity of the spectra in the library, also making
computation faster. In addition, the continuum removal can be performed beforehand and
cached for all WA files and therefore, the computational burden accompanied with this preprocessing is small. Although this continuum removal results in a different optimization
15

problem and it may have a different optimal solution, we confirmed that almost identical
solutions are obtained while reducing computational time.
Our method operates in two modes depending on whether or not water ice aerosol contributions are taken into account. In the mode with water ice aerosols, the absorption
efficiency of water ice is included into the library. Absorption efficiency of water ice aerosol
is computed using miepython2 based on a solution (Wiscombe, 1979) of Mie scattering theory. The input imaginary part of refractive index is obtained from the absorption coefficient
data reported in Grundy and Schmitt (1998) with the relationship ka = 4πnk /λ where ka
is the absorption coefficient, nk is the imaginary part of the refractive index, and λ is the
wavelength. The real part of it is obtained from the Grenoble Astrophysics and Planetology
Solid Spectroscopy and Thermodynamics (GhoSST) database3 that was originally reported
by Warren (1984) and linearly interpolated to the wavelength samples of the absorption coefficients. Spherical shapes are assumed for the particles and in total, 27 absorption efficiency
spectra with several different temperatures and nine different particle radii (0.5, 0.8, 1, 1.2,
1.5, 1.8, 2, 3, and 4 µm) are created. These spectra are convolved to CRISM wavelength
channels as done on the mineral spectra using CDR SB data and added to the library A.
3.2. Atmospheric correction and de-noising
Based on this model, we estimate the true transmission spectrum given the observation
Y and the library matrix A. It is reasonable to assume that the true log t could fit the model
sufficiently well. A straightforward way to assess the quality of fit is a loss function defined
by a norm of the error. In order to achieve robustness to various random noise sources
described in Section 2.2, we opt for the `1 -norm of the error, equivalent to the absolute sum
of the errors (ASE):
LASE (logY, log t, β, X, B) = logY − log t · β T − (logA) X − B

1,1

,

(8)

where kMk1,1 represents the sum of absolute values of all the elements in M. The `1 -norm
of a vector is the sum of absolute values of its elements and k · k1,1 is the equivalent operator
2
3

https://github.com/scottprahl/miepython
http://ghosst.obs.ujf-grenoble.fr
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for matrices. Model inversion based on `1 -errors is known to be robust to corruptions such
as dense large random spikes, while the more commonly used `2 -errors assume that the noise
follows a Gaussian distribution and perform poorly in the presence of such noise (Wright
et al., 2009; Wright and Ma, 2010).
It is reasonable to assume that the number of endmembers composing each mixed surface spectrum is small. Then, given a large global library matrix A, our goal is to find a
combination of a small number of endmembers, in other words, a sparse X, the transmission
spectrum, and its scaling parameter that fit the model well enough in terms of the ASE (8).
Such a solution is approximately obtained by adding a `1 -norm penalty on X, known as a
sparsity promoting regularizer, to the minimizing function (Iordache et al., 2011). We define
a cost function:
f (logY, log t, β, X, B) = LASE (logY, log t, β, X, B) + kΛ

Xk1,1 ,

where Λ is a NA ×N matrix whose elements are trade-off parameters controlling the sparsity
of X and

represents element-wise multiplication. Consider the minimization problem:
minimize
log t,β,X,B

f (logY, log t, β, X, B)
(9)

subject to X  0, CB  0,
where C is a concavity preserving operator defined



(wi+2 − wi )






−(wi+2 − wi+1 )
Ci,j =



−(wi+1 − wi )





0

by:
if i + 1 = j
if i = j
,

(10)

if i = j + 2
otherwise

where wi is the center wavelength position of the ith wavelength channel. Each row of
CB  0 represents a window of three consecutive channels (the first row represents the
window of the first three channels, the second does that from the second to fourth channels,
and so on). Each of the inequalities ensures that the middle point of the three channels
is above the line determined by the other two adjacent points, ensuring concavity of the
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curvature over the three channels. The collection of these inequalities over all the windows
constrains the whole curvature to be concave so that no absorptions are artificially introduced
by our method.
We note that sparsity constrained unmixing on CRISM images has been proposed for
the purpose of mineral mapping in the literature (Lin et al., 2016; Lin and Zhang, 2017; Lin
et al., 2019). Our method is different because the main purpose is to perform atmospheric
correction and de-noising. Furthermore, the formulation is novel in three aspects – 1) the
effect of the atmosphere is integrated and the method is combined with atmospheric correction, 2) the logarithmic domain is considered, and 3) the `1 -norm is considered as a loss
function.
The function to be optimized in Eq. (9) is non-convex, making it difficult to find an
optimal solution. We propose a variable splitting alternating optimization algorithm. The
variables are separated into two groups, (β, X, B), which represents continuum and surface
contributions, and (log t), which represents the atmospheric transmission, so that the minimization with regard to each group becomes easier to handle. The algorithm alternates
between three operations. First, surface and continuum parameters for all the spectra in the
column are estimated using the current atmospheric transmission spectrum. Then channels
of logY exhibiting unusually high values in the residual of the model (Eq. (8)) are flagged
and replaced by the corresponding model estimate (log t) · β T + (logA) X + B, the right
hand side of Eq. (7) substituted by the current estimated parameters. Finally, a single atmospheric spectrum is estimated from the surface and continuum spectra in the column.
It is also important to properly initialize the atmospheric transmission spectrum for this
non-convex optimization problem. We use the collection of the empirically derived transmission spectra in the ADR distributed with the CAT software. The detailed description
of the algorithm to solve this minimization problem including the initialization of log t is
presented in Appendix A.
After the minimization problem is solved, atmospherically corrected log I/F, logYcorr is
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finally obtained by
logYcorr = logY − (log t? ) · β ? T ,

(11)

where log t? and β ? are the optimal solutions of the minimization problem (9). One might
be tempted to use the learned surface contribution, AX? + B? where X? and B? are the
optimal solutions of the problem (9), as the best candidate outputs for the atmospheric compensation algorithm. Indeed, they are smoother because they are the linear combination
of a smooth background and the endmember spectra in the library A; however, they are
likely to underestimate uncertainty present in the signal. Our method models the surface
spectra with moderate accuracy to achieve the precise estimation of the transmission spectrum. Since the estimation of surface model inside our algorithm is performed independently
for each spectrum, it is possible that some minor variations due to noise would be fit by
the surface model, leading to the over- and mis- interpretation of spectral shapes. On the
other hand, the transmission spectrum is less likely to experience such problems because it
is collectively estimated by using all the spectra in the column. In other words, our estimate
of the surface need only be accurate enough to contribute to the model of the transmission
spectrum and we are not interested in accurate estimation of surface mineral abundances
at this stage. The correction (Eq. (11)) retains small random noise fluctuations in the observation, representing the uncertainty in the signal. In addition, we do not recommend
to directly interpret the estimated abundances X? since multiple sets of abundance values
could model a spectral curve equally well enough in the presence of noise (Lapotre et al.,
2017). The surface unmixing result would need careful validation but this effort is beyond
the scope of this contribution.
In case of the method with water ice, water ice components are also removed from I/F:
logYcorr = logY − (log t? ) · β ? T − logAice Xice ,

(12)

where logAice and Xice are the part of logA and X that correspond to water ice absorption
efficiencies, respectively.
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3.3. Prior determination of Λ
The elements of the parameter matrix Λ are fixed to be equal to (0.01 · klog yk2 ) for
all library endmembers, where k · k2 represents the `2 -norm of a vector. We performed our
method on several data sets and found that this value is typical for a large set of images.
Considering that I/F values normally range between [0, 1], larger trade-off parameters are
assigned for darker I/F spectra because noise is enhanced in the logarithmic domain for low
I/F values. In the mode with water ice aerosols, the entries of Λ associated with the spectra
of water ice is set to 0. Our method is applied to the wavelength region over 1.0-2.6 µm
(bands 3 to 244). Note that Λ is adjusted as iteration progresses (See Appendix A.5 for
details).
3.4. Prior exclusion and post substitution of BPs
Some of the pixels in the image frames are severely corrupted by noise to an extent
that would negatively affect the performance of our method. In our implementation, the
significantly corrupted BPs detected at the early stage in the calibration are still excluded
from all the image frames ahead of processing, although it is possible to apply our method
without any prior exclusion of BPs. The BP information is extracted from CDR BP data
derived from dark frame measurements prior (and post, if it exists) scene measurements.
These BPs are substituted with the model estimate after our atmospheric correction and
de-noising method is performed.
4. Results
We performed our proposed atmospheric correction and de-noising method on more
than one hundred CRISM images in North East Syrtis Major, Jezero Crater, and Columbia
Hills. In our environment (Intel Core i7 2.6GHz (quad core) CPU and 16GB RAM), the
computational time taken for each image is about one and half hours in the mode without
water ice aerosols and two hours when they are included. This excludes the time for library
convolution. We present some representative examples of our method, comparing them with
the outcome of the current CRISM processing pipeline: TER data products (when available)
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or TRR3 I/F images atmospherically corrected by CAT. We validate our method with three
approaches. The first is a visual check of the spectra to investigate whether or not artifacts
are removed or distortions introduced. In the case of severe corruption due to elevated
noise, we also compare our corrected spectra with atmospherically corrected non-filtered
I/F. Such I/F data can be obtained by using I/F conversion implemented in CAT on TRR3
RA (radiance) data. We also perform inter-image comparison with the expectation that
spectra of pixels from overlapping images at the same geographical locations should show
similar spectral signatures if any overlapping images are available. All the atmospherically
corrected spectra used for comparisons to our proposed results are processed with CAT 7.4
using the empirical selection of the transmission spectra and artifact correction. Photometric
correction is not applied.
4.1. Removal of atmospheric residuals
Fig. 6 shows the comparison of I/F spectra corrected by CAT and those obtained by our
proposed method. From Fig. 6 (a) and (c), our method significantly reduces the residuals
over the 1.0-1.7 µm and 2.0 µm wavelength regions that are consistently observed for the
spectra on the right. Furthermore, the 1.4 µm absorption feature is now clearly seen in
the first and fourth spectra from the top on the left, while it is severely corrupted on their
counterparts on the right. The appearance of that feature is plausible since it coincides
with clear hydrated silica-like spectra that have bigger 1.9 µm hydration and 2.2 µm Al-OH
bearing bands.
One may notice that the spectra in Fig. 6 (a) exhibit small high-frequency fluctuations
that cannot be seen on the spectra in Fig. 6 (c). These are small zero-mean random noise
components removed by TRR3 filtering for the input I/F of the CAT volcano scan, while
not for the input I/F data to our method. Fig. 6 (b) shows that such small Gaussian-like
noise is significantly reduced by spatial averaging, which confirms these fluctuations are not
systematic artifacts. On the other hand, the systematic artifacts in the spectra in Fig. 6 (c)
and (d) are not reduced with spatial averaging.
Our method also mitigates some consistent features in other wavelength regions such
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as small spikes around 2.25, 2.30, 2.38, and 2.48 µm wavelengths. These spikes could be
calibration errors or systematic errors caused by the empirical volcano scan method or
minor variation in atmospheric conditions and the shift of the central wavelength of CRISM
spectral channels, but their exact origins are hard to precisely identify.
Next we show some examples where a significant amount of water ice aerosols are observed. Fig. 7 shows the comparison of corrected I/F spectra by our method with water
ice aerosols and those atmospherically corrected on TRR3 filtered I/F. The images of these
spectra are measured at low latitudes near aphelion. For a variety of spectra, our method
successfully mitigates the depression at 2.0 µm and the absorption at 1.5 µm caused by the
water ice aerosol, together with other atmospheric residuals, and hydrated features at 1.4
and 1.9 µm are restored if they are present.
Our validation process follows several steps. The first step is direct comparison with
CAT corrected filtered TRR3 or TER3 images. Fig 8 (a) shows such a comparison. The
spectrum corrected by our method (in red) shows clearer absorption bands around 1.4,
1.9, and 2.0 µm wavelength regions than the CAT corrected spectrum in blue. Since our
method substitutes model values to bad channels there is the potential of creating fictitious
absorptions if too many adjacent channels are bad. By comparing the red spectrum with the
corresponding spectrum without substitutions (in orange) we can confirm the shape of the
band at 2.3 µm. Another validation method, illustrated in Fig. 8 (b), involves the spectra
of a pixel at the same geographical location as the one in Fig. 8 (a) from an overlapping
image. The spectrum corrected by our method displays the same absorption bands as the
one in Fig 8 (a). Furthermore, a similarly shaped 1.9 µm absorption seems to be present in
the spectrum in Fig. 8 (b), where the corrupted wavelength channels for the spectrum in
Fig. 8 (a) are non noisy, confirming the shape of the water band in the spectrum of Fig. 8 (a).

The advantage of our substitution method is also shown in the spatial domain. Fig. 9
shows a comparison of band images corrected by our method and by CAT. The yellow
rectangle highlights where such artifacts occur. In this highlighted area, sequential spatial
columns are detected as BPs and are linearly interpolated with neighboring columns in the
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CRISM calibration, which causes a smear. In contrast in Fig. 9 (b), this type of smear
cannot be seen and finer spatial patterns become distinguishable.
4.2. Removal of noise and interpolation bias
In this section, we investigate the performance of our method in a scenario where detector
noise is elevated and spectra are severely corrupted by interpolation bias. The first example
in Fig. 10, shows a comparison of a spectrum corrected by our method (red) and two other
spectra by volcano scan with (blue) and without (purple) TRR3 filtering. Overall, the
spikes around 2.0 µm are greatly reduced in our corrected spectrum and the hydration band
at 1.9 µm becomes clearer. The observation ID 2422E indicates that the image was taken
near aphelion. The small absorption at 1.5 µm and a smooth depression around 2.0 µm on
the blue spectrum indicate the existence of water ice aerosols, which seems to be removed in
our corrected spectrum in addition to severe noise. Compared to the CAT-corrected filtered
spectrum (blue), the red spectrum seems to add an absorption feature around 2.5 µm. The
presence of this absorption is confirmed in the non-filtered spectrum (purple). When only
the non-BP bands are plotted, an absorption around 2.5 µm can be observed. Since this
wavelength region is contaminated by many spikes due to interpolation bias, we speculate
that TRR3 filtering smoothed out the signal around 2.5 µm while creating a band around
2.6 µm.
Fig. 11 (a) and (b) show results of our method on the two spectra introduced in Fig. 4 (b)
and (c). Our method is only minimally affected by interpolation bias (Fig. 11(a)) and
does not show a spurious absorption around 2.1 µm that is observed in the CAT corrected
spectrum (Fig. 11(b)). The non corrupted spectrum (in purple) in Fig. 11(b) shows a
depression around the 2.0 µm wavelength region. We show that the depression is also an
artifact by investigating multiple kinds of ratioed I/F in the same manner as the method
described in (Leask et al., 2018). Under the assumption that the transmission spectrum
is uniform along each column, the contribution of the atmospheric transmission could be
removed by dividing a spectrum by another spectrally unremarkable in the same spatial
column, whether or not they are atmospherically corrected. Fig. 11 (c) shows the ratios of
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four versions of the spectrum in Fig. 11 (b), with color coding as explained in the caption. In
all cases, we use as a denominator the geometric mean spectrum of the same spatial column,
which, as we carefully verified, only contains atmospheric contributions. The big absorption
feature at 2.1 µm observed in the filtered I/F (blue) with atmospheric correction is also in
the one (light blue) without atmospheric correction, indicating the feature is unlikely to be
an artifact created by the volcano scan correction. However, the feature can not be observed
in the ratioed spectrum (green) of the non-filtered I/F without atmospheric correction. The
many downward spikes on the green spectrum are due to interpolation bias. Therefore,
the big absorption feature at 2.0 µm on the upper two spectra are likely to be an artifact
created by TRR3 filtering due to dense BPs. This artifact corresponds to the spurious
feature observed by (Leask et al., 2018). The ratioed spectrum (purple) of the non-filtered
I/F with atmospheric correction shows an absorption around 2.0 µm, which is an artifact
caused by an error in the estimation of the scaling parameter for the volcano scan correction.
Our method can also perform reasonable corrections in small outcrops. Fig. 12 (a)-(d)
show a comparison of the atmospherically corrected spectra with the same three methods
described in Fig. 10 of the same geographical location in four overlapping images. Our
method consistently produces bland spectra while the CAT-corrected spectra shows a range
of artifacts for different images. These spectra are affected by interpolation bias since this
is a spatially small distinctive region as shown in Fig. 12 (e). The spectra corrected by the
volcano scan using CAT exhibit anomalous shapes around the 2.0 µm wavelength region.
The wide depression around 2.0 µm in the blue spectrum in Fig. 12 (a) and leftover spiky
absorptions and a little depression around 2.0 µm in the blue spectra in Fig. 12 (b) and (c)
is possibly a combination of the bowl-shape artifact and artifacts created by TRR3 filtering.
A water ice like shape shown in the blue spectrum in Fig. 12 (c) is probably caused by
uncorrected water ice aerosols. Indeed, the image with the observation ID 18781 from which
the spectrum in Fig. 12 (c) is acquired near aphelion. We can validate our products in a way
similar to the multiple ratio method we previously described.
More validation examples of our products are presented in the supplementary materials.
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5. Potential limitations
Although our method is robust to noise and less affected by BPs, the occurrence of too
many adjacent BPs in a spectrum could be problematic. Fig. 13 (a) shows an example of
such a case. The red spectrum has been corrected by our method and the BPs have been
substituted with the corresponding model values. The spectrum shows a 2.5 µm wavelength
absorption, which is the shape suggested by the model. The orange spectrum, which has been
corrected but with BP’s that have been simply omitted, reveals that more than few sequential
channels are bad. In such case, the shape of 2.5 µm cannot be easily corroborated. An image
that contains a measurement of the same geographical location is shown in Fig 13 (b). The
2.5 µm wavelength region of that spectrum which does not require substitution shows no
absorption features. The procedure lead us to reject the spectrum in Fig. 13 (a).
Fig. 14 shows another potential limitation, by which actual spectral features could be
removed by our technique. In this figure, an absorption at 1.46 µm, a depression around
2.0 µm, and an absorption feature at 2.4 µm are removed by our method. While the 2.0 µm
depression correction can be justified as a bowl-shape distortion, 1.46 µm and 2.4 µm are
more problematic. However, those features are present everywhere along the column, which
makes our method consider them as systematic column-dependent artifacts. While we cannot confirm that the features are atmospheric, the fact that they are present through the
columns suggests that they are not due to surface contributions and therefore they can be
corrected.
Another possible concern is the presence of an edge drop. The concave background might
erroneously fit a downward large noise spike at the edge of a spectrum, which, therefore
cannot be detected as a noise spike regardless of its magnitude. This problem can be seen in
Fig. 7 (g). The spectra corrected by our method in these figures exhibit large drops around
the right edge at 2.6 µm.
Additionally, since our method uses the transmission spectra in the ADR to initialize the
image transmission spectrum, an image transmission spectrum that is dramatically different
from those in the ADR library could also be an issue. The non-convex optimization may
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not recover from a poor initialization. So far on all the images we have tested initialization
using the ADR transmission appears to work well and no clear examples of the initialization
leading to failure are seen.
Finally, our method could lead to erroneous results in scenes where water and carbon
dioxide ice are present on the surface. In particular, in the presence of water ice aerosols, our
method cannot discriminate ice aerosols from surface ice. The extension of the technique to
such images will be the subject of a future publication.
6. Conclusion
In this paper, we proposed a new atmospheric correction and de-noising method for
CRISM IR images of non-icy surfaces over the 1.0-2.6 µm wavelength range. Our method
estimates the atmospheric transmission spectrum from the image itself by solving the minimization problem that unifies light propagation through the atmosphere and surface mixing,
while large random noise spikes are simultaneously detected and removed. Experimental results show that our method significantly mitigates column-dependent systematic artifacts
that could be caused by the volcano scan method using CAT, while successfully detecting
and removing severe noise. Compared with CAT-correction, our correction provides a significant improvement over the 1.1-1.7 µm and 1.9-2.1 µm wavelength regions where the strong
atmospheric absorptions of carbon dioxide are present. Our method has been applied to a
large number of images of non-icy surfaces. The technique is also able to contend well with
adverse conditions like elevated detector temperatures and water ice aerosols.
In addition, validations reveal that our method retrieves consistent spectral shapes for
the same location in different overlapping images even in the presence of elevated noise.
Another validation using ratioed spectra clarified that our method corrects for artifacts
created in the calibration, such as interpolation bias.
We also advanced the understanding of noise and artifacts present in the CRISM IR images. We discovered the mechanism of the occurrence of interpolation bias formally reported
by Leask et al. (2018). We also succeeded in extracting three different kinds of noise patterns
present in CRISM scene images – an autoregressive pattern, random spikes and a telegraph
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pattern. Finally, we presented a new theoretical limitation of the empirical volcano scan
method.
Processed data are currently available upon request.
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Appendix A. An algorithm for optimization
In this appendix, we details the algorithm to solve the minimization problem (9). The
minimization (9) is split into two easily solvable subproblems:
 (k+1) 
β
 (k+1) 
(k)
X
 = arg min f (log t , β, X, B)

(A.1)

β,X,B
X0,CB0

B(k+1)
and

log t(k+1) = arg min f (log t, β (k+1) , X(k+1) , B(k+1) ),

(A.2)

log t

where k indicates an iteration number. De-noising is performed between those two operations
in our algorithm.
The separation of the variable log t from the other ones makes both of the problems
solvable. Both of the subproblems (A.1) and (A.2) are convex optimization problems (Boyd
and Vandenberghe, 2004) and have unique solutions, but their analytical solutions cannot
be calculated. It is possible to use any solver (CVX (Grant and Boyd, 2008, 2014), CPLEX4 ,
4

https://www.ibm.com/analytics/cplex-optimizer
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etc.) to solve them. In our implementation, we implemented a generalized version of alternating direction method of multipliers (ADMM) for fast convergence to moderate accuracy.
In order to achieve the smaller computational time for the subproblems (A.1) and (A.2), the
variables of the problems, including their dual variables, are initialized with their output
variables in the last iteration (or the current values). Detailed algorithms for each problem
are shown in the following sections below and supplement materials. Algorithm 1 summarizes a general methodology in the pseudo code format. The total number kmaxiter of iteration
is currently fixed to 5.
Algorithm 1
1: Construct the concave preserving operator C using (10)
2:

Initialize atmospheric transmission spectrum (See Appendix A.4)

3:

for k ← 1 to kmaxiter do

4:

Solve the subproblem (A.1) (See Appendix A.1)

5:

Denoising (See Appendix A.3)

6:

Solve the subproblem (A.2) (See Appendix A.2)

7:

Update λ using (A.8) (See Appendix A.5)

8:

k ←k+1

9:
10:

end for
Solve the subproblem (A.1) for final estimation

Appendix A.1. Subproblem (A.1)
The problem (A.1) is cast into a matrix form of constrained sparse least absolute deviation (CSLAD). Let us create a square matrix C̄ ∈ RL×L by augmenting the first and
last rows of C with cardinal vectors e1 = [1, 0, . . . , 0]T ∈ RL and eL = [0, . . . , 0, 1]T ∈ RL ,
respectively:
C̄ = [ e1 CT eL ]T .
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Since C̄ is a tri-diagonal matrix whose diagonal elements are nonzero, it is invertible. Let
Z = C̄B, namely, we have B = C̄−1 Z. Let


− inf ·11×N


,
0
Γ=
N
−2×N


− inf ·11×N
where 11×N is a 1 × N length vector with all the elements ones and 0N −2×N is a N − 2 × N
matrix with all the elements zeros. The constraint CB  0 is equivalently expressed as
C̄B  Γ ⇔ Z  Γ.

(A.3)

Therefore, the minimization problem (A.1) is equivalent to
logY − (log t(k) )β T − (logA)X − C̄−1 Z

minimize
X,β,Z

1,1

+ kΛ

Xk1,1

subject to X  0 and Z  Γ
Then the minimization problem is formalized into CSLAD:
minimize
S

logY − G(k) S

1,1

+ kΛ̂

Sk1,1

(A.4)

subject to S  Γ̂,
where
G(k) = [ log t(k) logA C̄−1 ] ,



 T
0
01×N
1×N
β
S =  X  , Λ̂ =  Λ  , and Γ̂ = 0NA ×N  .
0L×N
Γ
Z
This optimization problem is readily solved via any convex optimization solvers such as
CVX (Grant and Boyd, 2014, 2008) or CPLEX. Our implementation utilizes alternating
direction method of multipliers (ADMM). We refer interesting readers to (Itoh and Parente,
2019b) for further details on our implementation.
Appendix A.2. Subproblem (A.2)
The subproblem (A.2) is cast as a matrix form of least absolute deviation (LAD) problem.
The problem (A.2) is expressed as
T

minimize logY − (log t)β (k+1) − (logA)X (k+1) − B(k+1)
log t
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1,1


(k+1)
Letting Rlog t = logY − (logA)X(k+1) − B(k+1) , the problem is interpreted as a matrix
form of least absolute deviation:
minimize
log t

(k+1) T

Rlog t

− β(log t)T

(A.5)

1,1

As with CSLAD, LAD can be solved via any convex optimization solvers. Again, we refer
interesting readers to (Itoh and Parente, 2019b) for further details on our implementation.
Appendix A.3. De-noising step
Denoising is performed by a hard-thresholding on each element of the residual
T

logY − log t(k) · β (k+1) − (logA) X(k+1) − B(k+1)
The thresholding value is empirically determined and fixed as 0.015 except for the initialization step as described in Appendix A.4. If an element of the residual is above the threshold
value, then the corresponding element of logY is replaced with its model value:
T

log t(k) · β (k+1) + (logA) X(k+1) + B(k+1) .
Appendix A.4. Initialization
Next, we discuss approaches we used to obtain desirable solution by our algorithm.
Since the minimization problem (9) is a non-convex optimization problem, it is heavily
influenced by initialization. With the moderately accurate initialization of the transmission
spectrum, especially its concave component, the background matrix B is unlikely to learn
the concave component of the transmission spectrum. Therefore, it is crucial to initialize
the transmission spectrum accurately enough. We initialize t with a linear combination
of calibrated transmission spectra in the ADR data. To be precise, we solve the following
minimization problem to initialize the transmission spectrum:
 T
Φ
minimize logY − [logTA logA]
−B
+ kΛ
Φ,X,B
X
1,1
subject to X  0, CB  0, Φ  0

Xk1,1

(A.6)

where TA ∈ RL×NT (NT is the number of ADR transmission spectra) is the concatenation
of all the transmission spectra in the ADR. After the solution is obtained, de-noising is
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performed using the absolute value of the residual, safeguarded with the standard deviation
of the residual of each pixel. If the absolute value of the residual is greater than 0.1 and the
standard deviation of the pixel is lower than 0.15, then the pixel is marked as a bad entry
and replaced with its model estimate. The rationale for the safeguarding with the standard
deviation is to retain pixels that show small random variation and huge constant bias due
to calibration or processing errors. Then, log t is initialized by solving
minimize logY − (log t) (Φ? 1NT )T − (logA)X? − B?
log t

(A.7)
1,1

where X? , B? , and Φ? are the optimizers of the minimization (A.6) and 1NT is a NT × 1length vector with all the elements equal to unity. Both of the problems (A.6) and (A.7)
are convex optimizations and solved in ways similar to ones for (A.1) and (A.2) shown
in Appendix A.1 and Appendix A.2, respectively.
We note that the transmission spectra of the ADR are compensated with their artifact
factor stored in the same data before the initialization. The artifact spectra that correct the
bowl-shape artifact around the 2.0 µm region are subtracted from the transmission spectra of
the ADR. The artifact around the 2.0 µm wavelength region is too large and correlated with
some endmember spectra of water ice or hydrated minerals, violating one of the assumptions
of our method, which is a difficulty in modeling with CLMM. Integration of the artifact factor
ahead of initialization prevents the large bowl-shape artifact, eliminating the violation.
Appendix A.5. Adjustment of the trade-off parameter
The selection and adjustment of Λ also affect the performance of our algorithm. Λ is
the trade-off parameter that balances the weight on the sum of the squared residual and
that on the sparsity of the dictionary matrix. It is important to keep the balance of the
two terms at each iteration. We balance the cost of the two terms in accordance with an
expected drop in the residual at a certain iteration. Our update scheme is
(k)

Rnew
Λ←Λ·
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(k)
Rold

1,1
1,1

(A.8)

where
T

(k)

Rold = logY − log t(k−1) · β (k) − (logA) X(k) − B(k)
T

(k)
R(k)
· β (k) − (logA) X(k) − B(k) .
new = logY − log t

Appendix B. A note on theoretical limitation of the empirical volcano scan
method
This appendix describes a theoretical limitation of the empirical volcano scan method –
the violation of the log-linearity of the transmission spectrum empirically obtained from the
CRISM instrument:
log y = β log t + log r,

(B.1)

where y ∈ RL is an observed I/F spectrum vector, r ∈ RL is a surface reflectance spectrum
vector, t ∈ RL is a transmission spectrum vector, β is a scalar representing path length,
and the operator log · represents the element-wise logarithmic operation of a vector. The
violation of the log-linearity of the transmission was also discussed in (Wiseman et al., 2016)
under the simulated Martian atmospheric condition. We will show that the violation may
occur even under much simpler conditions – the Beer-Lambert model with constant pressure
and temperature without scattering. The decomposition (B.1) is the basic principle that
supports the empirical volcano scan method. At a first look, the principle seems to be
justified by assuming the uniformity of the atmospheric transmission spectrum and the
Beer-Lambert law for radiative propagation. Even under this ideal condition, the principle
itself does not hold for the implementation using the CRISM measurements because of its
insufficient wavelength resolution. We will clarify this in the following paragraphs.
The actual sensing process is expressed by the convolution of a continuous I/F spectrum
with a spectral bandpass function. The spectral bandpass function models how each detector element reacts to an input radiation spectrum. An ideal spectrometer could perfectly
split the light into wavelength components and its spectral response function would be a
rectangle centered at the designed center wavelength of the channel. Practically such perfect
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spectroscope is unattainable and a spectral bandpass function is modeled as a function that
peaks at the designed center wavelength of the channel, drops toward both of the wings,
and converging to zero. The measured I/F at the ith wavelength channel, namely the ith
element of y, is modeled as
Z
yi =

r(w)e−βk(w) fi (w)dw,

(B.2)

Ci

where yi is the ith element of the measured I/F spectrum vector y, r(w) and k(w) are
a continuous reflectance spectrum and a continuous absorption coefficient spectrum as a
function of wavelength w, respectively, fi (w) is the spectral bandpass function of the ith
R
channel (i = 1, . . . , L) satisfying fi (x)dx = 1, and Ci is the effective range of fi (w) outside
R
of which the function sufficiently rolls off to zero and is thus negligible, namely Ci fi (x)dx ≈
1. Note that the absorption coefficient k is the logarithm of the transmission, namely,
k = log t. In case of CRISM imager, the band pass function is modeled as the summation
of three Gaussian functions (Murchie et al., 2007).
The right hand side of (B.2) is, in general, not log-linear with respect to β. The decoupling shown in (B.1) requires an additional assumption: r(w) and k(w) are approximately
constant over the effective range. If this assumption should be true, r(w) and k(w) would
be reasonably taken out of the integration, making decoupling possible:
Z
−β k̄i
yi ≈ r̄i e
fi (w)dw ≈ r̄i e−β k̄i · 1
Ci

where r̄i and k̄i are the approximated mean values of r(w) and k(w) over the range Ci ,
respectively. Then, the transmission spectrum is empirically estimated by
R −β k(w)
e btm
fi (w)dw
emp
ti = RCi −βtop k(w)
≈ e−(βbtm −βtop )k̄i ,
e
f
(w)dw
i
Ci

(B.3)

for i = 1, . . . , L, where βbtm and βtop are the path lengths associated with the CRISM
measurements at the bottom and top of Olympus Mons, respectively. Finally, the transmission spectrum for each pixel the scene is simply obtained by scaling with a single scaling
parameter α: ti = (temp
)α (i = 1, . . . , L).
i
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The assumption that r(λ) and k(λ) are approximately constant over Ci indicates that
their variation is sufficiently broader than the width of the effective range. Put another way,
the width of the effective range, which is roughly represented by the full-width-half-maximum
(FWHM) of the spectral response function, needs to be sufficiently smaller than the scale
of the variation of r(λ) and k(λ). While this may be valid for the surface reflectance, this
assumption is hardly true for the absorption coefficient spectrum of the atmosphere. The
absorption coefficient spectrum of CO2 , which could be simulated using the absorption line
parameters in the HITRAN database (Gordon et al., 2017), exhibits many much narrower
bands than the full-width-half-maximums of the CRISM wavelength channels. Thus, the
empirically derived transmission spectrum vector temp
cannot be scaled to the transmission
i
spectrum vector with arbitrary path length. It will cause a static error when the path length
β is same over pixels.
The bowl-shape artifact around the 2 µm wavelength region might be explained by this
static error. Many isotopes of gaseous carbon dioxide have many narrow strong absorption
bands around this region. The absorption coefficient spectrum varies a lot within one wavelength channel of CRISM. The approximated transmission spectrum (B.3) is not guaranteed
to accurately model the transmission spectrum with arbitrary path length. The similar pattern of the residual seen over the 1.0-2.0 µm region could be also explained by this error.
Further investigation is necessary on this aspect.
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Figure 1: I/F spectra atmospherically corrected using CAT 7.4 on TRR3 data – (a) spectra

in column 156 at lines [170, 50, 100, 150, 200, 250, 300, 350, 400, 450] from top to bottom, compared with the transmission spectrum (green) used for correcting these spectra (column 156 in
ADR10000000000 1B815 VS00L 9); (b) zoomed version of (a) into the 1.0-1.8 µm wavelength region; (c) spectra in the image frame (200) over several neighboring columns [153, 154, . . . , 159] from
top to bottom; (d) the zoomed version of (c) into the 1.0-1.8 µm wavelength region. All I/F spectra
are offset for clarity.
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Figure 2: Same comparison as in Fig. 1 of the I/F spectra from the TER product of the observation

FRT00009312. Refer to Fig. 1 for an explanation of each panel.
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Figure 3: (a) an I/F spectrum atmospherically corrected by our method and (b)-(d) the residual

profiles in the along-track direction of some wavelength channels used for the acquisition of the
spectrum (a). The spectrum (a) is obtained at the image coordinate (sample, line) of (117,275)
in the scene image FRT00024C1A. Black profiles in (b), (c), and (d) are associated with the
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Figure 4: Comparison of non-Filtered I/F spectra atmospherically corrected by CAT (red) with

their column neighbors (gray), the mean of column neighbors (yellow), and filtered I/F spectra
atmospherically corrected by CAT (blue). The image coordinates (sample, line) of these spectra are
(a) (403,172) in FRT0000A546, (b) (386,166) in FRT000174F4, and (c) (90,318) in HRL0000C0BA.
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Figure 5: Atmospherically corrected I/F spectra by CAT that exhibit the absorption features of

water ice aerosols. Their image coordinates (sample, line) are (a) (597,220) in FRT0000B573 and
(b) (247,230) in HRL0002422E.
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Figure 6: Comparison of I/F spectra atmospherically corrected by our method ((a) and (b)) and ones

corrected using CAT 7.4 on TRR3 I/F data ((c) and (d)). (b) and (d) are the 5×5 spatial averages
of (a) and (c), respectively. Spectra are in the column (156) in the observation FRT00009312 07
and their image coordinates are identical to the ones in Fig. 1.
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Figure 7: Comparison of I/F spectra atmospherically corrected by our method with water ice (in

red) and by CAT (in blue). The spectra (a)-(d) are from FRT0000B573 and their image coordinates
(sample, line) are (a) (286, 307), (b) (550,202), (c) (213, 57), and (d) (555,211) respectively. The
spectra (e)-(k) are from HRL0000B8C2 and their image coordinates are (e) (289, 122), (f) (149,364),
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(l) are from FRT0000ABCB and their image coordinate is (265,460). The blue spectra are shifted
downward for ease of comparison.
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Figure 8: Comparison of I/F spectra atmospherically corrected by our method with (red) or without

(orange) bad entries substituted and with CAT on TRR3 I/F (blue) for the same (approximate)
location in two overlapping images. (a) Spectra are from (535,016) in FRT000174F4 and (b)
Spectra are from (276,432) in FRT0001821C. Spectra are shifted for ease of comparison.
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Figure 9: Comparison of two band images corrected with our method (a) and with CAT on filtered

I/F (b). They are the band 302 (1.895µm) of FRT0001821C.
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Figure 10: Comparison of I/F spectra corrected with our method (red) with those corrected with

CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow dots represent bad channels (BPs). Purple dots represent non corrupted channels (nonBP). The image coordinate (sample line) of the spectrum is (191,359) in HRL0002422E. Spectra
are shifted for ease of comparison.
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Figure 11: (a-b) Comparison of I/F spectra corrected with our method (red) with those corrected

with CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow and purple dots represent bad channels (BPs) and non-BPs, respectively. (a) and (b) are
from (386,166) in FRT000174F4 and from (90,318) in HRL0000C0BA, respectively. Spectra are
shifted for ease of comparison. (c) Comparison of the ratioed I/F spectra performed in different
ways. From the top to bottom, a ratioed spectrum of filtered I/F atmospherically corrected by
CAT (blue), a ratio of filtered I/F (light blue), a ratio of non-filtered I/F (green), and a ratio
of non-filtered I/F atmospherically corrected by CAT (purple). These colors are only given for
non-BPs. Yellow dots represent BPs for each plot and the whole spectra are plotted in gray. The
image coordinate of these spectra is same as that of (b). Spectra are offset for ease of comparison.
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Figure 12: Comparison of I/F spectra corrected with our method (red) with those corrected with

CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow dots represent bad channels (BPs). Purple dots represent non corrupted channels (non-BP).
Spectra in (a), (b), (c), and (d) are from (552,209) in FRT000161EF, (294,163) in FRT000174F4,
(474,190) in FRT00018781, and (295,119) in FRT00017103, respectively. The blue and purple
spectra are shifted downward for ease of comparison. (e) a pseudo RGB map-projected image of
FRT000161EF with a zoomed-in image into a location associated with the spectra.
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Figure 13: Comparison of I/F spectra atmospherically corrected by our method with (red) or

without (orange) bad entries substituted and corrected with CAT on TRR3 I/F (blue). Spectra
are from (a) (255,270) in FRT000243C0 and (b) (518,126) in FRS00029DA6. Spectra are shifted
for ease of comparison.
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Figure 14: Comparison of I/F spectra corrected with our method (red) with those corrected with

CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow dots represent bad channels (BPs). Purple dots represent non corrupted channels (nonBP). Spectra are from (391,449) in FRT00003192. Spectra are shifted for ease of comparison.
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Summary: This supplemental document provides additional examples of comparison with
our approach.
Fig. S1 shows additional comparisons from FRT000174F4. Our method still produces
cleaner spectra, while the blue spectra are corrupted by atmospheric residuals and artifact
due to interpolation bias. Fig. S2 (a) shows the comparison of I/F spectra corrected by our
method and CAT (identical to Fig. 11 (c) in the main text) and Fig. S2 (b) shows ratioed
I/F spectra of the same pixel processed in the four different approaches. In Fig. S2, our
corrected spectrum (red) is bland, while CAT correction creates a big depression around the
2.0 µm wavelength region whether or not TRR3 filtering is applied or not. Fig. S2 (b) shows
that the depression present in I/F spectra corrected with CAT is an artifact. The ratioed
filtered I/F (darker blue) with atmospheric correction exhibits a depression right at 2.0 µm
while the ratioed filtered I/F (light blue) without atmospheric correction does not, indicating
the center of the depression around 2.0 µm is likely to be an artifact caused by atmospheric
correction. The 1.9 and 2.1 µm absorptions in the light blue spectrum are likely to be caused
by interpolation bias because the absorptions are not observed in the ratioed non-filtered
I/F (green) without atmospheric correction and BPs with moderate interpolation bias are
concentrated around these wavelength regions. These 1.9 and 2.1 µm artifacts are likely to
be identical to problematic spurious features reported in (Leask et al., 2018). Therefore, we
can conclude that the combination of these artifacts – the bow-shape one around at 2.0 µm
and the spurious features at 1.9 and 2.1 µm – ends up in a broad depression around 2.0 µm
in the blue spectrum in Fig. S2 (a).
Figs. S3 and S4 show another comparison of the spectra at the same location measured
1
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Figure S1: Comparison of I/F spectrum corrected with our method (red) with those corrected with

CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow dots represent bad channels (BPs). Purple dots represent non corrupted channels (nonBP). Spectra in (a), (b), (c), and (d) are from (270,172), (269,194), (426, 15), and (161,170) in
FRT000174F4, respectively. Spectra are offset for ease of comparison.
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in different images. Those are inside the final candidate landing ellipses for 2020 Mars Rover
in North East Syrtis and in Jezero crater. Fig. S3 shows that Mg/Fe-carbonate features are
seen on all the images. The interpolation bias is less problematic on those spectra because
the unit spans 10 or more pixels around it. In contrast, the spectra in Fig. S4 shows smaller
features. For different images, 1.9 and 2.3 µm absorptions are consistently seen, although
those of (b) and (c) are quite small and the continua of the spectra look different. Such
a difference may happen partly because those locations do not match perfectly and have
subpixel shifts, or because of the different conditions of dust aerosols.
Finally, we compare spectra corrected by our method and corrected by CAT at some
locations of particular interest reported in the literature. Fig. S5 shows the comparison of
the spectra at the locations reported in (Bramble et al., 2017) processed by our proposed
method and by the volcano scan correction using CAT. The spectra shown in the figure are
averaged within the same spatial windows provided in a supplemental table file in Bramble
et al. (2017). Our method produces spectral shapes comparable to ratioed spectra without
ratioing, while non-ratioed CAT-corrected spectra exhibit more noise and artifacts. The
comparison of ratioed spectra also shows that our method removes some of the spiky noise,
such as 1.2 µm in the ratio of CAT-corrected spectrum in Fig. S5 (a) and 1.65 and 1.9 µm
in the ratio of CAT-corrected spectrum in Fig. S5 (d). A remaining concern would be our
corrected spectra show slightly smaller absorption bands in the ratioed spectra. Another
concern would be that our corrected spectra sometimes become unrealistically angular. For
instance, the denominator spectrum of (a) jarosite shows an angular shape around 1.65 µm.

References
Bramble, M.S., Mustard, J.F., Salvatore, M.R., 2017. The geological history of Northeast Syrtis Major,
Mars. Icarus 293, 66–93. doi:10.1016/j.icarus.2017.03.030.
Leask, E.K., Ehlmann, B.L., Dundar, M.M., Murchie, S.L., Seelos, F.P., 2018. Challenges in the search
for perchlorate and other hydrated minerals With 2.1-µm absorptions on Mars. Geophys. Res. Lett. 45,
12,180–12,189. doi:10.1029/2018GL080077.

3

0.18

(a)

Our correction
CAT correction on TRR3 I/F (w/ filter)
Good pixels of CAT correction on TRR3 I/F (w/o filter)
Bad pixels of CAT correction on TRR3 I/F (w/o filter)
CAT correction on TRR3 I/F (w/o filter)

0.17

I/F

0.16
0.15
0.14
0.13
0.12
0.11
1.3

(b)

Ratioed I/F from TRR3, with ATM and filtering applied

1.2

Ratioed I/F from TRR3, with filtering applied
Ratioed I/F

1.1

Ratioed I/F from TRR3 RA

1
0.9

Ratioed I/F from TRR3 RA, with ATM applied

0.8
0.7
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

Wavelength [ m]

Figure S2: (a) Comparison of I/F spectra corrected with our method (red) with those corrected

with CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow dots represent bad channels (BPs). Purple dots represent non corrupted channels (non-BP).
Spectra are from (552,209) in FRT000161EF (same as Fig. 12 (a) in the main text). The blue and
purple spectra are shifted downward for ease of comparison. (b) Comparison of the ratioed I/F
spectra performed in different ways. From the top to bottom, a ratioed spectrum of filtered I/F
atmospherically corrected by CAT (blue), a ratio of filtered I/F (light blue), a ratio of non-filtered
I/F (green), and a ratio of non-filtered I/F atmospherically corrected by CAT (purple). These
colors are only given for non-BPs. Yellow dots represent BPs for each plot and the whole spectra
are plotted in gray. Spectra are shifted for ease of comparison.
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Figure S3: Comparison of I/F spectra corrected with our method (red) with those corrected with

CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow dots represent bad channels (BPs). Purple dots represent non corrupted channels (nonBP). They are from (a) (342,231) in FRT000161EF, (b) (632,190) in FRT0001642E, (c) (604,177)
in FRT000165F7, (d) ( 46,127) in FRT00017103, (e) ( 43, 180) in FRT000174F4, and (f) (217,207)
in FRT00018781. The blue and purple spectra are shifted downward for ease of comparison.
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Figure S4: Comparison of I/F spectra corrected with our method (red) with those corrected with

CAT on TRR3 I/F (blue) and with CAT on TRR3 I/F without filtering (gray/purple/yellow).
Yellow dots represent bad channels (BPs). Purple dots represent non corrupted channels (non-BP).
Spectra in (a), (b), (c), and (d) are from ( 25,154) in HRL000040FF, (115, 42) in FRT00005C5E,
(623,460) in FRT0001EAE0, and (360,472) in FRT0001FB74, respectively. The blue and purple
spectra are shifted for ease of comparison.
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Figure S5: Comparison of atmospherically corrected I/F spectra and ratioed spectra corrected by

our method (red) and by volcano scan using CAT on TRR3 filtered I/F (blue) of (a) jarosite,
(b) polyhydrated sulfate, (c) serpentine, and (d) saponite. (a1)-(d1) are the comparisons of I/F
spectra and (a2)-(d2) are those of ratioed I/F spectra. In (a1)-(d1), the two upper spectra (red
and blue) are numerators and the two lower ones are denominators (red and blue). Spectra are
shifted for ease for comparison. Their image coordinates and spatial average sizes are reported in
Bramble et al. (2017).
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