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Abstract 

Background: To identify minerals and other material at the surface of Mars using near infrared 
spectroscopy and hyperspectral imagery, a correction is necessary to take into account the effects of 
the atmosphere. 

Method: A optional algorithm (including two logarithmic and two exponential calculations, or LLEE) 
for removing Martian atmospheric absorptions is developed, and compared with the existing 
empirical transmission function (ETF) method based on Olympus Mons.  

Conclusion:  LLEE only corrects prescribed atmospheric bands, thus exactly preserving the spectra 
other than the prescribed absorption bands. Besides the atmospheric correction, the LLEE algorithm 
can be used to study the temporal and spatial variation of Martian atmospheric profiles.  

 

Introduction 

The OMEGA/Mars Express hyperspectral imagery of Mars 
provided by the European Space Agency (ESA), offers a 
great opportunity to study Martian surface materials and their 
spatial distributions with medium to coarse spatial 
resolutions (e.g., Bibring et al. 2005; Poulet et al. 2009). The 
U.S. NASA CRISM (Compact Reconnaissance Imaging 
Spectrometers for Mars) launched in 2005 on board MRO 
(Mars Reconnaissance Orbiter) and has provided much 
higher spatial resolution (as fine as 18 meters) and spectral 
resolution (down to 6.55 nm) images of the Martian surface. 
Those images have confirmed many previous findings and 
also provided new information about the mineral/rock 
compositions of the Martian surface (Murchie et al. 2007; 
Mustard et al. 2008). Atmospheric correction is required for 
the spectral imagery before it is used to identify surface 
minerals, rocks and other materials (Resmini et al. 1997; 
Clark et al. 2003; Verhoef and Bach 2007).  With its 
dominant CO2 composition (Bibring et al. 1989), the Martian 
atmospheric effect on the spectra of OMEGA (0.36-5.09 
µm) and CRISM (0.38-3.96 µm) is characterized by several 
absorption bands of CO2. The trace gases’ (e.g., H2O and 
CO) effect on this spectral region is not so significant, 

though it may reach ~10% in absorption strength at 2.6 µm 
(Encrenaz et al. 2005). In addition to the effect of the gas 
components, aerosols in the atmosphere also alter the 
Martian surface spectra (Blecka and Erard 2004). The 
aerosols effect is characterized by strong silicate-induced 
absorption near 9 and 15 µm (Forget 1998), beyond the 
OMEGA and CRISM spectra. Aerosols can be significantly 
more hydrated than surface material. The major hydration 
bands lie between 2.7 and 3.6 µm, while they are spectrally 
relatively featureless between 0.95 to 2.6 µm, which is the 
main focus of this paper. A Monte Carlo approach was 
developed to model the aerosols effects on atmospherically 
corrected spectral reflectance of OMEGA imagery 
(Vincendon et al. 2007; Langevin et al. 2007). Thus, removal 
of the CO2 absorptions from the spectra is of great concern. 
In this paper, we focus on Martian atmospheric correction for 
the near infrared region (0.96-2.55 µm) of the OMEGA 
spectra, which is most useful for surface material 
identification.  

Two atmospheric correction methods have been 
implemented to process the OMEGA data: band strength 
analysis (Melchiorri et al. 2006) and the empirical 
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transmission functions (ETF) method (Langevin et al. 2005). 
The ETF was originated by Bibring et al. (1989) and is the 
ratio (s1/s0) of the reference spectra at the base of Olympus 
Mons (s1) and that at the top of Olympus Mons (s0). This 
ratio  cancels out the reflectance of the surface materials (if 
they are radiometrically similar), and only leaves the 
apparent reflectance differences at the atmospheric 
absorption bands. This ratio curve is called the empirical 
transmission function, ETF = s1/s0 (Combe et al. 2005). 
Ideally, the ETF should be exactly equal to 1 for the bands 
free of Martian atmospheric absorption. This result is 
achieved by carefully selecting spectrally homogeneous 
bright materials at both the top and bottom of the Olympus 
Mons. The ETF enables atmospheric correction of spectra (s) 
of a pixel that has the same atmospheric optical depth of the 
ETF, by dividing s by the ETF. For simplicity, this procedure 
is referred to as the ETF method.  

For an arbitrary spectral image, the atmospheric optical depth 
varies from pixel to pixel due to the elevation relief, and 
often is not equal to that of the reference ETF. Thus, the ETF 
should be re-scaled to the same atmospheric optical depth of 
the current pixels (Combe et al. 2005). This scaling is 
operationally achieved by applying a power x to (s1/s0) so 
that the band depth at the 2.011 µm (the biggest CO2 
absorption in the spectral region we used) equals that of the 
pixel spectrum to be corrected. The ETF for the pixel 
spectrum to be corrected is (s1/s0)x. The ETF curve is not 
available in the literature; users must construct the ETF curve 
based on their experience.  

Because the ETF method is based on the reference spectra at 
the Olympus Mons, it does not correct the atmospheric 
absorption at locations where the atmospheric column is far 
thicker than the reference location. The ETF method does 
not work well for locations with very low elevation such as 
those in Hellas (-7 km). Also, the ETF method neglects the 
difference in surface spectral reflectance between the base 
and the summit of the Olympus Mons; it slightly alters the 
spectra for the bands free of atmospheric absorption.  We 
thus develop an optional approach including two logarithmic 
and two exponential calculations (or LLEE) to correct 
Martian atmospheric effect. A comparison of the LLEE with 
the ETF method is also made. The LLEE approach directly 
removes CO2 absorptions based on the target image itself. It 
does not require reference spectra at the Olympus Mons. 
Also, this method exactly preserves the spectra free of 
Martian atmospheric absorptions.  A brief description of 
these developments first appeared in Guan et al. (2006). 

Algorithm development 

We started from a simple radiative transfer function, only 
considering Martian atmospheric CO2 absorption. For an 
arbitrary pixel, following Beer’s law, we have 

€ 

Iλ = Fλ re
τλ , (1) 

where I is  the upward spectral radiance intensity of the CO2 
absorption band (λ) at the remote sensor, F is the downward 

spectral radiance intensity at the top of Martian atmosphere, r 
the bidirectional spectral reflectance of the ground surface, τ 
is the two-way spectral optical depth of the local Martian 
atmospheric CO2 along the radiation path from incoming 
radiation at the top of the atmosphere to outgoing radiation at 
the remote sensor, which is a function of the number of CO2 
molecules in the path and the ability of the CO2 to absorb the 
photons of wavelength in question (opacity) (Tennyson 
2005).  For a spectral band where it is free of  CO2 
absorption, τ is zero. For a specific absorption band, it is 
reasonable to assume that the spectral reflectance of the 
surface is the same as that of the neighboring bands. Thus, 
the ratio of I/F value between a CO2 absorption band and the 
continuum obtained from the neighboring bands without 
CO2 absorption is 

€ 

(I /F)λ
(I /F)λ 

=
reτλ

r
=  eτλ , (2) 

where 

€ 

(I /F)λ  is the I/F value at a specific CO2 absorption 
band λ, 

€ 

(I /F)λ  is the continuum at the same CO2 
absorption band λ, calculated from the neighboring bands 
without suffering CO2 absorption. These spectral I/F values 
are directly obtained from the spectral imagery (e.g., 
OMEGA). 

Our objective is to remove the CO2 absorption effect from 

€ 

(I /F)λ . However, we cannot directly use (2) to correct for 
all CO2 absorption bands because 

€ 

(I /F)λ  may also include 
the contributions of ground surface absorption or other gases 
such as water vapor. These contributions at different bands 
are of great value to the study of the surface characteristics of 
Mars, and are the primary motivation for doing atmospheric 
correction.  

The CO2 optical depth at individual absorption wavelength 
(band) is a function of both physical CO2 column density 
(vertical profile) and wavelength-dependent opacity. The 
optical depth also depends on the radiative transfer path, 
which is a function of solar incident angle and sensor 
viewing angle. For a small scene of a relative flat surface, the 
radiative transfer path is similar among the pixels. This is 
clearly observed from the elevation versus optical-depth 
plots at different bands of the OMEGA scene at the Olympus 
Mons (Figure 1). In this figure, the optical depth was 
calculated according to Equation (2). The similar shape of 
data clouds between the two selected CO2 absorption bands 
indicates the common effects of CO2 vertical profile (or 
column density), while the different values of optical depth 
indicate the different opacity at the two bands: a much larger 
opacity at 2.011 µm (left) than at 1.601 µm (right). For both 
bands, the optical depth at the top of Olympus Mons is still 
~10% of that at the base of the Mons.  The effect of the 
physical CO2 profile is fixed for one arbitrary pixel, which 
can be obtained from the spectral of CO2 absorption band at 
2.011 µm. At this band, the CO2 absorption is so large that 
the spectral contribution from the ground surface is 
negligible. To transfer this CO2 vertical profile for 
calculating optical depths at other CO2 absorption bands, we 
need to explicitly separate the two components in the optical 
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depth: the CO2 column density and the wavelength-
dependent opacity.  

According to the shape of the optical depth vs. elevation 
plots (Figure 1), we assume that 

€ 

τλ  is an exponential 
function of elevation z, as shown in Equation (3). From this, 
we decompose the optical depth into two components: one 
depending on CO2 absorption-induced opacity and CO2 
column density above Martian zero elevation surface (or 
MOLA z = 0), and the other only depending on the 
atmospheric vertical profile of CO2 column density.  

€ 

τλ = Ae−kz , (3) 

where A is the optical depth for the wavelength of interest at 
the zero elevation surface and depends on CO2 absorption 
characteristics of different bands and the CO2 column density 
above z = 0, z is the MOLA elevation in the Martian 
atmospheric column, and k is a factor only depending on the 
vertical profile of the Martian atmospheric column, 
considered a constant for one scene with a small latitude 
range (e.g., 10-20°). From (2) and (3), we have 

€ 

log − log (I /F)λ
(I /F)λ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ = log(τλ ) = log A( ) − kz . (4) 

If our assumption for τ in equation (3) is valid, the plot of log 
(

€ 

τλ ) with elevation should be a straight line with a slope of –
k and an interception of log A. This is evident from the plots 
of  log (

€ 

τλ ) vs. z for the 2.011 µm CO2 absorption bands of 
two OMEGA images at Olympus Mons and one OMEGA 
image at the Ascraeus Mons (Figure 2). This exponential 
relationship between optical depth and elevation on Mars is 

different from that on Earth (e.g., Clark et al. 2003), probably 
because CO2 is the predominent component on Mars, while 
it is a trace atmospheric component on Earth.  For the two 
images of the Olympus Mons taken at different seasons, the 
A value at the same CO2 absorption band is slightly different, 
indicating slightly different CO2 column density at MOLA 
zero surface between the two seasons. The k value varies 
between the two because the physical CO2 column vertical 
profile changes between seasons. For the two images 
(ORB0501-4 and ORB0519-4) taken at the same season but 
different areas (latitude), both A and k are significantly 
different.  

 

Figure 2. The scatter plots of the natural log of optical 
depth (

€ 

τλ ) vs. pixel elevations for the CO2 absorption 
band (2.011 µm), derived from OMEGA images 
(ORB0501-4, Ls = 44°, latitude= 14~28° and ORB0037-
3, Ls = 340°, latitude= 14~28°, pixels with latitude over 
28 were omitted) at the Olympus Mons (a), and OMEGA 
image (ORB0519-4, Ls= 47°, latitude= 10~24°) at the 
Ascraeus Mons (b), and the inferred k and log A values 
from the linear regressions. The scattering points away 
from the linear trend are due to steep slopes or shadow 
of cliff of the Olympus Mons for the scenes ORB0501-4 
and ORB0037-3, and bad lines for the scene ORB0519-4 
(figure2.jpg). 

Different CO2 absorption bands in one OMEGA image 
should have the same k values because they share one 
vertical atmospheric profile, but different A values because 
of different opacity between the bands. This is evident from 
the parallel patterns of the  

or LL hereafter, plot of various Martian atmospheric 
absorption bands at various elevations of the OMEGA scene 
(ORB0501-4) (Figure 3). On the LL plot, the difference 
between any two elevations at one CO2 absorption band is 
the same as any other CO2 absorption band, i.e., 

€ 

k(z2 − z1) , 
leading to parallel patterns. If we adjust the elevation z to a 
certain threshold height in the Martian atmosphere column 
above which CO2 absorption is negligible, the Martian 
atmospheric effects can then be removed. Operationally, let 
LL0 be 

€ 

log(A) − kz  for the carbon dioxide absorption band 
(2.011 µm) at this threshold height. The difference between 

 

Figure 1.  The scatter plots of pixel optical depths (

€ 

τλ , 
calculated from equation (2) vs. pixel elevations for two 
CO2 absorption bands: left = 2.011 µm (a), right = 
1.601 µm (b), derived from OMEGA (ORB0501-4) 
spectra at the Olympus Mons, showing exponential decay 
of the optical depth with elevation. The scattering points 
away from the exponential curve are those on the steep 
slopes or shadow of cliff of the Olympus Mons 
(figure1.jpg). 

€ 

log − log (I /F)λ
(I /F)λ 
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pixel LL and LL0 at 2.011 µm is given by 

€ 

Δ = log − log (I /F)λ
(I /F)λ 

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ − LL0

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 
@2.011µm

. (5) 

The value of Δ is then subtracted from LL for all atmospheric 
(CO2) absorption bands, as given by 

€ 

LL'= LL − Δ . (6) 

The corrected LL values (LL') after equation (6) can be used 
to generate final atmospherically corrected I/F for Martian 
spectral images, as shown in equation (7), 

€ 

(I /F)λ '= exp(− exp(LL' )) (I/F)λ . (7) 

The above procedure includes two logarithmic and two 
exponential calculations. For simplicity, we refer to this 
approach as the LLEE method. The LLEE method is applied 
with a carefully prescribed LL0 to remove the Martian 
atmospheric absorption effect. If LL0 is too big, the Martian 
atmospheric absorption is not removed completely. If it is 
too small, the atmospheric absorption is over-corrected, and 
the absorption contributions from the Martian surface may 
be underestimated. We estimate LL0 to be -4.6, equivalent to 
1/10 CO2 optical depth at the top of the Olympus Mons. 
When this is determined, the algorithm is implemented based 
on the target image itself and does not require reference 
curves for correction. The LLEE calculations are only 
conducted on the prescribed atmospheric absorption bands. 
Table 1 lists the prescribed absorption bands and continuum 
bands used for the algorithm. The major CO2 absorption 
bands are 1.4430, 1.6007, and 2.0113 µm. The major 
atmospheric H2O absorption band used in the range is 1.8709 
µm. The remaining bands are selected based on our 
experience examining the ETF 

€ 

(s1 / s0)  spectra. It should be 

noticed that this table is by no means an exhaustive list of all 
atmospheric gases absorptions, and it can be easily added to 
or modified based on a better understanding of the Martian 
atmospheric absorptions. 

Table 1. Atmospheric absorption bands and 
continuum used for the LLEE algorithm. 

Absorption bands Continuum used 
Band Wavelength (µm) Band Wavelength (µm) 

  126 1.3424 
132 1.4286 
133 1.4430 

Interpolation between band 
126 and band 138 

  138 1.5148 
142 1.5721 
143 1.5884 
144 1.6007 
145 1.6150 

Interpolation between band 
138 and band 150 

  150 1.6864 
  162 1.8568 

163 1.8709 
164 1.8850 

Directly uses 162 

168 1.9413 
169 1.9553 
170 1.9693 
171 1.9834 
172 1.9973 
173 2.0113 
174 2.0253 
175 2.0392 
176 2.0531 
177 2.0670 
178 2.0809 
179 2.0948 
180 2.1087 

Interpolation between band 
162 and band 182 

  182 2.1363 
   

Algorithm testing 

We implemented the LLEE algorithm (available upon 
request) using the Modeler Builder of ERDAS IMAGINE, a 
commercial image processing software program. The 
algorithm was tested with four selected pixels of various 
latitudes, elevations, seasons and albedo, and compared with 
the ETF algorithm–corrected spectra (Y. Langevin kindly 
provided the algorithm) (Figure 4). Overall, while apparent 
over-corrections or under-corrections at the 2.011 µm are 
clearly seen in the ETF spectra (Figure 4a,b,c), the LLEE 
corrected spectra are similar to those corrected by the ETF 
method. For example, the water ice absorption at 1.5 µm is 
clear in both LLEE and ETF corrected curves (Figure 4b). In 
the Hellas crater (ORB0030-1, Figure 4c), the low altitude (-
7.2 km) results in large atmospheric depths which could 
create problems for the ETF method; the LLEE method, 
however, is effective in removing the larger atmospheric 
absorption.  A clear gypsum signature was detected by the 
ETF method (Langevin et al. 2005). Here, we use the 
ORB0942_2 image to test the LLEE algorithm. A 27% 
absorption depth at 1.927 µm is detected by both the LLEE 
and ETF methods (Figure 4d). Other absorption features of 
gypsum (1.45, 1.75, 1.94, 2.22, 2.26, and 2.48 µm) are also 
very clear and have very similar absorption depths in both 

 

Figure 3.  Calculated values of LL (equal to log A – kz) 
for 5 selected absorption bands over 15 1km-elevation 
intervals between 0-15 km of average OMEGA 
(ORB0501-4) spectra in the Olympus Mons, with lines 
ordered from the top to the bottom corresponding to 
from the lowest to the highest elevation of the selected 
elevations ranges. The parallel patterns of the 
atmospherically associated absorption bands at various 
elevations are clearly observed (figure3.jpg). 
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spectra, except at 1.94 µm. The absorption depth at 1.94 µm 
is 32% from the ETF spectrum and 21% from the LLEE 
spectrum. In the paper by Langevin et al. (2005), the 1.927 
µm band was used rather than the 1.94 µm band for 
measuring the absorption depth, since atmospheric CO2 
absorption is much small at 1.927 µm than at 1.94 µm. The 
LLEE algorithm may overcorrect the CO2 absorption at the 
1.94 µm band. In addition, the LLEE algorithm fails in 
recovering the higher reflectivity at the 2.05 µm, an obvious 
peak at the EFT spectrum. This failure (assuming the ETF 
method is the right one) can be explained by examining 
Table 1, in which a total of 16 bands between 1.8568 µm and 
2.1363 µm used the same two bands for continuum 
calculation through interpolation. Thus, the maximum 
reflectivity of those 16 bands after the LLEE correction 
should be always between the reflectivity values at 1.8568 
µm and 2.1363 µm. If a mineral or rock has a reflectivity 
value (peak) higher than the continuum based on reflectivity 
values at 1.8568 µm and 2.1363 µm, the LLEE method will 
not be able to correctly recover the peak value.  

Discussion 

The LLEE method corrects the CO2 absorption for the 
prescribed bands and requires the continuum for each 
individual absorption band. The biggest advantage of the 
LLEE method is that it does not require the reference spectra 
of the Olympus Mons. Thus, it has the capacity to 
completely remove CO2 absorption. Its performance is 
independent of latitudes and elevations of the images. Also, 
the LLEE method does not alter the spectra of bands free of 
CO2 absorption. However, there are limitations of the LLEE 
method. For example, in the gypsum case above, it is found 
that LLEE overcorrects the CO2 absorption at 1.94 µm and 

does not recover a reflectivity value (at 2.05 µm) larger than 
the continuum based on reflectivity values at 1.8568 µm and 
2.1363 µm. The described bands in Table 1 are critical to the 
success of the LLEE algorithm and should be improved as 
our understanding of Martian atmospheric absorption bands 
improves.   

In addition to Martian atmospheric correction, the LLEE 
method can be used to study the temporal and spatial 
variability of the atmospheric CO2 profile and column 
density. The LLEE algorithm separates the atmospheric 
absorption into two factors. The first factor is represented by 
the A term, and the second factor by the kz term in Equation 
(4). The value of A is a function of CO2-induced opacity and 
the CO2 column density above the Martian zero elevation 
surface, and it should be a constant for a specific absorption 
band in one image scene with a small latitude range, while 
varying in different absorption bands. The value of k 
represents the effect of the vertical profile of CO2 column 
density in Martian atmosphere. For a similar Martian 
atmospheric vertical profile (e.g., in one scene), k should be 
similar.  

When the Martian atmospheric column changes with time 
and location (e.g., because of Martian global CO2 
circulation), the k and A values change accordingly (Figure 
2). Thus, both k and A can be used as indicators of Martian 
atmospheric column variation, which can be derived from 
any Martian spectral image with a certain topographic relief. 
If the temperature effect on CO2 absorption (i.e., opacity, 
lumped in A term) is negligible at the temperature range of 
Martian atmosphere, both A and k can be used to inform CO2 
column density variation on Mars.  

 

Figure 4.  The ETF and LLEE corrected OMEGA spectra for four selected pixel with various latitudes, seasons, 
elevations, and albedo: (a) ORB0548-3; (b) ORB0548-3; (c) ORB0030-1; (d) ORB0942_2 (figure4.jpg). 
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Conclusions 

This paper presents an optional algorithm (LLEE) for 
removing Martian CO2 absorptions. The LLEE method only 
corrects prescribed atmospheric bands, and exactly preserves 
spectra other than the prescribed bands. In addition to the 
atmospheric correction, the LLEE method can be used to 
study the temporal and spatial CO2 variation of the Martian 
atmosphere. The disadvantage of the LLEE method is that 
each atmospheric absorption band and continuum must be 
identified. However, once well defined, they can be used for 
any image.  

Directory of supporting data  
root directory 

zhu_mars_2010_0002.pdf 
Fig. 1 figure1.jpg full-resolution image 
Fig. 2 figure2.jpg full-resolution image 
Fig. 3 figure3.jpg full-resolution image 
Fig. 4 figure4.jpg full-resolution image 
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