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Photoclinometry was usedto analyzethe small-scaleroughnessof areasthat fall within
the proposedMars Exploration Rover (MER) 2003 landing ellipses. The landing ellipses
presered in this study werethosein AthabascaValles,Elysium Planitia, EosChasma,Gusev
Crater, Isidis Planitia, Melas Chasma,and Meridiani Planum. We were able to constrain
surfaceslopeson length scalescomparableto the imageresolution (1.5 to 12 meters/pixel).
The MER 2003 mission has various engineeringconstraints that ead candidate landing
ellipsemust satisfy. Theseconstrairts indicate that the statistical value of the slopesat 5 m
baselinesare an important criterion. We usedour technique to constrain maximum surface
slopesacrosslarge swaths of eat image,and built up slope statistics for the imagesin ead
landing ellipse. We are con dent that all MER 2003landing site ellipsesin this study, with
the exceptionof the Melas Chasmaellipse, are within the small-scaleroughnessconstrairts.
Our results have provided input into the landing hazard assessmenprocess. In addition
to ewaluating the safey of the landing sites, our mapping of small-scaleroughnessesan
also be usedto better de ne and map morphologic units. The morphology of a surfaceis
characterized by the slope distribution and magnitude of slopes. In looking at how slopes
are distributed, we canbetter de ne landformsand determinethe boundariesof morphologic
units.
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1 Intro duction

The Mars Exploration Rover (MER) mission (Crisp
et al., 2003)will be sendingtwo roversto the surface
of Mars in early 2004. In order to reduce the risks
of damageduring landing, the MER project has de-
termined a set of engineeringconstraints (Golomkek
et al., 2003)that potential landing ellipsesmust sat-
isfy. Among these constraints are those which in-
dicate that the percertage of slopes greater than
15 degreesshould be minimized. The MER 2003
project had a short list of seven landing ellipsesthat
they had identied for further study, and two of
those sites have beenselectedaslanding sitesfor the
MER rovers, the Gusev Crater site and the Meridi-
ani Planum site.

The engineering constraints identify slopes on
two length scalesthat are relevant to the mission.
On length scalesof hundreds of meters, a shallow
slope would causeincreasedrolling velocity oncethe
air-bag ernveloped lander touches down, and would
causeincreasedbouncing acrossthe surface. Steeper
slopes may also cortribute to fooling the landing
altimeter, causing either early or late rocket r-
ing, dubbed the \mesa" failure scenario. On length
scalesof seweral meters, the size of the spacecraft,
steepslopesmay a ect rover deployment and mobil-
ity, but alsomay causeaddedor increasedbouncing.

The Mars Orbiter Laser Altimeter (MOLA)
(Smith et al., 2001) data are ideal for determining
slopeson length scalesgreaterthan the instrument's
shot-to-shot distance which is about 300 m along
track and 1 km between tracks at the equator,
and hasbeenusedto constrain landing site selection
(Haldemann and Anderson, 2002; Golomiek et al.,
2003). Each MOLA shot also contains information
about the roughnesswithin the instrument's foot-
print via the measuredwidth of the returned pulse.
However, this roughnessinformation has a length
scaleof about 75 m (Neumann et al., 2003; Garvin
et al., 1999).

The best data set available to evaluate surface
slopes on the scale of meters is that of the Mars
Orbiter Camera (MOC) (Malin and Edgett, 2001).
We use a point photoclinometry technique to ana-
lyze calibrated narrow angle MOC imagesthat com-
pliments and extendsthe area photoclinometry and
stereogrammetry work by Kirk et al. (2003). Our
point photoclinometry method allows us to obtain
many slope measuremets on all available MOC im-
agesand to build up statistics for the imagesthat are

in a given landing ellipse. This technique is a signif-
icant advance over qualitativ e evaluation of surface
roughness. Our method normalizes the photome-
try for emissionand incidence angles. Our results
avoid misleading qualitativ e evaluations when the
pixels of an image are scaledto increasecortrast, or
\stretc hed".

The MOC imagesusedin this study were mostly
taken at a local solar time of 2 P.M., but inci-
denceanglesvary from 20 to 70 degrees.Addition-
ally, most MOC images are nadir-looking and de-
spite some o -nadir pointing for the imagesin our
study, the emissionanglesare mostly near zero de-
grees.

Early in the site selectionprocessthis study be-
gan with twenty-six candidate landing ellipses, but
we will only presert information on the sewen land-
ing ellipsesthat made it to the latter stagesof the
site selectionprocessaswell as calibration measure-
ments of the Viking and Path nder landing sites.
Any of these sites may be reconsideredfor future
landers.

2 Metho d

Photoclinometry, or shape-from-shading, is the gen-
eral technique of obtaining slopes or topography
from the brightness valuesin an image. It can be
applied in a number of di erent ways depending on
how the individual brightness values of the pixels
are integrated together (or not) and how ambiguity
in slope azimuth is resolved to produce nal slope
values for those pixels. The term \n-dimensional
photoclinometry" is used where n refersto the di-
mensionality of the region over which information is
built up.

The photoclinometry method that we primarily
usein this study is that of \p oint" photoclinometry.
We are measuringthe brightnessof a single pixel to
yield a slope measurememn, and wein turn takethese
point measuremets of slope and perform statistical
analysesdirectly on them.

When slope information from individual points
along a line is modeled, and the result is a height
prole, this is known as \proling" photoclinome-
try, or one-dimensionalphotoclinometry. Similarly,
when slope information from many points in a grid
(or a squareregion on an image) are modeled, and
the result is a topographic surface, this is known
as\area" photoclinometry, or two-dimensionalpho-
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Figure 1: These gures contain an example of the processingdonein this study. This imageis M11/02414,
the Path nder landing site is on this image. (a) This imagehasundergoneinitial calibration and aspect ratio
correction (ISIS Level 1). (b) Haze removal and divide boxcar ltering result in this image. (c) Absolute
value of the slope image. (d) RMS slope image at 100 m/pixel.

toclinometry. This terminology can be confusing
sincetwo-dimensionalphotoclinometry yields three-
dimensional topographic information.

2.1 Image Pro cessing

All MOC images that we used have been cali-
brated with the United States Geological Survey's
Integrated Software for Imagers and Spectrometers
(ISIS version010515)(e.g. Eliason et al., 2001;Gad-
dis et al.,, 1997). Initial processingof the images
involved ingestion of the raw Planetary Data Sys-
tem (PDS) format images, elimination of obviously
bad or corrupted pixels, and radiometric calibra-
tion. Many images have coarser down-track reso-

lution than cross-trad resolution, i.e. pixels do not
represen a\square" areaon the surfaceof Mars. In
order to compensatefor this and to preserneasmuch
original pixel information as possible, we enlarged
the imagein the down-track direction such that the
resolutionsin the down-track and cross-tradk direc-
tions were the same. Most of the photometric in-
formation that we require for our technique, suc as
image resolution, incidence angle, and emissionan-
gle, was extracted from the labels of the calibrated
images, which were derived from the SPICE data
(e.g. Acton, 1996,1999).

Slope statistics vary strongly with spatial scale
(Sheprd et al., 2001), so we neededto normalize
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Slop es from Point Photo clinometry

vs. Exact Values, Uniform Alb edo

\Sun" Azimuth Hurst Exact RMS Slope Point PC RMS Slope Point PC/Exact Ratio
(degreesfrom Exponent pixel pixel

sample axis) H Filter certers edges L=055 k=072 L=055 k=072

0 02 1.00 1.76 1.76 1.68 0.9980 0.9527

0.5 1.00 1.62 1.62 154 0.9999 0.9505

0.8 1.00 1.37 1.38 131 1.0040 0.9531

0.8 Highpass 0.90 1.30 131 1.24 1.0047 0.9510

0.8 Lowpass 0.52 0.52 0.52 0.50 1.0002 0.9617

0.8 9.99 13.74 13.62 13.05 0.9910 0.9496

225 0.2 1.00 1.76 1.77 1.68 1.0037 0.9527

0.5 1.00 1.62 1.62 154 0.9999 0.9505

0.8 1.00 1.37 1.37 131 0.9967 0.9531

0.8 Highpass 0.90 1.30 131 1.25 1.0047 0.9587

0.8 Lowpass 0.52 0.52 0.52 0.49 1.0002 0.9425

0.8 9.99 13.74 1343 12.88 0.9772 0.9372

Table 1: This table shows how the point photoclinometry that we usein this study performs on synthetic
fractal terrain illuminated from two di erent directions. The column labeled \Exact RMS Slope" has two
columns, one for the down-sun RMS slopes measuredbetweenpixel certers, and one for the down-sun RMS
slopes measured between pixel edges. \PC" is used as an abbreviation for photoclinometry. There are
also two columns for the down-sun slope measuredwith our point photoclinometry technique. One using
a lunar-Lambert photometric function with L = 0:55 to illuminate the topography, and the other using
a Minnaert photometric function with k = 0:72. The down-sun RMS slopes are derived from our point
photoclinometry method by using a lunar-Lambert photometric function with L = 0:55 in both instances.
The \P oint PC/Exact Ratio" column is a ratio of the results from our point photoclinometry technique and
dividing them by the exact down-sun RMS slope from the pixel edgesof the synthetic topography images.

slope statistics measuredfrom imageswith di erent
resolutions. In order to facilitate this, we found that
most of the imagesnear the landing site ellipseshad
resolutions better than 6 meters per pixel, and so
all imageswere degradedto that resolution. Doing
this averagespixel information together, which po-
tentially mixesslopeinformation from many surfaces
together, but it alsoincreasesthe e ectiv e baseline
over which slopes are measured. These two things
together don't signi cantly contribute to errors in
the slopesat theselength scaleswe explore the vari-
ation of slope information with baselinein Section
2.3.3.

Our technigue measuresthe slope of eat pixel
directly. We do not produce a pro le of heights in
the down-sundirection, and therefore we completely
avoid the cumulativ e eleation errorsinvolvedin pro-
ling photoclinometry. Similarly we are not solving
for a smoothed topographic surfacelik e area photo-
clinometry does. Despite thesedi erences, our tech-
nigue doessharethe three major sourcesof error for
photoclinometry that other techniques su er from:
haze, albedo variations, and determination of slope
azimuth.

2.1.1 Haze Comp ensation

The Martian atmosphere scatters incident sunlight
towards the cameraand onto the surface, where it
acts as a diuse illumination source that bright-
ensthe image while contributing minimally to topo-
graphic shading. Additionally , there must be some
scattered light within the MOC cameraitself and
an o set calibration residual within ead image. We
think of these factors together as a uniform bright-
ness cortribution to the image, or \haze" in the
scene. This has an e ect on the obsened topogra-
phy which causesboth the human eye and our pho-
toclinometry algorithm to misinterpret the value of
the slopes. Therefore, we must nd an estimate of
the haze for ead image, and subtract it from the
brightnessvaluessothat our algorithm doesnot re-
port gertle slopeswherethe true slopesare steeper.

Ideally, there would be someindependert mea-
sure of the haze. For example, if the amplitude of
the topography is known from another method suc
as stereogrammetry, then the hazevalue can be ad-
justed until the slopesreported by photoclinometry
matched those of the topography from stereogram-
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Slop es from Point Photo clinometry vs. Exact Values, Non-Uniform Alb edo

\Sun" Azimuth Hurst Fractional Exact RMS Slope Point PC RMS Slope Point PC/Exact Ratio
(degreesfrom Exponent  Alb edo pixel pixel
sample axis) H Variation certers edges L=055 k=072 L=055 k=072
0 038 0 1.00 1.37 1.37 131 0.9940 0.9531
0.8 0.0063 1.00 1.37 1.47 141 1.0704 1.0258
225 0.8 0 1.00 1.37 1.39 131 1.0110 0.9531
0.8 0.0063 1.00 1.37 1.47 1.40 1.0664 1.0186

Table 2: This table showvs how the point photoclinometry that we usein this study performs on the synthetic
fractal terrain whenalbedovariations areaddedto the arti cial surface. With the exceptionof the \F ractional
Alb edo Variation" column, the columns are identical to thosein Table 1.

metry or altimetry (e.g.Kirk et al., 2003;Saderblom
et al., 2002). This approad is not feasible for the
presert work becauseour goal is to make photo-
clinometric slope estimates over much larger areas
than canbe mappedin stereo. Another way to mea-
sure the hazewould be to directly estimate it from
infrared data. We have found that Viking IRTM

opacity estimates provide a consistert lower bound
on atmospheric opacities derived from shadaws in

Viking Orbiter images,but frequertly underestimate
the visible opacity, so the IR data are not useful
for calibrating photoclinometry directly (Kirk et al.,

2001).

Another way to gain an estimate of the hazein
an image would be to seart for true shadows in
average-altedoregionsin the image and usethe DN
(data number) value within those areasas the haze
value. Using shadaws as hazeestimatorsin this way
intro duces some error since shadavs do not have
a xed brightness. The directionality of skylight
meansthat shadaw brightnessesvary with how much
of the sky the surfaceseesut this e ect is only on
the order of tens of percent (Kirk et al., 2001). A
more signi cant problem for our work is that the
2 P.M. mean local time of the images means that
only very steep slopes (greater than 60 ) would
cast true shadows. In addition, manual searding
for believable shadaws is quite time-consuming. In
order to speed the processfor the more than one
hundred imagesin this study, we decidedto usethe
minimum pixel value in eat sceneasthe hazevalue
to subtract. If there are no shadaws in the image,
this darkest pixel may simply be a low-albedo re-
gion of the surface,in which caseusingits brightness
overestimatesthe true hazevalue of the scene.This
provides a good upper limit to the slopes, because
overestimating the haze results in measuredslopes
that will be steeper than the actual slopes.

An advantage of performing our technique on a
number of imagesin the sameareais that occasion-
ally an image had anomalously steep model slopes
when comparedto imagesof similar or identical ter-
rain. When this happened,we could tell that the au-
tomatic haze estimate was quite large, and it could
be scaledbadk to bring the slope statistics of the im-
ageinto better agreemen with other imagesin the
area. Consistency betweenimagesdoes not neces-
sarily meanthat an accurate hazeestimate hasbeen
found, merely that the darkest pixel in ead image
is comparable.

2.1.2 Comp ensation for Alb edo Variations

Photoclinometry interprets light and dark shadingin
the sceneas slopeson a surface of uniform albedo.
If there are patchesof signi cantly darker or lighter
material than the majority of the scene,then the
photoclinometry algorithm will misinterpret those
variations as resulting from topography. Unfor-
tunately, this is quite dicult to compensate for.
Alb edovariations commonly persist over large areas
whereasthere's a limit to how much dark or bright
slopes do so, therefore broad changesin brightness
are more likely to be albedoand it is helpful to Iter
such broad changes.

In order to minimize the e ect of albedo vari-
ations and large-scaletopography on our measure-
merts, we applied a divide boxcar Iter on the im-
age such that the resultant pixels are D(i;j) =
P@; )=(S(; j)=N(i; j)) whereP(i; ) is the the orig-
inal value of the pixel at the i;j location, S(i; ) is
the sum of valid points over the box certered at i; j ,
and N (i; j ) is the number of valid points in that box.
The size of the boxcar Iter was 600 m on a side,
which is roughly equivalent to twice the MOLA shot
spacingat the surfacenear the equator. This Iter-
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ing e ectiv ely removesany topographic shadingand
albedo e ects at scalesgreater than 600 m. MOLA
data for the terrain in these landing ellipses indi-
cated that the regional slopes for these areaswere
at, andwethereforedidn't feelthe needto re-insert
the MOLA regional slopesfor our results. However,
this boxcar ltering of the image only normalizes
large scalealbedo variations, and small scalealbedo
variations cannot be completely eliminated. An ex-
ample of an imagewith initial calibration, automatic
haze removal, and boxcar lItering can be found in
Figures 1a and 1b.

One way to eliminate small scale albedo di er-
enceswould be to take advantage of the fact that
they are often correlated with color. However, the
narrow-angle MOC camerais monochromatic, color
di erences between dark and bright materials on
Mars are subtle, and the martian skylight is colored,
so shadows are di erently colored as well. For this
study, the best way to minimize the problem is to
utilize the complex image processingapparatus of
the human eye/brain system to identify and avoid
images, or regions of images, where sewere albedo
variations are visually evidert.

Small-scalealbedo variations that remain within
imageswill causethe slope modelsto be steeper than
they truly are. However, we still derive robust upper
limits to slope angles.

2.1.3 Slop e Azim uth

The azimuth, or dip direction, of slopesin real ter-
rain will be oriented in various directions. The di -
culty is in determining what that azimuth is. If the
azimuth of a given slope is not speci ed, then there
isn't a unique brightnessfor that slope. The work
of Kirk et al. (2003) and other area photoclinome-
try techniquesnumerically model the azimuth of the
slope and the value of the slope itself.

Our technigque assumesa very simple geometry
in which the azimuth of the model slopeswe mea-
sure are constrained to be in the direction of solar
illumination. Thereforethe Sun, the spacecraft,and
the portion of the surface imaged de ne a plane.
It is within this plane that we obtain our model
slopes. This constraint allowsusto have a unique re-
lationship betweena given slope and a given bright-
ness. Howevwer, since true slopes have a variety of
azimuths, we are only measuringthe true slopeif its
azimuth is in the down-sun direction. For the most
part, the azimuths of true slopeswill not be in the

Figure 2: Portion of MOC image E02/00665in Gu-
sev Crater, referred to asimage Gusev 1d by Kirk
et al. (2003) and in this paper.
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down-sun direction, and this assumption of azimuth
will causethis technique to report a slope shallower
than the true slope.

This is the only key assumptionin our technique
that underestimates the value of the true slopes.
We have evaluated this error for fractal topography,
as discussedbelow in Section 3.1, and found it to
be only about 2% when compared to bidirectional
slopes measuredfrom the fractal topography. This
error is lessthan 1% for the smooth surfacestypi-
cal of the MER landing sites. This error would be
larger if the slope azimuths had a systematic orien-
tation orthogonal to the down-sun direction.

The measuremets from our technique result in
bidirectional slopesin the down-sundirection. In or-
der to obtain an approximation of the adirectional
slopes, one could assumethat the slope distribution
is isotropic and Gaussianin which casethe adirgc-
tional slope distribution would be a factor of = 2
greater than the bidirectional value (Shegrd et al.,
2001). Kirk et al. (2003) explicitly calculate the ra-
tio of the adirectional root mean square(RMS) and
bidirectional RMS slopes basedon their data, and
nd empigcally that this ratio is constart and nearly
equalto ~ 2. This is a statistical relation over an
areathat is large comparedto the topographic fea-
tures that contribute to the slopes.

2.2 Photometry

We start with alunar-Lambert photometric function
after McEwen (1991, 1986) of the form

1Gooy=8o) 20 a1y,
0
1)
Where 1 (; o; ) is the re ectance function, is

the cosineof the emissionangle , ¢ is the cosine
of the incidenceangle , is the phaseangle,Bo( )
is the intrinsic albedo or the value of 1 (1;1; ), and
L( ) isequalto Af ( )=[Af ( )+ 2B], asde ned by
McEwen (1991). The above equation can be sim-
plied if we create a ratio of the brightnessvalue of
sometopography with slope to the brightness of

at topography:
2ot L())
B L) o

+ o0

- @

This leavesus with two unknowns (the values of
and | for the tilted terrain) to be solvedfor given

Figure 3: Portion of MOC image E02/00665in Gu-
sev Crater, referred to as image Gusev le by Kirk
et al. (2003) and in this paper.
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Point Photo clinometry Slopesvs. Area Photo clinometry for MOC Images
MOC Image Darkest Kirk et al. Point PC RMS Slope
Kirk et al. Pixel Area PC Kirk et al. Darkest
Region Description Haze Value  RMS Slope Haze Pixel Haze
E02/00665
Gusev 1d Cratered plains, 0.087 0.120 4.20 4.20 7.59
albedo variations minimal
Gusev le Knobby etched plains, 0.087 0.085 9.35 8.87 8.53
albedo variations minimal
E03/01763
Hematite 2a  Smooth plains, 0.086 0.157 3.10 2.06 6.56
albedo variations sewere
Hematite 2b  Smooth plains, 0.086 0.175 1.25 1.04 8.04
albedo variations moderate
Hematite 2¢c  Plains with rougher outcrops 0.086 0.178 221 2.46 16.80

albedo variations moderate

Table 3: This table shows the comparison between the down-sun slopes of the Kirk et al. (2003) area
photoclinometry, and the down-sun slopesof this study's point photoclinometry on the sameimage regions.
This table also shaws the results of point photoclinometry using both the more precise haze estimates of
Kirk et al. (2003), and the darkest pixel haze valuesthat we usein this study. The region namesthat are
used here are the samenamesas those usedand de ned by Kirk et al. (2003).

the value of the ratio | =I. Thesetwo unknowns can
be reducedto one under the assumption, discussed
above, that local surfaceslopesare always in the up-
or down-sun direction. For ead pixel in the image,
we wish to know the angle, , at which the surfaceis
tilted with respectto a at surface(positive if tilted
towards the light source). Since o = cog ) and
= coy ), we seek , = cog ) and . With
the further simplifying assumptionthat not only the
surfaceslope direction but alsothe spacecraftliesin
the sameplane asthe sun, we have = cog ).
Imagine a line that is the projection of the normal
vector of the surface being imaged onto this plane.
The negative sign then applies when the spacecraft
is on the sameside of this vertical as the sun, and
the positive sign when it is on the opposite side of
the vertical. It is important to note that this ex-
pression for is strictly valid when the emission
direction is in the plane de ned by the sun, but will
be approximately valid when the emissiondirection
is not far from that plane, in particular, when the
emission angle itself is small. Most of the MOC
images used in this study have emission angles of
lessthan 1 . Many others are ROTO (Roll-Only
Targeted Obsenations) imageswherethe spacecraft
rolled towards the eastor west to take o -nadir im-
agesand the emissionvector was thus closeto the
roughly east-west sun direction. Imagesfrom mid-
phase E07 and onwards, however, were taken from

the \Relay-16" position in which the Mars Global
Surveyor (MGS) spacecraftwas rotated sixteen de-
greeso of nadir in a north-south direction. The
approximations made in our calculation of the pho-
tometric angleswill therefore be poorest for these
Relay-16 images, but the errors in the brightness
calculated for a given slope are still small in a frac-
tional sense.

We usethe incidenceand emissionanglesfor the
image and rotate a hypothetical surface through a
range of surface slopes, , to generate a suite of
known and , values for which the | =l ratio
is then obtained. From these values, we create a
lookup table that allows us to read o a value of

quarntized to the quarter degreefor any value of
I =I.

From McEwen (1991) the value of L ( ) for most
of the imagesin this study should vary from 0.45
to about 0.65. However, the simulations conducted
with fractal topography, discussedbelow, show that
the error resulting from the assumption of xed L
is minor, on the order of ten percert. We therefore
estimate the value of L( ) for this study as 0.55.

For some imagesthe emission angle was large,
around 20 , which also contributed to a large phase
angle,yielding a small value for L. Thesetwo e ects
cancausethe | =l asafunction of curveto become
double-valued for high valuesof | =l and . How-
ever, given that theseimagesare of terrain that is
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Figure 4: Portions of MOC image E03/01763 in Meridiani Planum. Figures a, b, and c are referred to as
Hematite 2a, Hematite 2b and Hematite 2c by Kirk et al. (2003) and in Table 3.

at at hundred-meter baselines,we seekthe solution
with the lower slope whenthis curve is multi-v alued.

If (asis generally the case)there is little or no
overall tilt to the image region chosen,then the av-
erageDN value of this regionis a reasonableapprox-
imation to the DN of a level surface. We then use
the ratio of ead individual pixel's DN to the average
DN asour estimate of I =I, which can be compared
with our lookup table to yield the value of that
matchesthat brightnessratio.

2.3 Data Pro ducts

2.3.1 Slope Image

When we apply the above methods, we obtain a
down-sun slope value for every pixel in ead image
that we measure. We e ectiv ely have a \slop e im-
age" where the value of eat pixel is the slope in
degreesof the corresponding original image pixel.
These slope values can be placed into a greyscale
image format sud that positive slopesare brighter
than 50% grey and negative slopes are darker, so
that this slope image e ectiv ely becomesa shaded
reliefimagethat is independert of viewing angleand
illumination angle, but not illumination azimuth. It
is alsoinstructiv e to createan absolutevalue version
of this slope image (Figure 1c).

2.3.2 Slop e Statistics

We compute the average slope and the root-mean-
square (RMS) deviation for ead image, as well as
creating a plot of what percertage of the image is
steeper than a given slope. This givesus an idea of
the slope distribution at 6 meters/pixel.

2.3.3 RMS deviation with length scale

We can also continue to reducethe resolution of the
imagesand perform our photoclinometry measure-
mernts on them again, as well as measurethe slopes
at the intrinsic resolution of the image. This al-
lows us to build up information about how slopes
changeasa function of length scale. Following Shep-
ard et al. (2001) we have degradedthe resolution of
the imagesto 10 m/pixel and 100 m/pixel. These
resolution degradations (as well as the degradation
to 6 m/pixel) are not achievable via integer summa-
tions of the original image pixels, instead a weighted
average of the original pixel DN values is used to
arrive at the desired degradedresolutions. We have
found that the RMS slope deviations for an imageat
6, 10, and 100 m/pixel t the curve of RMS devia-
tions versuslength scaleproduced when we perform
integer summing of the image. We usethe 6 m/pixel

valuesas a commonresolution for the imagesin this
study (there is no integer summableresolution that

all imagesin the study could be degraded), and we
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Viking 1 Landing Site Images

MOC Image Resolution Incidence Portion
Number (m/pixel)  Angle () Measured
SP2/38303 497 66.74 all
M02/04443  1.497 3963 all
M03/04873  1.492 4316 all
M04/02209  1.496 4693 all
M09/05589  1.497 5487 all
M12/00448 1.608 4952 all

Table 4: This table cortains the MOC Image Num-
bers, their resolution in meters per pixel and their
incidence angle in degrees,as well as an indication
of how much of the image was measured.

provide the 10 and 100 m/pixel valuesfor compari-
sonwith other roughnessstudies.

2.3.4 RMS Slope Image

In addition to these statistical measuresof slope,
we also create an \RMS slope image" (Figure 1d)
that is useful for landing site evaluations. We take
the slope image and perform a number of opera-
tions that yield an image whosepixels are valuesin
degreesrepresetiing the RMS slope of meter-scale
slopeswithin 100 m \fo otprints" on the image. We
take the slope image and square the values. We
then run a lowpassboxcar Iter, 100 m on a side,
through the squaredimage such that the resultant
pixels L(i;j) = S(i;j)=N(i;j). We then take the
squareroot of the pixels in the boxcar ltered im-
age,and sum that image down sothat the resulting
image has 100 m pixels. This is about the length
scalethat the airbag systemwill \see" from its rst
bounceto coming to a halt.

In the processof creating the various absolute
value slope images, we found that the meter-scale
slopes often changed when the underlying terrain
changed morphology. This allowed us to use these
slope images to help identify morphologic units,
which are consistent with the morphologic units
identi ed by others.

It isimportant to note that dueto our automatic
maximum hazeestimate, the slopesthat wereport in
this study are upper bounds to the down-sun slope
values, not the true slope values.

12 T
MOC Images
—+— MO02/04443

—-m- M12/00448
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Slopes RMS Deviation (degrees)
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Figure 5. Viking 1 Landing Site RMS Roughness.
This gure shows the RMS slope deviation in de-
greescalculated from the slopesin ead of the im-
ageslisted. Slopes statistics are obtained at longer
length scalesby reducing the resolution in the im-
ages,and performing the photoclinometry technique
on those reduced resolution images.

100

MOC Images
ﬁ at 6 m/pixel

M02/04443
M03/04873
M04/02209
M09/05589
M12/00448
SP2/38303

(%3
oo X
moOx+ %
W oOx+ X
m o oOix+ %
omO XX+

DX+ ¥
*

Cumulative Area of Image (%)
=
)

1 10 15 920
Slope (degrees)

Figure 6: Viking 1 Landing Site Slope Distribution.

This gure plots what percertage of an image has
slopessteeper than somevalue. The dashedlines are
guidesto show where only ten percert of an image
is steeper than 10 and 15 respectively. Since all
the curves for imagesin the Viking 1 landing site
passwithin the box de ned by the 15 guides,then
all the images have less than 10% of their slopes
which are steeper than 15 . In addition to the plot
of RMS roughness.this kind of plot givesan idea of
the distribution of steepslopesin ead image.
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Viking 2 Landing Site Images

MOC Image Resolution Incidence Portion
Number (m/pixel)  Angle () Measured
M02/01764  1.569 4781 all
M03/07241 1565 5893 all
M09/02236  3.136 7513 all
M11/01288 4.7 75.10 all
M12/00485  1.569 7204 all
M13/00163  6.265 67.80 all

Table 5: This table cortains the MOC Image Num-
bers of all the imagesin the Viking 2 Landing site
areafor this study.

3 Calibration
3.1 Synthetic Fractal Topography

It is of interest to assesghe accuracy of our point
photoclinometry method by applying it to casesin
which the slope statistics are known or can be es-
timated independertly. One way to do this is to
simulate imagesfrom known digital elewvation model
(DEM) data, which allowsusto cortrol the illumina-

tion geometry and the presenceor absenceof albedo
variations and haze. Random self-a ne fractal sur-
face models (Turcotte, 1997) are especially conve-
nient in that they are easyto generateand cortain
roughnessthat varies with horizontal scalein a way
that crudely mimics natural surfaces. A series of
such fractal models 1025 elevation posts on a side
(in order to simulate imageswith 1024 pixels on a
side) were generated and used both for this study
and that of the behavior of two-dimensional pho-
toclinometry by Kirk et al. (2003). The Fourier-
domain algorithm of Turcotte (1997) was not used;
instead we constructed the terrains by interpolating
white noisecomponerts to scalesincreasingby suc-
cessiwe factors of two, scaling their variancesto pro-
ducethe desiredvalue of the Hurst exponent, H, and
adding them. The Hurst exponert, H, or Hausdor

parameter, governs the variation of roughnesswith
baseline (e.g. Shemrd et al., 2001; Turcotte, 1997).
Weveri ed that the valueof H that resultswasequal
to the intended value to high accuracyby using the
Fourier analysis techniques discussedfor slope ver-
susbaselineanalysis by Kirk et al. (2003).

As shown in Table 1, these models diered in
their RMS slope on a pixel-certer-to-pixel-center
baselineand also in their value of H. Models with
H = 0:8 are most similar to the candidate landing
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Figure 7: Viking 2 Landing Site RMS Roughness.
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Figure 8: Viking 2 Landing Site Slope Distribution.

sites (Kirk et al., 2003); smaller H correspondsto a
greater preponderance of short-baseline roughness.
Modelsbasedon the H = 0:8 fractal but highpassor
lowpass ltered to excluderoughnessat scaleslarger
or smaller than 16 pixels were also examined. The
majority of caseswere scaledto have bidirectional
RMS slopes (measuredbetweenpixel certers as dis-
cussedbelow) of 1 but caseswith 10 slopeswere
alsoinvestigated.

Images of the fractal surface models were simu-
lated with incidenceand emissionanglesof 45 and
0 respectively (typical of the MOC imagesusedin
this study) and illumination azimuths both on the
sample axis and 225 oblique to it. Images were
generated both with the L = 0:55 lunar-Lambert
model usedin our point photoclinometry analyses,
and with a Minnaert (1941) photometric function
with k = 0:72, appropriate to the martian surface
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Path nder Landing Site Images
MOC Image Resolution Incidence Portion
Number (m/pixel) Angle () Measured
SP1/23703 2.549 48.83 all except for
the 1.3 km
diameter crater
MO08/01772 1.488 50.62 all
M10/00740 1.489 52.05 all
M10/03058 1.567 51.56 all
M11/01311 1.497 49.27 all
M11/02414 1575 4792 all except for

the 1.5 km
diameter crater

Table 6: This table contains the MOC Image Num-
bers of all the imagesin the Path nder Landing site
areafor this study.

with a 45 phaseangle (Kirk et al., 2000). The dif-
ferencebetween the results when these two models
are usedto synthesizethe imagesgivessomeidea of
the errors causedby our choiceof constart L = 0:55.
Uniform photometric properties were implicit in the
generationof the synthetic images(Kirk et al., 2003,
Figure 7). To test the e ects of spatial albedo vari-
ations, a separate bandpass- Itered fractal albedo
map was generated and applied multiplicativ ely to
a subsetof images(Kirk et al., 2003, Figure 8).
Table 1 shows the results for uniform albedo,
comparing bidirectional RMS slopes measured di-
rectly from the synthetic DEMs to those recovered
by point photoclinometry. For eact case,two direct
measuremets are shown, di ering in how the frac-
tal DEM data are interpolated in order to calculate
slopes. Excellert agreemen ( 0:5 1%-relative er-
ror in RMS slope for all but the roughest cases)is
obtained between photoclinometry and direct mea-
suremerts of the slope acrossthe certer of eac pixel,
from the midpoint of oneedgeto the midpoint of the
opposite edge. Not surprisingly, this is equivalert to
the average slope over the whole pixel, which en-
ters into the pixel brightnessand is then interpreted
by photoclinometry. Slopes measuredfrom the cen-
ter of a pixel to the center of the adjacert pixel are
smoother as a natural consequencef the roughness
of the fractal surfacemodel at small scales,includ-
ing acrossindividual pixels. The distinction mat-
ters for comparison of our results with those from
area photoclinometry (e.g. Kirk et al., 2003). Al-
though this technique producesheight estimates at
pixel corners,theseare usually interpolated to pixel

T
MOC Images
—+— MO08/01772
--- M10/00740
- M10/03058
M11/01311
- M11/02414
SP1/23703

x

10

buox

Slopes RMS Deviation (degrees)
=)

1 1 1 1 1
15 25 6 10 100
Length Scale (m)

Figure 9: Path nder Landing Site RMS Roughness.

certers (in orderto provide a DEM that hasthe same
dimensionsasthe input image). Slope statistics cal-
culated from these pixel-certer heights will tend to
be slightly smoother than statistics from point pho-
toclinometry. The magnitude of the e ect depends
on the roughnessof the surface at the single-pixel
scale,e.g. on H. If the surfaceis smooth at this
scale, as for our lowpass- Itered caseand surfaces
in real images (which are smoothed slightly by the
point-spread function of the camera)then the di er-

encebetweenbidirectional slopescalculated by point
and area photoclinometry is much smaller than for
a strictly fractal surface.

When the roughnessof the surfaceis increased
to 10 (pixel certer-to-center; this is rougher than
all but a few candidate sites described below),
point photoclinometry underestimates the bidirec-
tional RMS slope by a little more than 2%. As dis-
cussedabove, our assumption that slopeslie in the
plane of the sun (where they have the maximum ef-
fect on image contrast) is responsible for this small
underestimation. Table 1 also shows that using our
lunar-Lambert photometric model to interpret im-
agesformed with a di erent (but equally Mars-like)
Minnaert model results in a roughly 5% error in the
bidirectional slope estimates. In the casesshawvn
here, our photometric model causesthe slopes to
be underestimated. For imagesof the real surface
of Mars, whose photometric behavior varies some-
what with phase angle, we anticipate that slopes
will be sometimesoverestimated, sometimesunder-
estimated, but are unlikely to be in error by more
than a few percent of the actual bidirectional slope
value becauseof this e ect. Finally, we note that
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Figure 10: Path nder Landing Site Slope Distribu-
tion.

similar results were obtained for illumination along
the sampleaxisand at 22:5 (a typical solarazimuth
for the MOC images), as well as at other azimuths
not shown in Table 1.

Table 2 shows results when spatially nonuni-
form albedo s introducedinto the images. A RMS
albedo variation of 0:63% of the mean was selected
for the test; this is the amount of brightness vari-
ation that would also result from a slope of 0:5 .
The increasein inferred bidirectional RMS slope,
from 1:31 to 1:41 is precisely what is expected
in our simulation: becausethe true roughnessand
albedo-related\slop es" are independert, their vari-
ancesadd, giving a total bidirectional RMS slope
estimate of  1:312 + 0:52 = 1:41. In reality, albedo
variations may not always be independert of rough-
ness. Albedo changescan correspond to composi-
tional changes,and di erent geologicmaterials can
have di erent roughnessproperties.

Although the amplitude (and spatial distribu-
tion) of albedo variations in a given real image will
certainly dier from that assumedin this simula-
tion, if this amplitude can be estimated then a sim-
ilar calculation can be usedto estimate the appar-
ert roughening that will result. The magnitude of
this albedo-inducedapparen slope is independert of
sundirection, becausepoint photoclinometry always
gives the slope in the sun direction rather than in
a xed direction. For areaphotoclinometry, in con-
trast, the albedo-inducedrougheningis much greater
when the sun crossesthe slope baseline (e.g., the
sample axis) at an angle. Howewer, digital Itering
of the DEM to suppressthe artifacts due to albedo

Athabasca Valles Landing Site Images

MOC Image Resolution Incidence Portion
Number (m/pixel)  Angle () Measured
M02/00581 5.875 37.75 certral
M04/02002 5.867 4210 all
M07/00614 5.873 4326 southern
M07/01888 5.874 4380 certral
M09/00662 2.934 4552 all
M09/02518 5.864 4530 northern
M11/00331 2.926 4181 all
M12/01114 5.864 3597 all
M12/02516 6.074 2535 all
M18/01080 5.872 2621 southern
E10/01384 31 4367 southern
E10/02604 6.18 4223 northern
E10/03841  3.09 4156 northern
E11/00142  3.09 4068 all
E11/02913 31 38.37 all
E11/03799 31 3724 all
E12/00071 3.1 36.04 all
E12/01728  1.75 3501 all
E12/01946  4.64 335 all
E12/02746  4.63 3153 northern
E12/02967 4.16 2953 all
E13/00030 3.09 30.73 all
E13/00697  3.09 295 all
E13/01475  1.65 26.73 all
E13/02142  4.65 2715 all

Table 7: This table contains the MOC Image Num-
bers of all the imagesin the AthabascaValles Land-
ing site areafor this study.

variations yields slope errors that are comparableto
thosefor point photoclinometry regardlessof the so-
lar azimuth (Kirk et al., 2003).

3.2 Comparison to Area Photo cli-

nometry

It is alsoof interest to compareslope estimatesfrom
our point photoclinometry with an independertly
developed method in casesbasedon real images of
Mars. For such comparisons,we are of course not
privy to the \true" slopedistributions but candeter-
mine whether our results are consistert with other
methods. In particular, we compared our results
with those obtained by Kirk et al. (2003) from the
same images by using area photoclinometry. It is
useful to do such comparisonsin seweral ways. By
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Athabasca Valles Roughness
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Figure 11: AthabascaValles Site RMS Roughness.

choosing an image in which albedo variations are
minimal and using a relatively precisehazeestimate
obtained by comparing the imageto a stereoDEM of
the area(Kirk et al., 2003)we can establishwhether
point and areaphotoclinometry are asconsister for
real martian topography as they are for synthetic,
fractal surfaces. By relying instead on our darkest-
pixel estimate for the hazewe can quartify the e ect
this has on the accuracy of slopes. Finally, by look-
ing at other areaswith more extreme albedo varia-
tions, we can say something about the relative sen-
sitivit y of the two methods to suc e ects.

The area photoclinometry technique has a num-
ber of advantages over our point photoclinometry.
It allows for the e ect of cross-sunslopeson bright-
ness,rather than assumingall brightness variation
comesfrom slopes up- or down-sun, which is true
to rst order but not precisely true. Area photo-
clinometry allows the modeling of slopes cross-sun
as well as down-sun, and hence allows determina-
tion of adirectional slopes and slopesin particular
baselinesnot tied to the Sun. The cross-sunslopes
will always be more weakly determined than those
down-sun sincethey have only a secondorder e ect
on brightnessand most of the cross-suninformation

comesfrom continuity of the surface.

The area photoclinometry method also su ers
from the problems of hazeand albedo, but in some
ways they are easierto handle. The elewation model
producedby the areamethod can be comparedwith
an a priori DEM from stereo or altimetry in order
to calibrate the haze by requiring that the heights
of resolved featuresagree. Area photoclinometry as-
sumesa constant albedo surfaceand is not immune
to albedo-relatedartifacts. However, the DEM that
is generated makes albedo artifacts very apparert
as nonsensicaltop ographic \strip es". Finding these
\strip es" is an excellert quality ched, and makesit
possibleto reducesud artifacts by tailored Itering.
In this process,stripes are isolated from other to-
pography by rst ltering the DEM with a lowpass
Iter along their length and then with a highpass
Iter acrosstheir narrowest extent. The estimated
stripe componert can then be subtracted from the
original DEM. This Itering processmust in general
be done seeral times, ead step removing stripesin
a particular sizerange. Filtering reducesthe erro-
neouscortribution to slopesin the strip e (down-sun)
direction, and even more dramatically reducesthe
much greater errors in slopes along baselinesthat
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Athabasca Valles Slope Distribution
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Figure 12: AthabascaValles Site Slope Distribution.

cut acrossthe stripes.

Two portions of the MOC image E02/00665,
which is in the Gusev Crater landing ellipse, were
measuredwith both techniques. Kirk et al. (2003)
refer to the portion of smooth cratered plains in
Thira Crater asGusevld (Figure 2), and the knobby
etched plains south of Thira Crater as Gusev le
(Figure 3), asdo we.

Table 3 shows that area and point photocli-
nometry with the samehaze estimatesyield essen-
tially identical bidirectional slope estimatesfor the
smoother region, Gusev1d, while the point photocli-
nometry bidirectional slope for the rougher region,
Gusevle, is about 5% lower than that from the area
method. The tendency of point photoclinometry to
underestimate steeper slopesis well understood as
discussedabove, and this result is generally consis-
tent with our fractal simulations shown in Table 1.
Giventhe 5% slope errorsthat may be intro duced
by our choice of photometric model, the agreemen
betweenresults for Gusevis surprisingly good given
the samehaze estimate.

When we usethe darkestor minimum pixel value
in the sceneasthe hazeestimate, our point photocli-
nometry method yields di erent results. Comparing

these results for the Gusev image regions to those
using the Kirk et al. (2003) haze estimation indi-
cateshow the bidirectional RMS slope valuesin this
study for the landing ellipses are, in general, pro-
viding an upper limit to the slopes. In the caseof
Gusev 1g, the darkest pixel haze estimate and the
Kirk et al. (2003) haze estimate are similar, yield-
ing bidirectional RMS slopesthat are similar. How-
ever, in Gusev 1d, the darkest pixel haze is much
greater than the Kirk et al. (2003) haze,and the re-
sultant bidirectional RMS slope is much greater as
well. Theseportions of the E02/00665imagein Gu-
sevCrater are represenativ e of the best casefor our
technique. There appear to be no albedo variations
complicating the surface,and sothe major cortribu-
tion to error is the haze. It is alsorepresenativ e in
that the hazeestimate from the darkest pixel either
doesa good job of estimating the haze, or overesti-
mates it, yielding upper limits to the bidirectional
RMS slopes.

The di erence in hazeestimatesand RMS slopes
from photoclinometry illustrates the relationship be-
tweenthe slope error and the haze. The RMS slope
is goingto beinverselyproportional to the di erence
betweenthe average( at) DN and the assumedhaze
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Figure 13: Athabasca Valles RMS Slope Image Mosaic. The colorized RMS slope images of the various
MOC imagesin this areaare mosaiked onto a basemapof Viking Orbiter images(MDIM 2). In the caseof
AthabascaValles, more than just the terrain of one ellipse was requestedfor more complete MOC coverage,
and the rhombus indicates that high-coveragearea.
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Figure 14: Each of thesethree gures contain a portion of a cleanedand calibrated MOC image in the
AthabascaValles study area, a slope image at the original resolution of the MOC image, and an RMS slope
image. The large pixels in the RMS slope image are 100 m across. (a) Portion of E12/01728. This image
shows a crater whosenorthern ank hasbeeneroded. (b) Portion of M11/00331. This image shavs someof
the uvially modi ed mesasin AthabascaValles. (c) Portion of E12/01946. This image also shonvs some of
the uvially modi ed formsin AthabascaValles.
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Elysium Planitia Landing Site Images

MOC Image Resolution Incidence Portion
Number (m/pixel)  Angle () Measured
E17/01505  3.10 2558 all
E18/00019  3.10 26.23 all
E18/00429  3.10 26.90 all
E18/00898  3.10 2760 all
E18/01327  3.10 2831 all
E18/01455  4.17 2477 all

Table 8: This table cortains the MOC Image Num-
bers of all the imagesin the Elysium Planitia Land-
ing site areafor this study.

DN (i.e., raising the haze estimate increasesthe ap-
parent slope).

Also in Table 3 are measuremets of E03/01763
in the Meridiani Planum landing site. These im-
age portions (Figures 4a, 4b, and 4c) show how
albedo variations will a ect photoclinometric mea-
suremens. We know that the terrain in theseim-
agesare relatively smooth plains, and so the shad-
ing contrasts are from albedo variations. Still, both
the area photoclinometry of Kirk et al. (2003) and
the point photoclinometry of this study yield simi-
lar results. This is with the resultant DEMs from
area photoclinometry destriped to minimize albedo
e ects. Without these corrections, the bidirectional
RMS slopesfrom areaphotoclinometry are greater.

However, when we usethe darkest pixel hazees-
timate for point photoclinometry in theseregionsof
E03/01763, we get a high value, and the bidirec-
tional RMS slopesreported are signi cantly greater
than those reported when a more reasonablehaze
estimate is used. This again illustrates how hazeis
the biggest source of error, but that albedo varia-
tions can magnify that error.

The results of both areaand point photoclinom-
etry when the Kirk et al. (2003) haze estimatesare
used compare reasonably well to Kirk et al. (2003)
stereo estimates of slope in a few other areasof the
ellipse. Thesewere 1.5 25 but contained es-
timated errorsof 1 1:5 indicating the slopesare
very low and hard to measurein this region.

Thus the slope estimates from photoclinome-
try of either type are clearly heavily in uenced by
albedo variations and are likely to be sewere over-
estimates. One can look at Figure 4a and 4b and
seethat Figure 4a is probably not any rougher in
reality than Figure 4b, it merely has more albedo
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Figure 15: Elysium Planitia Site RMS Roughness.
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Figure 16: Elysium Planitia Site Slope Distribution.

variation. Nevertheless,even these\contaminated"
slope estimates are very smooth, so the conclusions
about the safety of the Meridiani Planum site (that
are discussedbelow in x4.7) are secure.

The advantage of our point photoclinometry
method over the area photoclinometry method in
this type of study is that it is easierand faster to
apply to entire images,giving much better areal cov-
erage.

3.3 Comparison to Previous Landing
Sites

In order to gain another estimate for the precision
of our technique, we decidedto apply it to MOC im-
agestakenof the regionsaround the Viking 1, Viking
2, and Path nder landing sites. This allowed us to
make good use of the only known areasof \ground
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Figure 17: (a) Elysium Planitia RMS Slope Image Mosaic. (b) Eos ChasmaRMS Slope Image Mosaic. The
solid ellipseis the location of the landing ellipse at the opening of the launch window, and the dotted ellipse
is the location at the closeof the launch window. In both of theseimagesthe colorized RMS slope images
of the various MOC imagesin this areaare mosaidked onto a basemapof Viking Orbiter images(MDIM 2).
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Figure 18: Each of thesethree gures contain a portion of a cleanedand calibrated MOC image in the
Elysium Planitia study area, a slope image at the original resolution of the MOC image, and an RMS slope
image. The large pixels in the RMS slope image are 100 m across. (a) Portion of E18/01327. This image
shows how a pattern of small fresh craters are easily seenin the slopeimages. (b) Portion of E18/00429. This
image displays the slopeson a ridge running south of a crater. (c) Portion of E18/00019. The easternmost
rim of a crater and the steeper slopeson its ejecta are picked out in the slope imageshere.
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Eos Chasma Landing Site Images

MOC Image Resolution Incidence Portion
Number (m/pixel)  Angle () Measured
M02/02072 5.676 4596 northern
MO03/00926  5.681 4451 southern
M03/02292 5.68 4397 northern
MO08/01913 5.682 37.77 southern
M09/00925 2.841 3519 southern
E01/00315 2.84 5103 all
E01/00781  2.85 51.05 all
E02/00633  2.87 4955 certral
E02/02855 4.3 4825 certral
E03/00738 3.06 490 all
E03/01452 2.86 4695 southern
E04/00506  2.85 4553 all
E04/01275 3.3 4704 northern
E04/02155 2.87 4428 southern
E05/01125 2.87 4313 all
E05/03243 2.85 4199 southern
E06/00009 3.67 38.78 northern

Table 9: This table cortains the MOC Image Num-
bers of all the imagesin the Eos Chasma Landing
site areafor this study.

truth" on Mars asa bendmark for our technique be-
fore we attempted to apply it to the landing ellipses
for the MER 2003 mission.

3.3.1 Viking 1

Table 4 shows the MOC imagesthat were near the
location of the Viking 1 landing site (Morris and
Jones, 1980; Zeitler and Oberst, 1999;Parker et al.,
1999; Parker and Kirk , 1999). On the basis of the
information from the Viking 1 lander's leg stroke
gaugesand camera measuremets of the horizon,
the local surfaceslope from one footpad to another
(about 2.5 m) is about 1 (Shorthill et al., 1976a).
Binder et al. (1977) indicate a more general slope
to the areaof 1.5 towards the northwest. The lan-
der stereo-derived topographic map of Binder et al.
(1977, gure 5), indicates that the steepest slopes
that can be found are about 10 , with most slopes
lessthan that.

Our measuremets in Figures 5 and 6 show the
relative smoothnessof the Viking 1 landing site im-
ages. The maximum estimate of bidirectional RMS
slopesin the imagesthat we measuredwas 6 on
length scalesof 1.5 m. Additionally, 90% of the
6 m length scaleslopesin theseimagesare lessthan

10 .

3.3.2 Viking 2

Near the proposedlocation of the Viking 2 lander
(Parker and Kirk , 1999; Oberst et al., 2000), we
measuredthe imageslisted in Table 5. The Viking 2
landing site isvery at and haslessthan 1 m of relief
to aradial distanceof 100m from the lander (Mutch
et al.,, 1977). However, basedon lander leg stroke,
guidance systeminformation, and horizon measure-
merts the lander itself isat a6 tilt (Shorthill et al.,
1976b). It is thought that one of the footpads is
either perched on a rock or in a depression.

The statistics in Figures 7 and 8 shon how
our technique reports lower maximum bidirectional
RMS slopes for the Viking 2 landing area than
for the Viking 1 area. Our estimate of the maxi-
mum bidirectional RMS slopesat the shortestlength
scalesis about 4 , and at length scalesof 6 m, more
than 90% of the slopesin theseimagesare lessthan
10.

3.3.3 Path nder

The imagesin Table 6 were closeto or overlapping
the Path nder landing site (Parker and Kirk , 1999).
Stereoimagesfrom the Imager for Mars Path nder
(IMP) wereusedto determinethe topography in the
inner areaaround the lander, and it was determined
that the RMS slopevaluewas 4 (Kirk etal., 1999;
Ward et al., 1999;Golomtek et al., 1999;Smith et al.,
1997, plate 4).

Our measuremets of these MOC imagesare in
Figures 9 and 10. Our estimation of the maxi-
mum bidirectional RMS slopesat the smallestlength
scalesis 7, and almost all of the slopesin these
imagesare lessthan 15 and most are lessthan 10 .

Our results for the Viking 1, Viking 2, and
Path nder landing sites show those regions to be
smooth at the meter scale. This is reassuringdue
to the meter-scalesmoothnessobsened by the lan-
ders themselwes. For the only three localeson the
Martian surfacefor which we have ground truth, our
technique appearedto report accurate upper limits
to the slopesobsened by the landers.
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Figure 21: Each of thesethree gures contain a portion of a cleanedand calibrated MOC image in the Eos
Chasmastudy area, a slope image at the original resolution of the MOC image, and an RMS slope image.
The large pixels in the RMS slope image are 100 m across. (a) Portion of E04/00506. This image shows the
streamlined landform on the western edgeof the ellipse. (b) Portion of E03/01452. Hummocky terrain in
the southeastportion of the ellipse can be seen. (c) Portion of E02/00633. More of the hummocky terrain
in the southeastportion of the ellipse can be seenin this image portion.
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NW corner °5
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E05/01350 3.36 41.05 all
E05/03287 2.85 423 northern ; ;
E10/01562 2.98 2842 all 4 Appll.catlon )
E10/02768  2.98 2740 all Landmg Sites

Table 10: This table contains the MOC Image Num-
bers of all the imagesin the Gusev Crater Landing
site areafor this study.

The point photoclinometry technique that we used
in this study is not yielding exact slope measure-
ments, due to the albedo variations and coarsehaze
estimations that we employed. However, by con-
senatively measuringthe imagesand using the au-



BEYER ET AL.: METER-SCALE SLOPES FOR MER 2003 25

Figure 24: Each of thesethree gures contain a portion of a cleanedand calibrated MOC imagein the Gusev
Crater study area, a slope image at the original resolution of the MOC image, and an RMS slope image.
The large pixels in the RMS slope image are 100m across. (a) Portion of M03/01042. This image shows the
slopeson a large crater in the Gusevellipse. (b) Portion of M11/00476. This image shaws the rougher slopes
of an etched unit. (c) Portion of E03/00012. This image shows the slopesof a triangular hill identied asa

basin o or unit.
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Figure 25: Gusev Crater RMS Slope Image Mosaic. The colorized RMS slope imagesof the various MOC
imagesin this area are mosaidked onto a basemapof Viking Orbiter images(MDIM 2). The solid ellipse is
the location of the landing ellipse at the opening of the launch window, and the dotted ellipseis the location
at the closeof the launch window.
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Isidis Planitia Landing Site Images
MOC Image Resolution Incidence Portion
Number (m/pixel)  Angle () Measured
M10/01982  7.244 3992 certral
M21/00723  2.905 3732 northern
E02/00049 5.85 39.13 all
E02/00681 2.94 38.86 southern
E02/02211 2936 3834 all
EO03/00038 293 3863 southern
EO03/01529 292 3869 southern
E04/01562  2.925 39.27 all
E05/00486  2.928 3983 all
E05/02100 2914 4051 all
E09/00789  6.117 4191 all
E11/00717  3.051 3657 all
E11/02075  3.055 3548 northern
E12/00438  3.059 3175 all
E12/01266  3.055 3053 all
E12/02073  1.482 2989 all
E13/00145  3.243 28.38 all
E13/00788  3.317 2745 all
E13/01415  1.959 2747 all
E13/02262  3.056 2358 all
E14/02034 1525 2109 all
E16/01402  3.046 23.30 all
E16/01980  3.052 2412 all
E17/01666  3.047 2804 all
E18/00196  3.05 2898 all
E18/00622  3.053 2994 all
E18/01521  1.463 3211 all

Table 11: This table contains the MOC Image Num-
bers of all the imagesin the Isidis Planitia Landing
site area for this study.

tomatic maximum haze estimation we were able to
yield a solid upper bound to the down-sun slopesin
the imagesmeasured. The slope valuesreported by
our photoclinometry measuremen technique should
not be looked at in isolation, we strongly suggest
that our slope measuremets be one more piece of
information on which to judge the safety of any
given landing ellipse, and that they not be consid-
ered without also looking at the imagesthat were
measuredto create them.

4.1 Athabasca Valles

We found twenty-four imagesthat overlapped the
potential landing areain AthabascaValles, listed in
Table 7. The slope statistics for Athabascacan be

found in Figures 11 and 12.

The Athabasca Valles site was eliminated from
consideration for MER 2003 due to high radar
badkscatter valuesin the area,but cortinuesto bean
interesting areafor study and a possibledestination
for future landers (Burr et al., 2002).

The mosaic of RMS slope imagesin Figure 13
shows how these RMS slope imagesare useful indi-
cators of morphologic change on the surface. The
imagesin the western portion of the proposedland-
ing ellipse show rather smooth terrain, with group-
ings of fresh looking craters adding someroughness.
A small dune eld is picked out in the RMS slope
image of M04/02002. The high-slope area in the
southern portion of E13/00030 is a high-standing
ridge. There is some rough terrain in the south-
ern portions of E11/03799 and E13/01475 that is
highlighted by the RMS slope images. The interior
slope of the crater at the southern end of E12/01728
(Figure 14a) is easily seenin the RMS slope im-
agesas is the steeper slope of its eroded northern
ank. The RMS slope imagesin the eastern por-
tion of the ellipse (e.g. Figures 14b and 14c) dis-
play steepslopesassaiated with the sidesof stream-
lined mesas,and scour marks on the o ors of the
channels (Burr et al., 2002). Additionally , some of
the roughnessimagesclearly delineate the smoother
channel o or from the slightly rougher banks (e.g.
E12/01746 and E10/02604).

4.2 Elysium Planitia

The landing site in Elysium Planitia wasaddedinto
the site selectionprocessafter the AthabascaValles
and Melas Chasma sites were eliminated, and so
MOC coverageof this areawas limited at the time
of our study. The imageswe measuredare listed in
Table 8, and the measuremets are in Figures15and
16.

The RMS slope imagesin this area (Figure 17a)
mostly show the presenceof craters. The rough-
nessin the RMS slope image of E18/01327 (Figure
18a) is due to low albedo and a number of small,
fresh craters. Other large craters are easyto obsene
in the various RMS slope images. A ridge running
south from a large crater in E18/00429 (Figure 18b)
is highlighted by its steeper slopes. A crater rim
and its rays are displayed in the RMS slope image
of E18/00019 (Figure 18c), and the slope informa-
tion alsodisplays a low ridge running east-westalong
the northern border of the ellipse.
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Figure 28: Isidis Planitia RMS Slope Image Mosaic. The colorized RMS slope imagesof the various MOC
imagesin this area are mosaidked onto a basemapof Viking Orbiter images(MDIM 2). The solid ellipse is
the location of the landing ellipse at the opening of the launch window, and the dotted ellipseis the location
at the closeof the launch window.
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Figure 29: Each of thesethree gures contain a portion of a cleanedand calibrated MOC image in the
Isidis Planitia study area, a slope image at the original resolution of the MOC image, and an RMS slope
image. The large pixels in the RMS slope image are 100 m across. (a) Portion of E02/02211. Outside of
the ellipse the slopesof small, scattered hillo cks can be seenin the slope images. (b) Portion of E02/00049.
This portion of the image outside of the ellipse shows a concerration of small, closely spacedcraters. (c)
Portion of E05/02100. The slopesof a small channel that runs north-south within the ellipse can be seenin

the slope images.
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Meridiani Plan um Landing Site Images
MOC Image Resolution Incidence Portion
Number (m/pixel)  Angle () Measured
M00/01660 1.432 4277 all
M03/01632  5.765 40.73 northern
M08/02647  1.442 40.19 all
M08/08066  2.886 3955 all
E01/01056 29 430 northern
E02/00970 2.92 4225 southern
E03/00329 291 4156 certral
E03/01763 29 4115 certral
E04/01682 3.3 4274 certral
E04/01873  2.92 4055 certral
E05/00801 291 4050 all
E05/02642  2.90 4051 all
E10/00916  6.08 36.90 all

Table 12: This table contains the MOC Image Num-
bersof all the imagesin the Meridiani Planum Land-
ing site areafor this study.

4.3 Eos Chasma

There were sewenteen images that have sections
within the Eos Chasmalanding ellipse (seeTable 9).
Sincemost of the imagescontain terrain that climbs
up the chasmawalls to the north or south, we did
not measurethe ends of most of the images. The
statistical information for the Eos Chasmaimages
are in Figures 19 and 20.

Eos Chasmawas eliminated from the site selec-
tion processdue to slope winds that sweepup and
down the walls of the Valles Marineris, making this
area quite dangerousfor the MER 2003 afternoon
landing.

The mosaic of RMS slope imagesin Figure 17b
shows how these RMS slope imagesare useful indi-
cators of morphologic change. The slopeson the tail
of the streamlined landform to the west of the ellipse
can be seenin the RMS slope imagesof E04/00506
(Figure 21a) and M03/00926. Additionally , someof
the hummocky terrain to the southeastof the ellipse
can be seenin the RMS slope imagesof E03/01452
(Figure 21b), M02/02072, and E02/00633 (Figure
21c). Aside from crater forms within the proposed
ellipse, there does not seemto be other distinctive
morphologieswithin the ellipse.

4.4 Gusev Crater

The imagesin Table 10 are in or near the Gusev
Crater landing ellipse (Cabrol et al., 2003). The
o or of Gusev Crater preserts some problems for
our photoclinometry technique in the form of large
dark-toned areasmade up of dust-devil tracks and
wind streaks (Milam et al., 2003). The southern
half of M07/00813 was not measured, because of
these albedo problems. However, other imagesin
this area were not as sewrely a ected. Figures 22
and 23 show the slope statistics for theseimagesin
Gusev Crater.

The slope signature of large craters is eviden
in the RMS slope imagesof E10/02768, M03/01042
(Figure 24a), and M03/02330. The southern patch
of the Etched unit (ET) identied by Milam et al.
(2003) in the certer of the ellipseis easily seenin the
RMS slope image of M11/00476 (Figure 24b). Ad-
ditionally, the rougher slopes of the larger ET unit
canbeenseenin the RMS slope imagesof E10/01562
and E05/00471. The RMS slope imageof E03/00012
(Figure 24c) distinctly shows a triangular patch of
material with steeper slopesthat correspondsto an
island of Basin Floor unit 1 (AHbm1) identied by
Kuzmin et al. (2000).

In the context of the RMS slope image mosaic
(Figure 25), the rim of the Thira crater and the
rougher terrain outside of it canbe seenin the RMS
slope imageson the easternend of the ellipse. Ad-
ditionally, many of the dierent units identied in
the hazard map of Golomtek et al. (2003) for Gu-
sev crater can also be identied in this mosaic by
changesin roughnessfor the di erent units.

4.5 |sidis Planitia

There were twenty-seven images (Table 11) in
the Isidis Planitia Landing ellipse (Crumpler and
Tanaka, 2003). This site also had very low rough-
ness, as the maximum slope measuremets in Fig-
ures 26 and 27 show.

The distribution of slopeswithin the Isidis ellipse
is shovn in Figure 28. The RMS slope imageshere
are mostly picking out large craters. There are a
number of dark- o ored craters in this region. Be-
causeof the low-albedo material on their o ors, our
photoclinometry technique indicatesthat their o ors
are very steep, making thesecraters very obvious on
the RMS slope images(and potentially in ating the
slope statistics). Good examplesare in the southern
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Figure 30: Meridiani Planum RMS Roughness.

tip of E13/00145, E18/00622, and within the ellipse
on E18/00196 and E12/00438. However, the areas
that have steep slopesin the mosaic are consisten
with areason the hazard maps of Golomlek et al.
(2003) that have fresh craters and heavily cratered
terrain. The northern portions of the RMS slope
images of E02/02211 (Figure 29a) and E04/01562
display a freckled pattern of high slopes, that cor-
respond to somesmall hillocks north of the ellipse.
There is a band of closely spacedcraters with high-
albedo duneson their o ors that show up nicely in
the northern portions of the RMS slope images of
E11/00717 and E05/00486. Terrain similar to this
in appearanceand slope characteristics appears in
the northern tips of E05/02100and E02/00049 (Fig-
ure 29b). The RMS slope image of E05/02100 (Fig-
ure 29c) nicely displays a shallow channel that runs
north-south and bisectsthe southern portion of that
image within the ellipse.

4.6 Melas Chasma

The MOC imagesof the Melas Chasmalanding site
(Weitz et al., 2003) had too many albedo variations
to make application of our photoclinometry tech-

nique practical. The images showved areas of high
contrast albedo variation that did not appear slope-
related. There were light-toned areasthat probably
are rough, but they e ectiv ely saturated the tech-
nique (reported slopeswerearound 90 ), making ac-
curate measurememh impossible. There were albedo
variations which were 0.5to 1 km acrossthat may
or may not be topographic, some appeared to be
mesas. There were also areasthat seemedto have
dark dust or sandthat have lled in the lows of what
appear to be indurated dunesor grooves. This area
is of geologicinterest, but we felt it constituted ter-
rain that is dangerousto the MER landing system.
Other researdersfelt the sameway, and the Melas
Chasmasite hasbeeneliminated for MER 2003, but
remains an attractiv e target for future study.

4.7 Meridiani Planum

The ellipsein Meridiani Planum is situated such that
it sits within the areaidenti ed ashaving Hematite
spectral characteristics (Christensen et al., 2000).
We measuredthirteen MOC imagesthat overlap the
ellipse in Meridiani Planum (Table 12). The MOC
images of this area show that it is dominated by
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Figure 31: Meridiani

two kinds of albedovariations. Oneis what appears
to be a rocky or indurated surface that has been
cleanedor scouredof dust. This leavesa light-toned
surfaceof high contrast that is rough, but probably
not as rough as our algorithm reports. The other
albedo pattern is that of buried or exhumed craters
(Arvidson et al., 2003).

Despite the complication of these persistert
albedo variations, the RMS slope distributions and
cumulativ e areameasuremets in Figures 30 and 31
show that this areais relatively smooth. When the
albedo variations are considered,this areais proba-
bly smoother than these measuremets suggest(as
discussedabove in x3.2).

In looking at the mosaic of RMS slope images
(Figure 32) for this potential landing ellipse, most
of the model slopes greater than 10 are the re-
sult of high-albedo rough areasand the character-
istic albedo pattern of the exhumed craters. This
pattern is a light-toned signature of the rim and a
dark-toned patch at the certer where dark material
seemgo havecollected. Additionally , there are often
light-toned, high-contrast dune elds in the certers
of these craters. An example of this typical pattern
can be found in the E05/00801 image (Figure 33a).

Planum Slope Distribution.

The imagesin the mosaicalsohighlight freshand de-
graded craters identi ed by Golomtek et al. (2003)
in their Meridiani Planum hazard map.

The RMS slopeimage of E02/00970(Figure 33b)
nicely identi es the rays and ank of a fresh-looking
crater. The RMS slope imagesof M09/01839 (Fig-
ure 33c) and E04/01873showv somecratersthat have
steeper model slopesthan other exhumed craters in
this area. There are two in M09/01839, one just
north of the ellipseand another that is within the el-
lipse, they have rims that appearto stand above the
terrain and have somereal topography to them, indi-
cating that they are not asdeeplyburied asother ex-
humed cratersin this area. The crater in E04/01873
south of the ellipsehasa rim which canbe seenmuch
more clearly than other buried craters in this area
indicating that it may be at adi erent stageof burial
or exhumation.

5 Conclusions

Our technique allowed us to measure slope char-
acteristics at the meter scale for six of the can-
didate landing sites, and show that all had slope
characteristics within the acceptableconstraints for
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Figure 32: Meridiani Planum RMS Slope Image Mosaic. The colorized RMS slope images of the various
MOC imagesin this area are mosaiked onto a basemapof Viking Orbiter images (MDIM 2). The solid
ellipse is the location of the landing ellipse at the opening of the launch window, and the dotted ellipse is

the location at the closeof the launch window.
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Figure 33: Each of thesethree gures contain a portion of a cleanedand calibrated MOC image in the
Meridiani Planum study area, a slope image at the original resolution of the MOC image, and an RMS slope
image. The large pixels in the RMS slope image are 100 m across. (a) Portion of E05/00801. This image
shows a typical exhumed crater in the Meridiani Planum area. (b) Portion of E02/00970. This image picks
out the rougher rays and ank of a crater. (c) Portion of M09/01839. This image shows another exhumed
crater, but this one'srim appearsa little more raisedthan others, and the rim alsoappearsa little di eren tly
eroded.
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the MER 2003 landers. Our point photoclinome-
try method performedwell on synthetic topography,
and agreedwell with results from area photoclinom-
etry and stereogrammetry It also passedthe test of
ground truth at the landing sites of Viking 1, Viking
2, and Path nder. By measuring seweral imagesin
the samearea, we wereable to catch blatant outliers
in the automatic estimation of haze. Due to the se-
vere albedo variations in Melas Chasma, we were
unable to obtain reliable slope measuremets. How-
ever, the topography in the imagesnear the Melas
Chasmasite appearsto contain mesasand other ob-
staclesthat presert an obvious hazard to the MER
2003landers.

Our method in this study provides an upper
bound to the down-sun slope statistics of the im-
ages,not a true slope measuremeh However, we
have shown that when a more re ned hazeestimate
for an image is available, our technique is able to
provide more accurate slope statistics (e.g. when
we comparedareaphotoclinometry to our technique
in x3.2). Additionally , our method is able to oper-
ate on and processa large number of imagesrather
quickly, which allows us to to complemer and ex-
tend slope information from area photoclinometry
and stereogrammetry,

The nal slope criterion for site selection was
based on an area-weighted failure rate of Monte
Carlo entry, descen, and landing simulations based
on the DEMs of Kirk et al. (2003). However, hav-
ing extensive maps of roughnessestimatesthat are
internally consistert evenif they are produceddi er-
ertly from the DEMs is the proper basisfor assigning
the areaweights to the outcomesof the simulations
based on the area-restricted DEMs. Additionally ,
thesestatistics can be producedto allow initial com-
parison of sites before the Monte Carlo results are
complete.

This technique is ideal for landing site evaluation
both in the early stagesof site selectionwhen there
are large numbers of landing ellipsesto chosefrom,
and in the latter stageswhen slope information from
asmuch terrain within a particular landing ellipseis
neededand is not available from other methods.

A Software Used

We primarily usedthe USGSISIS software (version
010515) (Eliason et al., 2001; Gaddis et al., 1997)
in this study for our image processing. Initial pro-

cessinginvolvedthe useof the moclev0 and moclevl
procedures. Photometric information was extracted
from the level 1 imagevia the levlpt program. The
various boxcar ltering operations were performed
using the boxfilter  procedurein both DIVIDE and
LPFmodes. Resolution degradationswere performed
with magcube

All tasks having to do with transforming bright-
nessinformation into slope measuremets were per-
formed with a program written speci cally for this
task in the C++ programming language.
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