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Abstract 

The collection of morphometric data on small-scale landforms from other planetary bodies is difficult. We assess four methods 
that can be used to estimate the height of aeolian dunes on Mars. These are (1) stereography, (2) slip face length, (3) profiling 
photoclinometry, and (4) Mars Orbiter Laser Altimeter (MOLA). Results show that there is good agreement among the methods 

when conditions are ideal. However, limitations inherent to each method inhibited their accurate application to all sites. 
Collectively, these techniques provide data on a range of morphometric parameters, some of which were not previously available 
for dunes on Mars. They include dune height, width, length, surface area, volume, and longitudinal and transverse profiles. The 
utilization of these methods will facilitate a more accurate analysis of aeolian dunes on Mars and enable comparison with dunes on 
other planetary surfaces. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 

Morphometry is an important tool for understanding 
the evolution of landforms. It is the starting point for the 
explanation of geomorphological process and allows us 
to predict, empirically, a range of processes and 
dynamics (Whalley, 1990). This is particularly valuable 
in planetary geology, where it is often the only way in 
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which these processes can be assessed. On Earth, 
geomorphologists often have direct access to landforms 
in the field and can collect data on overall size and 
shape-in some cases to centimeter accuracy (e.g., 
Nagihara et al., 2004; Stokes et al., 1999). On other 
planetary surfaces, the acquisition of similar high 
resolution data is severely constrained. Nonetheless, in 
recent years significant improvements have been made 
in the range of data that are being returned from Mars for 
use by geomorphologists. These include satellite data 
with spatial resolutions of up to 1.5 m/pixel (Malin and 
Edgett, 2001) and temporal resolution of months to 
years (Edgett et al., 2000). Laser altimetry has resulted 
in the production of a global topographic map (Smith et 
al., 1999), and a stereo camera (i.e., the HRSC on Mars 
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Express) allows for the estimation of topography at a 
scale that is suited to geomorphic studies of medium- 
scale landforms (e.g., Jaumann et al., 2005). Thermal 
emission data allows estimation of grain size (i.e., dust 
and sand can be distinguished from bedrock, e.g., 
Zimbelman and Leshin, 1987); and recently, minerology 
and lithology can be detected at both global and local 
scale (e.g., Bandfield et al, 2000; Christensen et al., 
2001, 2005; Wyatt and McSween, 2002). 

These satellite data sets have enabled planetary 
geologists to analyse Martian aeolian dunes at a range of 
spatial scales. For example, a program to map the global 
distribution of Martian sand seas is underway (Hay ward 
et al., 2004), and we can now begin to examine in detail 
the hypotheses for the evolution of sand seas in specific 
geological and topographic locations (e.g., Bourke et al., 
2004b; Byrne and Murray, 2002; Edgett et al, 2003; 
Fenton et al., 2003; Fishbaugh and Head, 2005; Mullins 
et al., 2004; Thomas and Weitz, 1989). We currently 
have the capability to collect data on aeolian dune type, 
location, sediment size, lithology, and provenance and 
to search for evidence of dune migration (e.g., Anderson 
et al., 1999; Bourke et al., 2004a; Edgett and 
Christensen, 1991; Edgett, 2002; Garvin et al, 1999; 
Langevin et al, 2005; Williams et al, 2003; Zimbelman, 
2000). We can use atmospheric models to predict wind 
regimes at decadal, seasonal, and even diurnal time- 
scales (e.g., Bourke et al, 2004b; Fenton and Richard- 
son, 2001; Fenton et al, 2005; Haberle et al, 1999; 
Raflíin and Michaels, 2003; Toigo and Richardson, 
2003). At a more local scale, the Lander and Rover data 
sets have made possible the detailed examination of 
small-scale aeolian dunes (centimetre to meter scale) 
and detection of aeolian grain size and mineral 
composition (e.g., Greeley et al, 1999, 2002, 2004; 
Sullivan et al, 2005). 

The next challenge is to assess the dynamics and 
evolution of individual aeolian dunes under a Martian 
atmosphere, which today has a radically different 
composition, density, and temperature regime from 
that on Earth. On Earth, barchan dune form is known to 
be directly controlled by aerodynamic processes, 
whereby constant feedback occurs between the wind- 
ward dune shape, slip face height, and hom-to-hom 
width (Hesp and Hastings, 1998). This allometric 
relationship between morphometric variables on dunes 
has been statistically established and used to relate dune 
size, shape, and form to wind regime and sediment 
supply (e.g., Finkel, 1959; Hastenrath, 1967; Mabbutt, 
1977; Ewing, 2004; Hesp and Hastings, 1998; Lan- 
caster, 1988). These relationships have not yet been 
established for dunes on Mars and the application of 

Earth-derived relationships may be erroneous. In 
addition, barchan planform shape on Mars is highly 
variable (see Fig. 1 in Bourke et al, 2004a) and in many 
cases it may be difficult to locate suitably shaped 
bedforms. Given the improved data currently being 
returned from Mars, we can now attempt to establish 
morphometric data sets and test if similar relationships 
exist (e.g., Bourke et al, 2003, 2004a). 

High resolution Mars Orbiter Camera (MOC) images 
permit two-dimensional morphometric data to be 
collected with precision up to ~ 1 pixel (i.e., potentially 
as good as 1.5 m). Dune width, length, and surface area, 
for example, can all be estimated from these images. 
However, the estimation of dune height is more difficult. 
Mars Orbiter Laser Altimeter (MOLA) data average 
topography over a 100-m ellipse and have a shot spacing 
of ~ 300 m (Smith et al, 2001). This is suitable for the 
measurement of the large-scale surface topography, but 
many aeolian dunes are below this resolution. Prior to 
the beginning of the Mars Global Surveyor mission in 
1997, a suite of methods were used to estimate the 
relative height of landforms on Mars. These methods 
include photoclinometry (e.g., Howard et al, 1982), 
shadow length (e.g., Arthur, 1979), and stereography 
(e.g., Parker and Schenk, 1995). Recently, a number of 
research teams have adopted and refined methods for 
estimating small-scale landform height (Beyer et al, 
2003; Bourke et al, 2004a; Williams, 2003). In this 
paper we come together to compare these methods and 
apply them to aeolian dunes. This analysis is intended to 
test the robustness of the methods and to establish the 
advantages and relative limitations of each method. 

2. Methods 

We estimated the height of barchan dunes, barcha- 
noid ridges, and transverse aeolian ridges (TARs) at 
seven locations on Mars (Figs. 1 and 2) and indepen- 
dently applied each method. In order to estimate 
maximum dune height, we selected a location at the 
highest point on the dune crest (when possible), usually 
interpreted as the top of the longest slip face in the MOC 
image. We attempted to apply all four methods to each 
sample location; however, this sample design was 
hampered by the inherent limitations of some of the 
techniques (e.g., availability of suitable MOLA sample 
shot locations). 

2.1. Method 1, stereography 

Dune height can be measured using overlapping 
Mars Orbiter Camera (MOC) narrow angle images 
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Method 1 

Fig. 1. Location of sample sites. The red dot indicates the location of the height estimate by the stereography method (method 1). The pink line, 
located down the slip face of the dune indicates the line of measurement for method 2. The yellow line indicates the location of the photoclinometric 
profile line (method 3). The blue dot is the location of the MOLA footprint (method 4). Every effort was made to coincide the location of the sample 
point or transect for each of the methods; however, this was often hampered by the restrictions of the method, e.g., the transect for method 3 (yellow 
line) had to be aligned with the Sun angle. (A) Proctor Crater, E03-01039,4.87 m/px. (B) Chasma Boréale, E04-01496,25.77° W., 84.96° N., 6.52 ml 
px. (C) Chasma Boréale, M19-01945, 26.66° W., 84.84° N., 4.85 m/px. (D) Proctor Crater, E03-01039, 4.87 m/px. (E) North Polar Sand Sea, M02- 
02835, 255.24° W., 8.66° N., 3.22, m/px. (F) Crater near Herschel Basin, M1102107, 232.01° W., 16.53° N., 2.82 m/px. (G) Syrtis Major Caldera, 
E03-02016, 232.01° W., 16.53° N., 2.82 m/px. See Table 1 for results. 
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Fig. 2. Location of TAR sample sites. A) Transect A, Proctor Crater, E03-01039, 4.87 m/px. B) Transect B and C, in Gorgonum Chaos close to a 
Crater rim, M18-01072, 169.30° W., 37.57° S., 2.7 m/px. C) Transect D, Nirgal Vallis, MOO-02226, 39.96° W., 28.71° S., 1.39 m/px. See Table 2 for 
results. 

(Williams, 2003). Images from the nominal mission 
were acquired at near-nadir angles and extended 
mission images are off-nadir, thus giving stereo 
coverage in repeat-pass areas. In areas where a pair 
of images has sufficient resolution, adequate angular 
separation, and the correct orientation, dune heights 
can be calculated using the following method. First, 
both raw images are resampled to the correct aspect 
ratio and to 1 m/pixel spacing. Transects are then 
drawn across each image parallel to the viewing 
direction, such that they cross dune crests and 
distinct features such as boulders or outcrops. 
Along these transects, distances are measured be- 
tween common points in each image (i.e., boulders, 
dune edges, and dune brinks). These measurements 
are then projected at the viewing angles of the 
images, creating a topographic profile across the 
transect. The difference between the measured dune 
brink and the dune base gives a geometric 
measurement of the dune height. This method has 
been used to establish the first height estimates of 
TARs on Mars (Williams and Zimbelman, 2003) and 
is being conducted in tandem with a search for dune 
migration and changes in dune form (Williams et al., 
2003). We estimated the height of 10 dunes and two 
TAR trains on Mars using this method (Tables 1 and 
2). 

2.2. Method 2, slip face length 

The length of the avalanche face of dunes, 
measured fi^om high-resolution MOC images, can be 
used to estimate the height of dunes on Mars (Bourke 
et al., 2004a). This method is best suited to features 

where slip faces are clearly identified. Illumination 
effects often accentuate the lee slope, especially when 
the slip face is oriented orthogonal to the Sun, and 
fi"equently allow for a more accurate measurement. 
Most MOC images are near-nadir, so orthorectification 
is not needed before making length measurements. 
However, care must still be taken to account for pixel 
geometry. Dune and TAR heights are estimated by 

Dune height estimates 

Dune Stereography Slip face Profiling MOLA 

(1) (m) length 
(2)' (m) 

photoclinometry 
(3) (m) 

(4) (m) 

1 33 32±5 5-6"-"' 
2 30 22±5 
2a 25±5 22 
3 87 224-275 ±5'" 20" 85" 
4 90 170-204"' 
5 77 67 ±3'" 70" 
6 35 ±10'" 20-25" 
7 27±2 10 
8 32 ±3'" 20" 
9 21 ±7'" 25" 
10 61 38±10 50" 
11 19±2 5 
12 15 
13 -25 23±2 
14 40 50 ±3'" 50 
15 4.5"' 39±3 
16 32 88±3 

Values in bold indicate good agreement between methods. 
'Measured at/irom dune brink. 
"Not located at the highest point on the dune brink. 
"'Data  output  during  measurement  indicate  the  result  may  be 
inaccurate. 
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Table 2 
Height estimates of transverse aeolian ridges (TARs) on Mars 

TAR 
transect 

Method 1 min-max (m) Method 2 (m) assume 
slope angle of 10° 

Method 2 (m) assume 
slope angle of 25° 

Method 2 (m) assume 
slope angle of 33° 

Method 3 
average (m) 

A-A' 
B-B' 
C-C 
D, f 

D,g 
D, h 
D, i 

DJ 
Small TARs (Fig. 4) 

5.5-6 
2-6 

2.7-6.5 3.2-7.8 2-3 
1.8-5 2.2-6 2-3 
1.8 2.2 1-2 

2.0±0.2 5.2±0.8 7.2±0.8 2 
1.2 ±0.2 3.2±0.6 4.5±0.9 1 
2.2±0.2 5.8±0.6 8.1±0.9 3 
2.0±0.2 5.2±0.6 7.2±0.9 2 
1.5 ±0.2 3.9±0.6 5.4±0.9 2 

0.25 

converting slip face length, assuming an angle of 
repose. The angle of repose for large dunes on Mars 
cannot be directly measured, but Greeley et al. (1999) 
found that the angle of repose at the Mars Pathfinder 
landing site is similar to that for sand on Earth (i.e., 
33°). In addition, an angle of 32.4° was estimated 
from exposed stratigraphy observed in ground-based 
images of dune material at Ares Valles (RoverTeam, 
1997, see their Table 1). In this study we therefore 
assume an angle of repose of 33°. 

TARs have not yet been determined to be transverse 
dunes or mega-ripples (Wilson and Zimbelman, 2004). 
We use estimates of angles associated with ripple lee 
slopes as well as dune slip face slopes for the estimation 
of TAR height. On Earth, the lee slope of a ripple is 
composed of a short straight section near the crest at an 
angle of about 30-34° (Bagnold, 1941; Pye and Tsoar, 
1990; Sharp, 1963) followed by a longer concave 
section. We use three average lee slopes of TARs at 10°, 
25°, and 33°. The height of sixteen dunes and four TAR 
trains on Mars was estimated using this method (Figs. 1 
and 2; Table 2). 

2.3. Method 3, profiling photoclinometry 

Photoclinometry (more descriptively, shape-from- 
shading) is a technique that uses brightness (radiance) 
information from an image to infer topography. Using 
point photoclinometry (Beyer et al., 2003), accurate 
upper limits to surface slopes can be made at the pixel 
scale. First, a profile is selected across the sample 
surface. This profile must be in the down-Sun 
direction, which may not always be parallel to the 
orientation of the appropriate landform transect (e.g., 
see Fig. 2A). A topographic profile can be created by 
finding the relative difference in elevation across each 
pixel. The topography is derived from the surface slope 
of pixels in a profile and the projected size of those 

pixels on the surface. The point photoclinometry 
method returns a slope for each pixel; and to convert 
that into a change in elevation across that pixel, the 
width of the pixel in distance units must be known, as 
well as the down-Sun direction. We make the 
simplifying assumption that the distance {d) across 
each pixel in the profile is identical, calculated as 
follows: 

TT 3Tr 5%      TTT 
sma   •<«<• or   •<a • 

4           4 A        A 
TT 3Tr Sir 

cosa  a<• or   •-<«<•r 
4 A A 

or    a>- 
7it 

~Ä~ ) 

(1) 

(2) 

where r is the image resolution (or length of a pixel 
side) and a is the solar azimuth (relative to the 
horizontal axis of the image) in radians. Once the 
distance across each pixel, d, is obtained from the 
above equation, the elevation difference, 6^, can be 
determined across each pixel. If a given pixel has a 
slope, 6, then ÓZ=í/ tanO. The distance across each 
pixel and the elevation difference across each pixel 
can be put together to make a topographic profile of 
elevation as a function of distance along that profile. 
This technique is suitable for Martian conditions 
where the underlying albedo is relatively constant at 
the small-scale, and an accurate estimation of the 
brightness of a flat surface can be made. We estimated 
the height of eleven dunes and five TAR trains on 
Mars using this method (Tables 1 and 2). Photo- 
clinometry has also been applied to measure small 
gully forms on the Reiss crater dunes (Miyamoto et 
al., 2004) and MER landing site topography (Beyer et 
al., 2003). 
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2.4. Method 4, MOLA 

MOLA acquired measurements of topography have 
an optimum vertical resolution of ~ 30 cm. The data 
consist of regularly spaced footprints, ranging in size 
from 70 to 150 m with a shot spacing of 330-390 m 
(Garvin et al., 1999; Smith et al, 1998). In some 
locations, two MOLA shots might coincide with the 
crest of the dune and the interdune or surrounding 
terrain (e.g.. Fig. ID). This is more likely for profiles 
over the larger dune masses. These MOLA data points 
can then be used to estimate the dune height. MOLA 
data have been used to estimate the average height of 
dunes in intracrater sand seas and the North Polar 
Sand Sea (e.g., Fenton et al., 2003; Garvin et al., 
1999; Neumann, 2003). We estimated the height of 
two dunes on Mars using this method (Table 1). 
However, no TARs were sampled as the MOLA 
footprint was too large and frequently overlapped both 
the ridge and the swale. 

10%   of dune   width.   In   addition,   the   following 
formulae were used: 

Ä = w-5.75/9.58 (3) 

where  Ä = dune  height and  w=hom to  horn  width 
(Finkel, 1959) 

Ä = w-9.52/8.19 

(Hastenrath, 1967, 1987) 

h = w-7.65/8.82 

(1, Hesp and Hastings, 1998) 

Ä = w+15.77/18.37 

(2, Hesp and Hastings, 1998) 

3. Results 

(4) 

(5) 

(6) 

2.5. Empirical methods 

On Earth, barchan dune height is essentially one 
tenth that of its hom-to-hom width (see Hesp and 
Hastings, 1998). It is unknown if similar relationships 
exist for dunes on Mars. One way to test this is to 
compare dune height estimates on Mars with values 
estimated using empirical relationships established for 
dunes on Earth. We compare empirically derived 
estimates to those produced by method 2 (Table 3). 
We use Mabbutt's (1977) estimation of dune height at 

We have estimated the height of a total of 17 dunes 
(barchans and barchanoid) and 5 transects across TAR 
trains (Table 1 and 2). We consider that estimates that 
fall between a ratio of 0.7 and 1.3 to be 'in good 
agreement'. 

3.1. Dunes 

Several of the sample sites had good agreement 
between the different methods (these results are in bold 
in Table 1). There is good agreement between methods 

Table 3 
Empirical estimates of dune height of Mars using established relationships for Earth 

Dune Note Width (m) Finkel Mabbutt Hastenrath Hesp and Hesp and Method 2 
(1959) (1977) (1967, 1987) Hastings 1 (1998) Hastings 2 (1998) 

1 Asymmetric 311 31.9 31.1 36.8 34.5 17.8 32±5 
2 Asymmetric 151.4 15.2 15.2 17.3 16.3 9.1 22±5 
2a Asymmetric 305.7 31.3 30.6 36.2 33.8 17.5 25±5 
5 Strongly asymmetric 163 16.4 16.3 18.7 17.6 9.7 67±3 
6 Ovoid barchan 94 9.2 9.4 10.3 9.8 5.9 35±10 
6 As above 178* 18 17.8 20.6 19.3 10.5 as above 
7 Limb extension 736.5 76.3 73.7 88.8 82.6 41 27±2 
8 Ovoid barchan 90.5 8.9 9.1 9.9 9.4 5.8 32±3 
8 As above 171* 17.25 17.1 19.7 18.5 10.1 as above 
9 Barchan 183 18.5 18.3 21.1 19.8 10.8 21±7 
10 Asymmetric 186 18.8 18.6 21.6 20.2 11 38±10 
11 Barchan 232.6 23.7 23.3 27.2 25.5 13.5 19±2 
13 Coalesced, asymmetric 251 25.6 25.1 29.5 27.6 14.5 23±2 
14 Limb extension 170.2 17.2 17 19.6 18.4 10.1 50±3 

Hom-to-hom width was used except where noted by * where maximum dune width was used. Dunes highlighted in bold have good agreement 
between methods in Table 1. Dunes in italics show good agreement between Method 2 and the empirical estimates. 
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1, 2, and 3 for dunes 5 and 14. There is also good 
agreement in the values produced by the slip face length 
(2) and stereography (1) methods for dunes 1, 2, 5, 13, 
and 14 and for dune 10 between methods 1 and 3. 
Methods 2 and 3 show similar results for dunes 5,9, 10, 
and 14. The height of dune 2a estimated by MOLA 
(method 4) is similar to the result of method 2 and 
suggests that MOLA can be used for some smaller 
dunes. The barchanoid ridges (dunes 3 and 4) produced 
a wide range of measured heights. There was difficulty 
in applying the methods to these dunes (unclear slip 
face, sample location not at brink point etc.). Much of 
the variability in the data arises from the difficulty in 
fulfilling the specific requirements of each of the 
methods. We have annotated the results where mea- 
surement error could be readily estimated (see Table 1). 

3.2. Transverse aeolian ridges (TARs) 

In general, the three methods applied (1-3) are in 
good agreement for estimating bedform height. This is, 
in part, related to the quality of the data set for each of 
the methods, i.e., the high spatial resolution, good 
albedo conditions, and strong shadow definition. TAR 
heights range from 0.25 to 7 m. Method 2 seems to have 
the best agreement with method 3 when an angle of 10° 
is assumed. This angle is similar to terrestrial mega- 
ripple data (Williams et al., 2002) and might suggest that 
some TARs on Mars are mega-ripples rather than dunes. 

4. Evaluation of methods 

4.1. Method 1, stereography 

This method is limited by restrictions on image 
geometry. More than 175,000 MOC narrow-angle 
images are released; but only a small subset of those 
overlap, and of those, even a smaller subset contain 
dunes. The requirement of overlapping MOC images 
therefore limits areas where stereography can be 
applied. A frirther limitation is that the overlapping 
images must have emission angles with enough angular 
separation to act as good stereo pairs. 

Because stereography uses features such as boulders 
and outcrops to get a topographic section over an area 
larger than the dune alone, MOC images with the best 
resolutions possible should be used. Images with poorer 
resolution will introduce more error into the measure- 
ment of dune height. Finally, the dune and TAR brinks 
must be as parallel as possible to the MOC look 
direction in order to measure their heights. These 
limitations  decrease the  number of areas  on Mars 

where dunes can be measured with stereography; but 
when requirements are met, this method will give 
reliable measurements. As MOC continues to collect 
images and other missions begin operations on Mars, 
stereography will become more widely used as a method 
for measuring heights of aeolian features. 

4.2. Method 2, slip face length 

The first key assumption (and therefore limitation) of 
this method is that the slip face is at the angle of repose 
of 33°. This is not always the case: Dunes that are no 
longer active tend to have lower lee slopes (e.g., Goudie 
et al., 1993). The potential scale of this type of error is 
illustrated in the results for the barchanoid ridges (dunes 
3 and 4, Fig. ID). A visual assessment of the slip face 
indicates that the lower lee slope is at a shallower angle 
than that of the upper. The result in this case is an 
overestimation of the height, perhaps by as much as 
300%. Second, for estimations of maximum height, we 
assume that the brink represents the highest point of 
dune. This may not always be a valid assumption as the 
dune crest can be located farther toward the windward 
slope. However, on Earth, the dune brink and crest tend 
to merge in larger dunes, i.e. 100-500 m long (Embabi 
and Ashour, 1993), a scale similar to the dunes sampled 
in this study. 

The advantage of this method is that it can be applied 
to the slip face of all dunes and estimates are calculated 
relatively rapidly, permitting morphometric measure- 
ments to be made on a large number of dunes. Another 
advantage is that an extended methodology has been 
developed whereby the measurement of several profiles 
on a dune can be used to construct an XY and Z grid at 
MOC scale for isolated dunes. These data can then be 
used to estimate the sediment volume of sand dunes on 
Mars (Bourke et al., 2004a). 

4.3. Method 3, photoclinometry 

For dune height measurements using this method, we 
found two limitations. First, it is necessary for the 
albedo of the dune material to be consistent with the 
surrounding terrain. This is found in locations of 
significant dust cover, or where interdune areas are 
sandy, and during seasonal frost cover. In this 
comparative methodological study, it is difficult to 
match these requirements with the same MOC images 
needed for analysis by method 1. Thus, some of the 
results are unreliable (see Table 1). By way of example, 
a profile was extracted from the same dune in two 
different images (dune 5 in FHA00451 and E0302016, 
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Fig. 3. Dune 5 located in a Syrtis Major caldera, 292.93° W., 8.88° N., 
(A) FHA-00451 2.95 m/px; image taken 1999-03-09. (B) E0302016 
3.22 m/px; image taken 2001-04-24. Using method 3, a 30-m 
difference in the dune height was measured between these two images 
of the same dune. This is due to inherent errors in the method rather 
than a change in the dune over the 2-yr period. 

Fig. 3). The resultant dune height estimates were 100 
and 70 m respectively. The albedo data indicated that the 
latter height value was the more accurate. Dune transects 
were also placed so as to avoid frost patch or albedo 
changes (e.g. dunes 1,3,5; Fig. lA, D, G) and as a result 
the profile does not always cross the highest part of the 
dune (e.g.. Fig. 3). 

Second, the location of the photoclinometry profile is 
dependent on the Sun azimuth relative to the dune 
alignment. The profile must also be in the down-Sun 
direction. This confining direction limits the application 
of this profiling photoclinometry technique to measuring 
topographic profiles in only one direction on any given 
image. If the landform of interest is not oriented 
appropriately with respect to the Sun in the scene, then 
measuring the topography is difficult. Axisymmetric 
features, like craters or circular hills, are the most robust to 
this constraint. Features with a linear orientation (such as 
transverse dunes) can be more difficult, but a correction 
can be made for this difference in slope azimuth. 

The errors are cumulative in the creation of a 
topographic profile. The error in the elevation across 

the first pixel depends on the error in the distance across 
that first pixel, D, and the error in the slope, 0, for that 
pixel. However, the error in the elevation after the 
second pixel is dependent on the errors in D and 6 for 
the second pixel as well as those in the first, and so on. 
So in addition to the difficulties of haze compensation, 
albedo variation, and slope azimuth (which contribute to 
the errors of the point photochnometry technique), there 
is the added contribution of this cumulative error for the 
profiling photoclinometry technique. As a result, the 
absolute elevation difference between the beginning and 
end of a profile is not very reliable, and thus 
photoclinometric profiles should not be excessively 
long. However, relative elevation differences are 
reasonably reliable if they are separated by only a few 
tens of pixel distances. 

An important advantage of this method is that it 
generates profile data for even the smallest scale 
dunes visible in the MOC images (Fig. 4). This will 
help determine whether scale-dependent trends, such 
as the steepening of windward slopes or the con- 
vergence of dune crest and brink that are found on 
terrestrial barchans (e.g., Embabi and Ashour, 1993), 
also occur on Martian dunes. In addition, the cross 
profiles of TARs (Fig. 4) can be compared to the 
growing data set on Earth mega-ripples (e.g., Lan- 
caster et al, 2002; Williams et al., 2002; Wilson et 
al., 2003; Wilson and Zimbelman, 2004). Another 
distinct advantage of method 3 is the potential to 
estimate the height of dunes that do not have a well- 
developed or obvious slip face (e.g., domes or whale- 
backs; see dune 12, Fig. IC). 

400 

Distance along profile (m) 

Fig. 4. Topographic profile generated by method 3 for TAR sample site 
D (for location see Fig. 2C). Slope angle, slope form, and wavelength 
can now be more precisely estimated for dunes on Mars. 
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4.4. Method 4, MOLA 

The main limitations of this method are the accuracy 
of MOLA footprint position (dictated by the accuracy of 
MOLA ahgnment with MOC images) and the size of the 
MOLA footprint. The radial accuracy of individual 
profiles is ~ 1 m root mean square, and shot locations are 
determined to within 100 m in the along-track and 
across-track directions (Slavney and Neumann, 2003). 
Shan et al. (2002) found that MOC images can be 
registered to a MOLA profile at a precision of ~ 1-2 
MOLA footprint spacing (i.e., 300-600 m). These 
errors are reduced considerably when the two data sets 
(MOC and MOLA) are acquired simultaneously, and the 
center of a MOLA shot can be registered to a specific 
pixel. This was determined for our sample sites by 
assessment of the co-registered data available at the PDS 
imaging node (http://pdsimg.jpl.nasa.gov/). Second, 
even where MOLA footprints coincide with the dune 
crest they represent an average height collected over a 
sloping surface (often ~33° on the lee slope and ~ 15° 
on the windward slope). These combined errors suggest 
that the approach should be limited to the larger dunes 
and dune masses. 

4.5. Empirical estimates 

There are constraints when estimating dune height 
on Mars using empirical estimates developed for Earth 
dunes. First, it is uncertain whether, under the very 
different atmospheric and gravity conditions, that 
dunes would adjust their morphometry in a similar 
way. Second, simple barchan dunes on Mars are, on 
average, larger than those on Earth. Bourke et al. 
(2004a) found that the mean width of barchans in the 
North Polar Sand Sea and the inter-crater dune fields 
were 290 and 430 m respectively. On Earth, the 
average width of barchans is smaller (e.g., 37 m wide 
in southern Peru (Finkel, 1959); 108 m wide in the 
Saltón Sea, (Long and Sharp, 1964); 153.5 m wide in 
the iCharga Depression, Egypt (Stokes et al., 1999)). 
Hesp and Hastings (1998) note that a larger range in 
dune width may occur for larger and higher barchan 
dunes. Therefore, the empirical estimates may not be 
appropriate for Martian barchans. Third, barchan 
dunes on Earth used in the empirical studies were 
(mostly) typically-shaped barchans. Only two of the 
dunes in this study approximate typically-shaped 
barchans (dunes 9 and 11). Other dunes are either 
'ovoid' (where the ratio of the windward slope length 
to barchan hom-to-hom width is ~ 2.4; dunes 6 and 
8). Dune 12, is a dome dune and the remainder of the 

'barchan' dunes either display 'deflected asymmetry' 
(where deflection of the extended arm is lateral and 
increases the hom-to-hom width; dunes 1 and 2) or 
have considerable limb asymmetry/extension (dunes 5, 
7, 10 and 14). The remaining dunes are barchanoid 
ridges and are not suitable for this method (dunes 3, 4, 
13, 15, 16). Interestingly, five of our sample dunes 
show good agreement between method 2 and the 
empirical estimate of Hesp and Hastings (formulae 1 ) 
(1998) (i.e., fall within a ratio of 0.7-1.3). The 
estimates for the trae barchan shaped dunes in the data 
set (dunes, 9 and 11) are similar to the height 
estimates by empirical methods (Table 3). It is 
reasonable to tentatively propose here that the 
relationship between dune morphometric parameters 
may be allometric on Mars. This is the subject of an 
ongoing study (Bourke et al., 2004a, in preparation). 
The data also suggest that the approach for estimating 
dune height by the four methods presented (with 
suitable methodological constraints), produce reason- 
able estimates. 

5. Conclusion 

The methods presented here provide data on a 
range of morphometric parameters, some of which 
were not previously available for dunes on Mars. 
These parameters include dune height, width, length, 
surface area, volume, and longitudinal and cross 
profiles. These data will facilitate a more accurate 
analysis of aeolian dunes on Mars. The relative 
strengths and weakness of these methods are summa- 
rized in Table 4. 

The results of the comparative analysis of methods 
1, 2, and 3 indicate that they are reasonable 
approaches for estimating TAR height. Methods 1, 2 
and (potentially) 4 give acceptable estimates for 
barchans, if the specific requirements for each method 
are strictly adhered to. Method 3 has great potential, 
but the selected barchans were not ideally suited for 
this method. Method 1 is intrinsically the most 
powerful as it makes the fewest assumptions (e.g., 
no assumption of slip face angle or albedo) but relies 
on coverage of multiple images of the target area. 
Although the highest resolution data (MOC) available 
at present contain relatively few instances of stereo- 
coverage, increasing amounts of data release, at meter 
and centimeter-scale resolution, in the next few years 
will make this method more viable (e.g., the Mars 
Reconnaissance Orbiter, High Resolution Imager, 
super resolution channel). In the meantime, method 
2 with its simple approach is most suited to multiple 
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Table 4 
Summary table of advantages and limitations of each technique for dune morphometric analysis 

Method Advantages Limitations 

1. Stereography -Generates topographic profiles. 

-Purely geometric technique with few assumptions made. 

•Potential target areas increasing in number as more 
images are returned by spacecraft. 

2. Slip face measurements    •Measurements very quick and easy to perform. 

3. Photoclinometry 

4. MOLA 

•Generates topographic profiles with single-pixel spatial 
resolution, thus usable on even very small dunes. 
•Can be used for dune forms without obvious slip faces 

-Uses well-calibrated data. 

-Purely geometric technique with very few assumptions. 
-Measurements easy to obtain. 

•Relies on multiple coverage of target area so few 
targets are available. 
•Assumes that dune forms have not moved in time 
periods between image acquisitions. 
•Computationally complex. 

•Uses assumed slip face angle. 
•Only single point measurements can be made, 
rather than profiles. 
•Cannot be used on dune forms without obvious 
shp faces. 
•Albedo must be constant (or is assumed to be 
constant) over the measurement area. 
•Position of topographic profiles dependent on 
Sun azimuth. 
•Computationally complex. 
•Spatial resolution is poor so only suitable for 
the largest dune forms. 
•Heights averaged over entire footprint so even large 
dune forms might not be measured accurately at brink. 

measurements and statistical studies of dune height 
and volume on Mars. 

The application of these techniques are not restricted 
to aeolian dune forms. Other smaller landforms such as 
pingos, cinder cones, small channels and bars and small 
craters can also be measured by methods 1 and 3 and 4 
(if suitable). However similar constraints and limita- 
tions, as outlined above, will apply to all small-scale 
landforms on Mars. 

Initiatives at the USGS are improving the potential 
spatial resolution of elevation data using a combination 
of Stereographic and photogrametric techniques (Soder- 
blom and Kirk, 2003). Although not yet apphed to 
aeolian landscapes, the method was used to produce 
high-resolution digital elevation models (DEM) to assess 
the safety of candidate landing sites for the Mars 
Exploration Rovers (Kirk et al., 2003). These models 
yielded ~ 10 m horizontal resolution and meter-scale 
vertical precision with slope errors of 1 -3°. These DEMs 
are controlled to and consistent with the MOLA global 
data set at the limits of resolution. Another potential 
source of morphometric data may come from the High 
Resolution Stereo Camera (HRSC) instrument onboard 
the Mars Express spacecraft. These data are currently 
being used to produce (DEMs of Mars with resolution of 
-300 m/pixel (Oberst et al., 2004). While these data will 
not be a great improvement on MOLA profiles, work is 
underway to create 50-m/pixel DEMs from HRSC. 
These latter data will be usefiil in determining heights 
and volumes of large dune masses on Mars. 
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