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Abstract:  The spatial resolution of the images 

that the HiRISE camera is taking of the Martian 
surface is unprecedented and offers new ways to 
estimate the optical depth τ of the abundant aero-
sols in the Martian atmosphere. While resolved 
shadows are rare in images of Mars at spatial reso-
lutions of tens or more meters per pixel, HiRISE’s 
images actually often resolve the abundant smaller 
shadows that are cast by boulders and cliffs in the 
rims of craters. We use a HiRISE image of the Op-
portunity rover site to estimate optical depths from 
shadows and compared our estimates with the 
ground truth that the rover measured by looking at 
the sun. Our results suggest that retrievals of the 
optical depth from shadows can yield an accuracy 
of better than 10%. 

1) Introduction:  The optical depth of aerosols in the 
Martian atmosphere frequently is substantial [1]. The scatter-
ing by airborne dust and other aerosols diminishes contrast 
and changes color in images taken from orbit. The optical 
depth must (at least roughly) be known before one can at-
tempt to correct for these atmospheric effects. However, in 
the visual it is not at all trivial to quantify optical depths 
accurately from orbiter images. 

Various standard methods that are often used in Earth 
remote sensing do not (yet) work for Mars. E.g., the differ-
ence between measured TOA albedos (Top Of Atmosphere 
albedos) and known surface albedos can yield estimates of 
the optical depth. See for instance the documentation on 
MISR’s aerosol retrieval algorithms that is available at: 
http://eospso.gsfc.nasa.gov/eos_homepage/for_scientists/atb
d/docs/MISR/atbd-misr-09.pdf. Orbiter observations of Earth 
can thus often be used to estimate optical depths. For orbiter 
observations of Mars however, this is much more problem-
atic since ground truth albedos generally are not well known. 
Moreover, various standard optical depth retrieval algorithms 
need elaborate aerosol models as an input [2]. For Martian 
aerosols, such models do exist for the common airborne dust 
[3], but condensation of small amounts of ice onto these dust 
grains and icy high altitude haze layers commonly change 
the aerosol properties.  

The High Resolution Stereo Camera (HRSC) of the 
European orbiter Mars Express improved the situation con-
siderably since it is often possible to retrieve optical depths 
from its images with the so called ‘stereo method’ [1]. How-
ever, the method is not very useful for the images of other 

orbital cameras like MOC, THEMIS, and HiRISE because 
these generally do not provide usable stereo information.  

Radiation that is scattered in the atmosphere is by far the 
most important source for the brightness that shadows dis-
play in space observations. With increasing optical depth in 
the atmosphere the scattering increases and the shadows 
grow in brightness. Thus, the brightness of shadows contains 
information on this optical depth.  

Sect. 3 offers theory concerning the so called ‘shadow 
method’ which we use to estimate optical depths from the 
brightness of shadows. Sect. 4 offers details on the HiRISE 
image we used. Since the Opportunity rover provided ground 
truth (τ = 0.32; [4]) we were able to use the image to ex-
plore, to some extent, the possibilities, limitations, and accu-
racy of the shadow method. We offer results and some dis-
cussion in Sect. 5 and conclusions in Sect. 6. 

Until the images from HiRISE started coming in, the 
shadow-method was of limited use because images of Mars 
rarely show shadows at spatial resolutions above about ten 
meters per pixel. The DTMs (Digital Terrain Models) from 
HRSC have made it clear that at such resolutions almost all 
slopes on Mars are quite shallow. Only when the Sun gets 
below 30° above the horizon do shadows begin to appear, 
but then the shadow method (as we developed it) quickly 
becomes inaccurate because it uses a plane parallel approxi-
mation which then loses its validity. However, imaged at 
considerably higher spatial resolution the Martian surface 
often shows spots that are in true shadow; e.g., behind cliffs 
in the rims of small craters. Many HiRISE images are so 
sharp that such shadows are well resolved, and it seems 
worthwhile to further develop and test the shadow method 
for HiRISE imagery. Once the optical depth is known aero-
sol models [3] can be used to correct for atmospheric effects. 

2) Instrument:  The High Resolution Imaging Sci-
ence Experiment (HiRISE) is flying onboard the Mars 
Reconnaissance Orbiter (MRO) mission. It can image 
on a variety of spatial scales down to about 30 cm per 
pixel. For images taken in the red filter, such as the 
one used in this work, the signal to noise ratio is about 
200:1. See http://hirise.lpl.arizona.edu/ and [5] for 
more information on the camera. 

3) Theory:  Let τ  be the optical depth of the at-
mosphere, B i j( , )  be the upward radiation from the 
surface before extinction by the atmosphere in pixel 
i j,  of an image I i j( , ) . Let A i j( , )  be the contribu-
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tion of the atmosphere and the aerosols therein, and μ  
be the cosine of the emission angle with the nadir. The 
radiance above the atmosphere that is measured by the 
orbiter scanners I i j( , )  will then be: 
 

I i j B i j e A i j( , ) ( , ) ( , )/= +−τ μ    or   I Be A= +−τ μ/  
 

when omitting subscripts i  and j . If F  is the solar 
flux,  is the diffuse flux near the surface, Fdiff μ0  is 

the cosine of the solar incidence angle, and  is the 
surface albedo, then  
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Let  be the fraction of the sky’s diffuse radiation 
that is visible from a shadow and let  be this frac-
tion for a sunlit comparison region. Thus, in the 
shadow 
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and in the sunlit comparison region 
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On the meter scale resolution of HiRISE images the 
contribution of the aerosol layer is presumed constant. 
The subtraction  removes the aerosol 
component  and reduces the influence of ; 

when  and  are equal then  disappears from 

the equation and then  
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To solve this equation, we need . We approximate 
it with 

Sb

I Fμ0 . Although it is clear that this can not be 
fully correct because it neglects the atmospheric influ-
ence, we feel that it is often reasonable for common 
Martian surface albedos of 0.2—0.3 (the appendix of 
[1] elaborates). Obviously,  must be estimated from 
flat regions because the used value of 

Sb

μ0  is valid for 
flat surface. I.e., slopes usually are either brighter or 
darker than flat surface and I Fμ0  measured on in-
clined surfaces will usually over- or underestimate  
when 

Sb

μ0  is not corrected for the slope angle. 

Differences between  and  will of course in-
troduce errors. E.g., say , take the ob-
serving geometry of the here analyzed image, and say 

x1 x2

x x1 2 01− ≈ .

τ ≈ 0 3. . This will result in an error of about 0.06 in 
the retrieved τ .  

The rims of fresh small craters that cast shadows 
will at the same time obscure part of the sky, and in 
particular the bright part below the sun just above the 
horizon. For such craters  and  are smaller than 
for surrounding flat terrain, and inside the crater it will 
be smallest close to the parts of the rim that cast the 
shadows. On average, sunlit regions in small steep 
craters will be darker than sunlit regions of similar 
albedo on surrounding terrain. Our approximation 

x1 x2

I Fμ0  for  will thus generally lead to underestimat-
ing it and with that to an overestimate of 

Sb

τ  If the es-
timated albedo is 80% of the true surface albedo, then 
the estimated τ  will be about 0.11 larger than the true 
τ  

On the other hand, the region that was analyzed for 
this particular study is quite dark and the aerosols 
floating above it brighten the scene. An optically thick 
layer of airborne dust commonly displays a TOA al-
bedo of 0.25—0.30 [1]. The analyzed region displays 
TOA albedos of 0.12—0.16 and, considering the 
above, the true surface albedos should be somewhat 
lower. Thus, airborne dust here leads to overestimating 

 and with it to underestimating Sb τ .  
Often  will be somewhat larger than x  since 

the sunlit region will usually see (a bit) more of the 
bright solar aureole than the shadowed region; this will 
result in underestimating 

x2 1

τ .  
Sect. 5 will explore the impact of the various 

sources of errors.  
4) Data:  For our analysis we use a fragment of 

TRA_0873_1780, a HiRISE red image taken on Oct. 
3, 2006. It is displayed in Figure 1 and shows Victoria 
crater in Meridiani Planum (1.95 S, 5.53 W). At that 
time Opportunity stood at the edge of the crater. The 
image is translated into I/F values and north is up. The 
emission angle is 3.8°, while the Sun illuminated the 
scene with an incidence angle of 56.2° (15.445 h local 
time). The phase angle was 59.3°, and the solar longi-
tude was 115.34 (northern summer).  

The northern part of the crater is on average darker 
than the southern part for several reasons. Firstly, the 
crater is bowl shaped and the northern parts are tilted 
away and the southern parts are tilted towards the sun. 
Moreover, due to the illumination angle, the northern 
rim casts much larger shadows than the southern one. 
Thus, the northern parts of the crater receive less dif-
fuse flux than the southern parts (see Sect. 3).  

Seventh International Conference on Mars 3226.pdf



 
Figure 1  The analyzed region. Overlaid in white and 
black are shadow and sunlit comparison regions re-
spectively. See Sect. 5.1 for details on the red numbers 
and Sect. 5.2 for details on the blue numbers. 

Both effects lead to our estimates of the albedo being 
too low in the north. In the south, the effects from 
shading and screening of diffuse flux are opposite, but 
whereas this part of the crater appears brighter than the 
surrounding terrain outside the crater, the shading ef-
fect is probably the most important one. Thus, here the 
albedo is probably overestimated. 

5) Results and discussion:  
5.1 Comparing shadows with flat sunlit regions.  

Fig. 1 shows regions (indicated in white) located in 
shadows cast by the northern rim of Victoria crater. To 
minimize brightness effects from shading on the esti-
mated albedo, 20 of these are compared with 20 sunlit 
regions (black lines) in the central region, because this 
is the flattest part of the bowl-shaped crater. The re-
trieved optical depths are printed in red. Since the dis-
tance between the shadows and their sunlit comparison 
regions is around 300 meter, the difference in diffuse 
illumination between these can be important. The 
shadows near the rim of the crater have a limited view 
of the sky whereas this view for the sunlit regions is 
much clearer. From this we expected that the optical 
depths would be underestimated (see Sect. 3). How-
ever, this is not the case; the average of the 20 retriev-
als is 0.324 ± 0.016, which is in almost perfect agree-
ment with Opportunity’s ground truth of 0.32, and out 
of 20 retrievals, 19 are within 0.02 (6%).  

In this sample we used shadow pixels near the edge 
of shadows for some retrievals, and shadow pixels 
closer to their centre for others, we used the largest  
shadow for 10 retrievals and 3 smaller ones for the 10 
other retrievals. We did not observe any significant 
influence on the results.  

The central area of the crater is almost flat, but for-
rippling that covers part of it. Several of our 20 sunlit 
comparison regions cross ripples, and several do not 
(we located these in the flat but almost not rippled area 
just eastward). There is no significant difference in the 
results between these two categories. Thus the rippling 
does not spoil the estimates of the surface albedo.  

We experimented with the size of the sunlit com-
parison regions. Decreasing their size increased the 
spread in the results. From the twenty regions of the 
here discussed sample, two are examples of this. One 
of these is the single retrieval that deviates by more 
than 0.02 from the ground truth (0.28 versus 0.32). 

Concluding: using sunlit comparison regions lo-
cated in the flattest part of the crater robustly yielded 
accurate results. The achieved agreement is much bet-
ter than we expected. Given the differences in diffuse 
illumination between sunlit and shadowed regions, 
given that the illumination of the analyzed regions is 
reduced by the shielding of diffuse flux by the crater 
walls, and given that airborne dust is expected to in-
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voke errors in our estimate of the local surface albedo, 
we expected larger errors. Analysis of other HiRISE 
images for which ground truth is available should tell 
whether the agreement of our results is to some degree 
coincidental. 

5.2 The impact of slopes and albedo variations. 
The results of the shadow method are easily spoiled 
when the sunlit comparison regions are chosen on 
slopes. We offer examples to illustrate this.  

The blue numbers in Figure 1 show results for re-
trievals that use comparison regions in the southern 
part of the crater. This part is tilted towards the sun 
and, as explained in Sect. 3, because of this we expect 
the shadow method to underestimate the optical depth 
here. I.e., we approximate the surface albedo  with Sb

I Fμ0
, but on this slope this is inaccurate because we 

use a value for μ0
 that is correct for flat terrain (Sect. 

3). Meaning, since we ignore the brightening that is 
caused by shading, we derive an albedo that is higher 
than the true value. On average the retrieved optical 
depths indeed are too low, but only by about 11%.  

Fig. 2 shows the northern rim of Victoria carter and 
results for a single line of shadow pixels that is com-
pared with various sunlit regions. First we compare 
these shadow pixels with two nearby sunlit regions; 
this close proximity presumably makes differences in 
diffuse illumination unimportant. Nevertheless the 
results, 0.65 and 0.63 are wrong by a factor of two! 
Presumably since the regions are on a steep scree slope 
that, because it is tilted away from the sun, is quite 
dark so that we underestimate the albedo. 

Next, we selected two sunlit regions slightly down-
ward on a less steep part of the same slope; this 
yielded 0.47 and 0.46, which is wrong by almost 50%. 
From this we conclude that it is best to avoid slopes 
that are tilted away from the Sun since these yield es-
timates that can easily be wrong by many tens of per-
cents.  

To explore the effects of changing albedo, we 
choose flat comparison regions of varying brightness 
just outside the crater. Areas of common brightness, 
I Fμ0  ≈ 0.14, yielded (nearly) correct values for τ of 
0.32 and 0.33. The brightest regions we analyzed had 
I Fμ0  ≈ 0.16 and yielded τ = 0.27, an underestimation 
of the ground truth by 0.05 (16%). Starting at the rim, 
a few dark streaks extend northwards from the crater. 
We selected two comparison regions inside a dark 
streak, with I Fμ0  ≈ 0.115 and 0.118 these yielded 
0.45 and 0.47. Which is wrong by about 0.14 (44%).  

6) Conclusions:   
• We compared the intensity in shadows, cast by the 

northern rim of Victoria crater, with selected 

sunlit regions on the flat area near the crater’s bot-
tom to estimate the local optical depth. All esti-
mates agree with optical depths derived from 
MER B (Opportunity) measurements to within ± 
15%, 19 from 20 estimates agree to within ± 7%. 

• The shadow method yields erroneous results when 
the sunlit comparison regions have a different al-
bedo or are located on slopes.  

• Choosing a comparison region with a surface al-
bedo that is lower than that of the surface inside 
the shadow, or on a slope that is tilted away from 
the sun, can easily yield an estimate that is too 
high by many tens, or even hundred percent.  

• Choosing comparison regions with a surface al-
bedo that is higher than that of the surface inside 
the shadow, or on slopes that are tilted towards the 
sun, never yielded estimates that were too low by 
more than 16%, and usually these were too low by 
less than 10%. 

• The above suggests that it is wisest to select sunlit 
comparison regions that are flat. 

• Analyses of more HiRISE images for which 
ground truth is available may tell whether the 
shadow method generally works well. 
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Figure 2  Analyzed regions in the Northern part of 
Victoria crater. See Sect 5.2 for details. 
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