
Introduction
We present here a discussion of techniques used to

display and interpret the topography of a 700 km-wide
basin on Mars called Isidis Planitia, which contains the
landing site for the ill-fated Beagle 2 lander [Bridges et al.,
2003]. Before the arrival in Mars orbit of the Mars Global
Surveyor spacecraft, investigation of Mars' topography
was performed using several Earth- and spacecraft-based
techniques [e.g. Esposito et al., 1992; Davies et al., 1992].
Radar time-delay measurements, or altimetry, obtained
from Earth-based equipment have been utilised since the
late 1960s, taking place primarily at planetary oppositions
in order to maximise the scientific return. However, these
observations were limited in their coverage and resolution
of the martian surface. Observations from the Mariner
(1964 to 1972) and Viking (1975 to 1980) series of
missions included radio occultation measurements and the
use of various spectral and optical instruments to
determine topography from variations in local pressure
and temperature. The Viking Orbiters also contributed
significantly to mapping the topography of Mars by
providing tens of thousands of pictures of the surface that
could be used to map topographic features
stereoscopically.

The Mars Global Surveyor (MGS) spacecraft was
launched on 7th November 1996, and marked the first
successful return to Mars for NASA after a 20-year
absence of Mars missions since the highly successful
Viking series of lander/orbiters. Aboard MGS was The
Mars Orbiter Laser Altimeter (MOLA, or, more accurately,
MOLA-2 as it is descended from a similar instrument
carried aboard the ill-fated earlier Mars Observer
spacecraft) instrument [Zuber et al., 1992], which was
specifically designed with mapping the topography of

Mars in mind. It was designed by the Laser Remote
Sensing Branch of the Laboratory for Terrestrial Physics of
NASA/GSFC, with support from Goddard's Engineering
Systems Analysis Branch.

Instrument and orbital characteristics
At its heart, the MOLA instrument uses a diode laser

pumped Q-switched Nd, YAG laser transmitter [Afzal,
1994] which fires 8 ns bursts of 1064nm wavelength
infrared light ten times a second, and measures the time
taken for reflected energy to return from the martian
surface in order to make its range determination. This is
achieved by diverting a portion of the output laser energy
to start a precision clock counter. Returning photons
generate a voltage in the instrument detector that is
proportional to the rate of photon returns. When the
voltage exceeds a noise threshold, which is dynamically
set by software to maximise the chances of a scientifically
useful return, a time interval is determined. Additionally,
four parallel channels filter the detector's output to detect
returns that have been spread out by rough terrain or
clouds. This increases the probability of returned pulse
detection as well as providing information about within-
footprint roughness or cloud characteristics.

After its launch in November 1996, MGS achieved
martian orbital insertion on 17th September 1997, and
proceeded to aerobrake into the correct orbit for mapping,
which was achieved by 28th February 1997, although pre-
mapping orbit data had been collected and relayed to Earth
since arrival. MGS's mapping orbit has an inclination of
92.869 degrees, an eccentricity of 0.00405, and an altitude
of between 375 km and 445 km above the martian surface.
An orbit is completed approximately every 177 minutes,
and repeats approximately once every 7 martian days (89
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Mars Orbiter Laser Altimeter data from the Mars Global Surveyor (1997-) mission have provided
planetary scientists with a wealth of topographic information about Mars. Due to MOLA data being
recorded in orbital tracks gridding and interpolation of the data must be carried out in order to produce
useable maps of martian topography. Further processing of the data by detrending is useful in revealing
features with subtle topographic relief. Detrended MOLA data have been essential in the investigation
of features such as wrinkle ridges and buried impact craters in the Isidis Planitia basin on Mars,
research which is vital to an understanding of the nature and formation of this region of the planet.
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Figure 1: Interpolation of MOLA data. (a) shows the simple binning of MOLA topography data for a small area of south east Isidis
Planitia using the blockmedian program. (b) shows the same data interpolated using the surface program. 1 degree is approximately
60 kilometres.

(a)

(b)
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Figure 2: Topography of Isidis Planitia using MOLA data. (a) shows a full range of topography, with detail enhanced using
illumination. (b) shows a limited range of topography, with a resulting increase in detail visible within the basin. 1 degree is
approximately 60 kilometres.

(a)

(b)



revs). MOLA data were collected continuously until the
end of the primary mission on 1st June 2000. However, so
successful was the mission, that an extended mission plan
was drawn up, and after a solar conjunction during which
time no data were collected, MOLA's mission continued,
transmitting a total of over 671 million individual laser
shots, until failure of the instrument oscillator prevented
the transmitter from receiving any further fire commands
on 30th June 2001. Despite the end of its mission as an
altimeter, albeit after a lifetime that was greatly extended
beyond original plans, the MOLA instrument continues to
function as a passive 1064nm infrared radiometer
[Neumann et al., 2002].

As a result of its orbital and instrument
characteristics, MOLA data have a vertical shot-to-shot
precision of 0.375 metres, and an absolute vertical
accuracy, depending on an accurate reconstruction of the
spacecraft's orbital parameters of less than 10 metres.
Along the highly-inclined (i.e. near pole-to-pole) orbital
tracks, shot spacing is 330 metres. However, across-track
shot spacing depends on orbit and latitude, and, even after
completion of the primary mission, along with the extra
data from the extended mission, may be on the order of
kilometres. The footprint size of the MOLA pulse on the
martian surface is approximately 150 metres in diameter.

MOLA data
MOLA data are made available to the scientific

community via the Planetary Data System (PDS), both
online (http://pds.jpl.nasa.gov) and on CD-ROM [Arvidson
et al., 1999]. Data are published after a delay for calibration
and processing. PDS distribute four types of MOLA
altimetry products – Aggregated Experiment Data Records
(AEDR), which are raw altimetry profiles, Precision
Experiment Data Records (PEDR), which are processed
AEDR records, Experiment Gridded Data Records
(EGDR), which are global maps of martian topography
produced from binned PEDR data, and Spherical
Harmonics ASCII Data Records (SHADR), which is a
spherical harmonics model derived from EGDR data.

PEDR data records were used in this research. Their
processing from the original AEDR records is repeated
when better orbital information becomes available as the
mission progresses, and so the PEDR data are revised
regularly. The data used in this research were the latest
available at the time of utilisation. However a final
processing revision, L, is due for public release [Neumann
et al., 2003]. This will incorporate changes to the rotation
model and cartographic frame, as well as a change to the
topographic reference datum and recalibration of the pulse
width returns. Future research based on this later revision
may therefore make a slight quantitative difference to this
work.
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Figure 3: Plot comparing MOLA topography and detrended MOLA topography in Isidis Planitia. Transect taken across Isidis Planitia
is from 83 degrees East, 6 degrees North, diagonally across the basin to 94 degrees East, 17 degrees North, approximating the
direction of the slope across the basin.



The PEDR data are distributed in volumes, each
containing binary data files and associated documentation
and labels. For our research we used volumes
MGSL_2010 to MGSL_2033, which are Primary Mission
volumes with the processing revision I, and volumes
MGSL_2034 to MGSL_2054, which are Extended
Mission volumes with the processing revision J. Volumes
MGSL_0001 and MGSL_0002 contain pre-mapping orbit
data and were not used, and volumes MGSL_2001 to
MGSL_2009 are older revisions of volumes MGSL_2010
to MGSL_2016.

Processing, gridding and interpolation
PDS provide a software specification interface

document [Neumann et al., 2000], which is useful in
understanding the format of the binary data files. PDS also
make several small data processing software packages for
several computer platforms freely available on their web
site. In this study, after downloading the relevant freely
available binary PEDR files they were processed into
ASCII tables with one line for each altimetry shot
detected, and limited to the geographic area of interest.
These data files were then further processed with the text-
processing language gawk in order to specify fields of
interest – e.g. a file with longitudes, latitudes, topography
and orbit numbers for each shot.

MOLA data points are not evenly distributed across
the surface of Mars, and in order to produce usable maps
the data must be gridded into regular bins, and then
interpolated in order to fill any bins that do not contain
data. Processed MOLA maps are made available by PDS,
but only with a global coverage and thus set to cover a
fixed range of topograpic heights. In order for detailed
investigation, our own maps were needed in order to make
the best use of the information available in the MOLA
data. For this task we chose to use the Generic Mapping
Tools (GMT) [Wessel and Smith, 1991; Wessel and Smith,
1995; Wessel and Smith, 1998], a suite of powerful open
source UNIX tools that allow users to manipulate and plot
2- and 3-d data sets in many ways. The software is made
freely available on the GMT web site
(http://gmt.soest.hawaii.edu/) along with extensive
documentation.

The investigation by Abramov and McEwan [2004]
of four interpolation methods – Delaunay-based linear
interpolation, splining, nearest neighbour, and natural
neighbour – suggested that at lower data resolutions there
was little difference in their qualitative and quantitative
performance, but that natural neighbour interpolation,
followed by splining, were the more suitable methods for
higher resolution studies. GMT does not provide natural-
neighbour interpolation software, and the relatively low
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Figure 4: Detrended topography of Isidis Planitia using MOLA data. Shows the results of detrending MOLA data from the Isidis
Planitia basin, showing greater detail in the basin lowlands than either map from Figure 2. 1 degree is approximately 60 kilometres.



density of MOLA data does not require very high
resolutions anyway, but it does have tools to use the other
three methods, including the spline interpolation-based
surface [Smith and Wessel, 1990] program, which
provides variable tension continuous curvature
interpolation.

Initial binning of the data was provided by the GMT
program blockmedian, which reads the arbitrarily located
MOLA data and generates a median position and value for
every non-empty bin. As with the similar blockmean and
blockmode it also acts as a pre-processor for data destined
for the surface program, but is preferred over the other two
for topographical work. The grid spacing chosen for the
MOLA data was important. If the resolution were made
too low, information would be lost, whereas too high a
resolution would result in a greater amount of the resulting
map being interpolated data, putting a strain on the
effectiveness of the interpolation routines [e.g. Okubo et
al., 2004]. We chose a non-square bin size to reflect the
difference between across-track (predominately
longitudinal) and along-track (predominately latitudinal)
spacing in the MOLA data, and to make best use of the
available resolution. For longitude, 64 pixels per degree
resolution was chosen, and 128 pixels per degree for
latitude – equivalent to a bin size of approximately 920
metres by 460 metres at the equator. Figure 1 shows the
results of interpolation using the surface program
compared to the simple binning of the MOLA data.

At this stage, the resulting maps were visually
inspected for any bad data. Several MOLA tracks with
spurious topography values showed up, and were
manually removed from the original shot data tables, and
the process of binning and interpolation repeated in order
to produce interpolated grid files with reduced errors from
bad orbits. The maps produced by the GMT program
grdimage were projected using a Mercator projection, and
utilise a standard martian ellipsoid [Duxbury et al., 2001].
Additionally, the interpretation of the resulting maps can
be made easier, and their appearance improved, by using
GMT programs such as grdcontour to add contour lines,
and by adding illumination by generating an
accompanying file of gradients for each data point using
grdgradient. Non-topographic MOLA data such as
returned pulse width information was also used during our
research and processed using GMT software into useful
maps. Individual tracks of MOLA topography data were
also extracted from the processed data files using gawk
and superimposed on GMT maps, along with
accompanying profiles.

Detrending
One problem with investigating features within the

Isidis Planitia basin is that although generally the basin is
very flat [e.g. Bridges et al., 2003], and many features on it
have only metres or tens of metres of topography, it is
adjoined on three sides by terrain with topographical ranges
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Figure 5: Detrended topography using MOLA data. Shows the results of detrending MOLA data for a small area of south east Isidis
Planitia, with a resulting increase in detail visible compared to Figure 1b. 1 degree is approximately 60 kilometres.



spanning several thousands of metres, and contains many
impact craters with large ranges of topography. A
topographical map generated with a set colour table
generally has 256 levels, and these levels are spread across
the selected topography – e.g. for a topographic range of
10,000 metres (a not untypical range for a map including
both lowland and highland areas), each colour table level
will represent nearly 40 metres.  Features exhibiting less
topographic variation than this will therefore be invisible. A
solution to this problem is to clip higher and lower parts of
the range so that they are not shown, which can be carried
out simply by restricting the range of the colour table used,
or by using the GMT program grdclip to replace
topography above or below a certain point in a grdifile by
NaN, indicating a non-numeric value. These techniques
lead to perhaps less visually attractive maps, but reduces
the topography range for each colour table level, with a
resulting increase in z-axis topographic detail visible,
thereby potentially increasing their scientific content (see
Figure 2). Another, related, problem that becomes apparent
with this increase in detail is that the Isidis Planitia basin is
tilted from higher in the northeast at its contact with Utopia
Planitia, to lower in the southwest [Frey, et al. 2000], which
is apparent in Figure 2b. This tilt is approximately 0.02
degrees [Hiesinger and Head, 2003], and is postulated to be
the result of the loading of the northern lowlands by
kilometre-thick deposits, and the resulting tectonic tilting
of the adjacent southern highlands and Isidis Planitia region
[e.g. Tanaka et al., 2000; Watters, 2003].

Across the basin, this slope results in a larger
topographic variation than that of many of the individual
features on the basin floor. Hence when viewing
topographic maps that have a large extent, the topographic
range caused by the basin tilt can obscures local features
with low topographic variation, again as a result of giving
each colour table level too large a topography range. A
solution to this problem is to detrend the data, which is a
technique that has also been used by other researchers in
Isidis Planitia [Head and Bridges, 2001] and elsewhere.
This can be done either by representing the regional slope
by a mathematical function, and then removing this from
the data, or by using a moving average technique to
remove the average value surrounding each point from
each point. The latter is the method chosen for this
research, and was carried out by filtering the gridded,
interpolated topography data using a 1-degree radius
median filter using the GMT program grdfilter and
subtracting the result from the gridded, interpolated
topography using the GMT program grdmath. The results
of this technique on the topographic slope across Isidis are
shown in Figure 3. This technique was then used to
produce a map of topography variation about a regional
median value (see Figure 4).

Figure 4 shows a dramatic increase in detail in the
smooth lowland basin area compared to Figure 2a as a
result of the detrending of the topography data.
Immediately visible is a network of ridge-like structures
throughout the basin that are not apparent in Figure 2a.

This network is divided into a roughly concentric series of
ridges centred upon the mid-western area of the basin, and
a series of radial ridges towards the basin rim. We interpret
these as wrinkle ridges possibly forming as a result of the
tectonic loading of the Isidis Planitia basin [Seabrook,
unpub.]. Figure 5 also shows an increase in detail over
Figure 1b. Of particular note are the two crater-like
features visible towards the western edge of this map, and
another, shallower circular feature towards the north west
of the map. We interpret these as being impact crater
structures in an older surface unit, subsequently modified
and buried by sediment [Seabrook, unpub.]. Analysis of
these buried craters has enabled an estimated age for the
buried unit to be calculated, and the age and possible
nature of the sedimentation to be determined.
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