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Introduction:  We used images of the Mars Sci-

ence Laboratory Mars Hand Lens Imager (MAHLI) 
calibration target acquired under various illumination 
conditions to  study changes in dust contamination 

during the rover traverse.  We selected daytime images 
of the calibration target that were fully sunlit and taken 
with the LEDs off:  Sols 34, 179, 411, 591, 825, 989, 
1157, 1340, 1519, 1696, 1892, 2082 (during the 2018 

dust storm), 2161, 
and 2248.  Each of 
these 3-band (red, 
green, blue) images 
was interpolated 
from the original 
Bayer-pattern imag-
es [1]. Images were 
typically acquired 
from a standoff of 5 
cm, with one cen-
tered on the resolu-
tion target and one 
centered on the 1909 
Lincoln penny (Fig. 
1).  While the obser-
vational geometry 
was essentially iden-
tical in all of these 
images, the solar 
incidence angle and 
atmospheric dust 
opacity varied 
among them.  

Figure 1.  RGB color (left) and red/blue ratio (right, 
stretched so that red/blue < 1.16 is black and >2.3 is white) 
versions of radiometrically-calibrated MAHLI images of the 
MAHLI calibration target, acquired on Sol 34 with illumina-
tion from upper left.  Diameter of penny is 19 mm.   

Experiments using simulants of Mars dust on 
white, grey and black substrates show that the color of 
thin dust coatings becomes steadily more like the red 
dust with increasing coating thickness [2].  We there-
fore use the ratio of calibrated MAHLI red band data 
to blue band data as a proxy for the concentration of 
dust on the calibration target.  But, as noted above, the 
effect of variable diffuse illumination must be consid-
ered, as the Martian sky is redder than the Sun [3] and 
contributes a larger fraction of the total surface illumi-
nation at higher  atmospheric opacity.  The difference 
in the colors of sunlit and shadowed areas is visible in 
Fig. 1:  shadowed areas at upper and lower right have 
higher red/blue ratios than sunlit areas.  Therefore, the 
colors of the shadowed and un-shadowed calibration 

target must be measured to understand and compensate 
for the magnitude of this effect, as in previous studies 
of the IMP and Pancam calibration targets.  Unfortu-
nately, white areas on the target cannot be used for 
such measurements and analysis because they were 
imaged only when either fully illuminated or fully 
shadowed.  However, as shown in Figure 1, the grey 
titanium base of the calibration target [1] was often 
imaged when partly shadowed.   

The observed reflectance in each of the red (R) and 
blue (B) bands is the sum of the reflectance of the di-
rect solar radiation and the scattered (ground and sky) 
illumination: 

R = RI + RS  (1) 
B = BI + BS  (2) 

where the subscripts refer to the directly illuminated (I) 
and scattered (S) components.  The scattered compo-
nent can be estimated by measuring the brightness in 
shadowed areas, which includes reflections from rover 
hardware and the Martian surface.  We are interested 
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in variations in dust abundance that cause changes in 
the red/blue ratio of directly illuminated areas, which 
can be approximated using equations 1 and 2: 

𝑅𝑅𝐼𝐼
𝐵𝐵𝐼𝐼

=  
𝑅𝑅 − 𝑅𝑅𝑆𝑆
𝐵𝐵 − 𝐵𝐵𝑆𝑆

         (3) 

This formula ignores the wavelength-dependent extinc-
tion of the direct solar illumination by dust in the Mar-
tian atmosphere, and is therefore valid only when at-
mospheric opacity is <1.  However, the subtraction of 
the brightness observed in shadowed areas partly cor-
rects for wavelength-dependent scattering.   

Data Processing and Analysis:  Radiometrically-
calibrated, linearized MAHLI images [1] were con-
verted and processed using the USGS Integrated Soft-
ware for Imagers and Spectrometers (ISIS) version 3 
[4].  The ISIS program “qview” was used to display 
images and extract data from them.  Calibrated I/F was 
calculated for each pixel using data included in the 
image labels.  The reflectance difference between il-
luminated and shadowed areas was measured near the 
shadow boundary, where illumination and viewing 
geometry is nearly identical in the illuminated and 
shadowed areas.  Images of the calibration target were 
acquired at various times of day and rover orientations, 
so shadows appear in different parts of the various 
images.  Shadows on and near the “staircase” at the 
bottom of the target are typically visible, so these were 
used to measure brightness profiles across shadow 
boundaries on various sols.  The shadow boundaries 
are not sharp primarily because the image is slightly 
out of focus in those areas and partly due to the angular 
size of the Sun at Mars (0.35°).  In addition, the aure-
ole around the sun (due to forward scattering by sus-
pended dust particles) causes the curvature of the re-
flectance plots near the shadow boundary, seen on the 
left side of the plot in Fig. 2. 

 
Figure 2.  Reflectance (I/F) profiles across shadow boundary 
in Sol 34 MAHLI image.  The profiles are offset horizontally 
for clarity.  The profiles in shadow were fit using data be-
tween pixel 20 and the steep rise at the edge of the shadow, 
so the data deeper in shadow deviate from the fits.    

Red and blue reflectance profiles extracted along 
stair tread 3 at the bottom of a Sol 34 image show fea-
tures typical of images taken later in the mission (Fig. 
2).  Exponential fits were used to extrapolate the I/F in 
the shadow to the edge of the illuminated area, where it 
was subtracted from linear fits of the illuminated pro-
files at the same location.  Ranges of data were select-
ed for fitting based on the apparent quality of the data; 
for example, the data deep in shadow was not as useful 
in modeling the rise in shadow brightness near the 
edge of the shadow, as illustrated in Figure 2. 

Results:  This approach described above was used 
to derive the corrected red/blue ratio and associated 
uncertainty for selected images. Changes in red/blue 
ratio during the MSL mission (Table 1) suggest that 
dust deposited on the calibration target during landing 
was partly removed later, consistent with changes in 
the appearance of the target surfaces seen in the imag-
es.  Changes in the color ratio are not correlated with 
atmospheric opacity (τ), which was interpolated from 
880-nm normal opacity measurements made during the 
MSL mission using Mastcam observations of the sun.  
MAHLI images of the calibration target acquired on 
Sols 2082 (τ = 3.3) and 2161 (τ = 1.6), during the 2018 
global dust storm, could not be analyzed using the 
technique described above because the shadow edge 
was too diffuse. 

Table 1.  Corrected red/blue ratios and standard deviations 
for each observation.  Tau (τ) is the interpolated 880-nm 
normal opacity. 

Sol Corrected R/B τ 
34 1.16 ± 0.16 0.74 

179 1.10 ± 0.12 0.98 
989 0.99 ± 0.13 1.07 

1340 1.05 ± 0.17  0.79 
1519 0.97 ± 0.05  0.98 
1696 0.98 ± 0.10 0.84 
2248 1.06 ± 0.06 0.77 

Conclusions:  Color reflectance data indicate that 
dust contamination of the MAHLI calibration target 
varied during the MSL mission.  The target was con-
taminated by dust raised by the landing rockets, but 
this dust was partly removed later in the mission.  
Winds are likely to have removed some of the dust, 
and later dust accumulation is evident, including dur-
ing the 2018 global dust storm. 
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