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Abstract

Directional thermal infrared measurements of the martian surface is one of a variety of methods that may be used to characterize surface
roughness and slopes at scales smaller than can be obtained by orbital imagery. Thermal Emission Spectrometer (TES) emission phase function
(EPF) observations show distinct apparent temperature variations with azimuth and emission angle that are consistent with the presence of warm,
sunlit and cool, shaded slopes at typically ∼0.1 m scales. A surface model of a Gaussian distribution of azimuth independent slopes (described
by θ -bar) is combined with a thermal model to predict surface temperature from each viewing angle and azimuth of the TES EPF observation.
The models can be used to predict surface slopes using the difference in measured apparent temperature from 2 separate 60–70◦ emission angle
observations taken ∼180◦ in azimuth relative to each other. Most martian surfaces are consistent with low to moderate slope distributions. The
slope distributions display distinct correlations with latitude, longitude, and albedo. Exceptionally smooth surfaces are located at lower latitudes
in both the southern highlands as well as in high albedo dusty terrains. High slopes are associated with southern high-latitude patterned ground
and north polar sand dunes. There is little apparent correlation between high resolution imagery and the derived θ -bar, with exceptions such as
duneforms. This method can be used to characterize potential landing sites by assuming fractal scaling behavior to meter scales. More precisely
targeted thermal infrared observations from other spacecraft instruments are capable of significantly reducing uncertainty as well as reducing
measurement spot size from 10s of kilometers to sub-kilometer scales.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The morphology of planetary surfaces is well documented
by imaging systems on orbital spacecraft, but is limited in reso-
lution to meter and (more often) greater scales. With the excep-
tion of a limited number of lander missions, it is not possible
to use imaging systems to obtain a clear picture of sub-meter
scale surface morphologies. Identification of these morpholo-
gies is important for understanding surface processes such as
regolith/soil formation, dust mantling, rock generation and mi-
gration, and near-surface ice related processes. In addition, un-
derstanding the surface character at meter and smaller scales is
crucial for characterizing and evaluating the safety and traffica-
bility of potential landing sites for future spacecraft.
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A number of techniques have been developed and used
to gain insight into the sub-meter scale morphology of Mars
and other planetary surfaces. These include use of photometric
(e.g. Wagner, 1967; Hapke, 1984; Helfenstein, 1988; McEwen,
1991; Shepard and Campbell, 1998; Mushkin and Gillespie,
2006), laser altimeter pulse width (e.g. Garvin et al., 1999;
Neumann et al., 2003), and radar measurements (e.g. Hagfors,
1968; Harmon et al., 1999; Campbell, 2001) to define surface
slopes and roughness. In addition, surface temperature mea-
surements have been used to derive surface roughness, parti-
cle size, and rock abundance of surfaces (e.g. Sinton, 1962;
Spencer, 1990; Kieffer et al., 1977; Christensen, 1986). These
methods provide quantitative information about the surface
morphology that would otherwise be unobtainable via tradi-
tional imaging methods. Surface roughness is often defined in
terms of the distribution of surface slopes as will be the case
here. Depending on the measurement technique, roughness can
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also be defined by other means such as a range of elevations or
the distribution of rocks.

A large amount of work has been done to account for
and derive surface roughness at greater than sub-mm scales
from the photometric function of a surface (e.g. Smith, 1967;
Wagner, 1967; Hapke, 1984; Helfenstein, 1988; McEwen,
1991; Shepard and Campbell, 1998; Helfenstein and Shepard,
1999). Much of the behavior of the photometric function of a
surface is due to microscopic and optical properties of the sur-
face materials (e.g. Hapke, 1981; Shkuratov et al., 1999). How-
ever, macroscopic roughness where optical effects are treated
geometrically also has significant influence on the photomet-
ric function (explaining, for example, the magnitude of limb
darkening; Hapke, 1984). Because the roughness of a surface
is typically reduced with increasing scale, photometric rough-
ness is dominated by surface features less than a few cm in
size (Helfenstein and Shepard, 1999). Under certain conditions,
larger scales may be characterized if roughness properties at
smaller scales are assumed to be invariant throughout a region
(Mushkin and Gillespie, 2006).

Martian surface roughness characteristics at centimeter to
meter scales can be obtained by telescopic radar observations
of a variety of wavelengths (e.g. Harmon and Ostro, 1985;
Muhleman et al., 1991; Simpson et al., 1992; Harmon et
al., 1999; Golombek et al., 1999; Campbell, 2001). Observa-
tions have given estimates of rock abundances and distribu-
tions for a variety of surfaces (Golombek and Rapp, 1997;
Baron et al., 1998; Golombek et al., 2003a; Campbell, 2001).
Other studies have mapped surface roughness characteristics
for major portions of the planet (e.g. Harmon et al., 1999).
These studies have located extremely high radar return terrains,
such as those associated with polar caps and the younger lava
flows near the Tharsis and Elysium volcanoes. Anomalously
low radar return regions have also been identified, such as the
“stealth” region near southern Amazonis Planitia. These mea-
surements give an indication of both the roughness of the sur-
face terrain as well as the character of buried objects, such as
rocks, that would serve as efficient scatterers.

Another method for determining surface roughness charac-
teristics is by measuring the pulse width of laser altimeter return
signals. This method has been applied to Mars Orbiter Laser
Altimeter Data (MOLA) to gain insight into the vertical distri-
bution of surfaces within the 75 m footprint of the laser pulse
(e.g. Garvin et al., 1999; Neumann et al., 2003). With most of
the planet sampled, Neumann et al. (2003) found that much of
the martian surface has a root mean squared (RMS) roughnesses
(i.e. the distribution of elevations within the MOLA footprint)
of <3 m. The MOLA data are limited to RMS roughnesses of
>1 m (Neumann et al., 2003). Slopes may also be obtained
from differences in elevation between separate laser pulse mea-
surements (e.g. Anderson et al., 2003). These determinations
are limited to scales larger than ∼300 m, however.

Sub-pixel surface morphology information may also be in-
ferred from the thermophysical properties of the surface. Both
rock abundance determination (e.g. Christensen, 1986) and
thermal inertia (e.g. Kieffer et al., 1977; Mellon et al., 2000)
properties can be used to infer the presence of rocks on the mar-
tian surface. While these methods are not directly affected by
the actual roughness of the surface, the presence of high ther-
mal inertias and high rock abundances has accurately predicted
the presence or absence of rough, blocky terrains (Christensen,
1986; Golombek et al., 1999).

A limited amount of work has been documented regarding
the derivation of surface roughness properties from directional
thermal infrared measurements (Jakosky et al., 1990). However,
measurements across an object and whole disk measurements
have been used to infer the surface roughness of the Moon
and other airless bodies such as asteroids (e.g. Sinton, 1962;
Spencer, 1990; Johnson et al., 1993; Jämsä et al., 1993). Much
of this work has had a focus of producing a unitless parameter
to correct for surface roughness effects (i.e. for radiometric di-
ameter determination) rather than investigation of the sub-pixel
surface morphology from the measurements. These measure-
ments are sensitive to surface features of greater than several
centimeters.

In this paper, we describe a technique for determining sur-
face slope characteristics from targeted thermal infrared mea-
surements on Mars. Emission phase function (EPF) measure-
ments from the Thermal Emission Spectrometer (TES) onboard
the Mars Global Surveyor (MGS) spacecraft are used in com-
bination with surface and thermal models to infer roughness
and slope characteristics of the martian surface. This work is
largely a proof-of-concept with a limited application to the
TES dataset. This demonstrates that useful surface roughness
information may be obtained from specialized measurements
from other Mars spacecraft instruments such as the Mars Cli-
mate Sounder (MCS) on the Mars Reconnaissance Orbiter and
the Thermal Emission Imaging System (THEMIS) on the Mars
Odyssey spacecraft.

2. Methods and data

2.1. Overview

The proportion of sunlit versus shaded surfaces in the field
of view (FOV) is dependent on the viewing azimuth and ele-
vation relative to the surface and the azimuth and elevation of
the Sun. For example, when viewing a surface from the same
azimuth as the Sun relative to the surface, a greater propor-
tion of warm, sunlit surfaces comprise the FOV than if viewing
a surface from an azimuth 180◦ away from the solar azimuth
(Fig. 1). As a result, a surface will appear warmer or colder de-
pending on the viewing azimuth and the magnitude of the effect
is generally greater with increasing emission angles (Jakosky et
al., 1990). This anisothermal effect is dependent on the mag-
nitude of slopes present on the surface because of two factors:
(1) High slope angles result in a large range of temperatures
within the FOV. (2) High slope angles also cause a large change
of the proportion of warm versus cold surfaces in the FOV as a
function of viewing angle and azimuth.

There are three basic components that are integrated in the
surface slope determination: (1) Multiple emission angle ther-
mal infrared observations of a surface (specifically, TES EPF
sequences are used here). These observations are corrected for
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Fig. 1. Schematic displaying the change in contributions of sunlit versus shaded
slopes to the spacecraft field of view. When viewing a surface from the same
azimuth as the Sun (a), more sunlit surfaces are in the FOV and the surface
will appear warmer. When viewing from an azimuth 180◦ from the Sun (b), the
surface will appear cooler. The intensity of the effect is dependent on emission
angle of the observation (θ1) and the slope of the surfaces (θ2).

atmospheric effects and are then reduced to a simple parameter
for comparison to modeled data. (2) A thermal model is used to
predict the surface temperature at various slopes and azimuths.
(3) A surface model is used to provide a realistic distribution of
slopes. Each of these three components are described in detail
separately in Sections 2.2 through 2.4.

The three components (data, thermal model, and surface
model) are integrated in order to determine the surface slope
properties (described in Section 2.5). The thermal model and
surface model are combined to predict the measured radiance
from the known observation geometries for a variety of slope
distributions. The measured radiance is then compared to the
predicted radiance to retrieve the slope distribution that pro-
vides the best fit to the predicted radiance.

2.2. TES dataset

2.2.1. TES instrument description
The TES instrument is a Fourier transform Michelson in-

terferometer (∼6–50 µm) with co-aligned thermal (5–100 µm)
and visible (0.3–3 µm) bolometers. Each detector in a 3 by 2
array has an 8 mrad instantaneous field of view with a 1.8 s in-
tegration time. This results in a 3 × ∼8 km footprint from the
∼380 km MGS mapping orbit with the elongation due to smear
from the lack of image motion compensation. A pointing mirror
allows for viewing of the surface, limb, and space in the orbital
plane.

This study utilizes the thermal bolometer measurements
because of their high signal to noise ratio and accuracy
(Christensen et al., 2001), their relative simplicity, and many
observations were acquired after the spectrometer was turned
off in 2005 (to prevent further degradation of the internal neon
lamp used for processing of the interferometer data). Initial use
of spectrometer data provided similar results as those presented
here from the broadband thermal bolometer measurements.

2.2.2. EPF dataset description
TES EPF observations have been utilized in several studies

to derive surface emissivities and atmospheric aerosol prop-
erties (Bandfield and Smith, 2003; Clancy et al., 2003; Wolff
and Clancy, 2003). All EPF observations are approximately
symmetrical about a nadir observation and consist of 3 to 49
separate pointing angles. Because pointing capabilities are lim-
ited to the plane parallel to the spacecraft along-track direction,
planetary rotation causes an east–west offset between the sur-
face footprints of each pointing angle observation. The magni-
tude of this offset (which could have been compensated by a
slight yaw of the spacecraft) is proportional to the cosine of the
latitude, with nearly no effect at the poles and the greatest effect
at the equator (Bandfield and Smith, 2003).

EPF observations were typically collected once per orbit on
the daytime side of Mars throughout the MGS primary and
extended missions. Most observations were targeted at fixed
latitude intervals and random longitudes from 85◦ S to 85◦ N
to document atmospheric phenomena. Several dozen EPF ob-
servations were targeted specifically for this study within the
65–72◦ N latitude range designated for the potential Mars Scout
Phoenix spacecraft landing sites. Unfortunately, contact was
lost with MGS before most of the observations planned for this
study could be acquired. Observations were limited to those
with relatively warm surface temperatures (>210 K) and high
angles of solar incidence (>40◦). Under these constraints, 4545
separate observations were acquired by the TES investigation.

Within each EPF observation, the data were restricted to 60–
70◦ (typically ∼65◦) emission angles. Three to five separate
measurements were acquired at each pointing angle for each
detector and these are averaged to produce a single apparent
brightness temperature. Each EPF observation is thus reduced
to two apparent brightness temperatures acquired at the same
∼65◦ emission angle and a difference of ∼180◦ in azimuth
from each other. The two brightness temperature measurements
have a geometry that is symmetrical about the nadir observation
(Fig. 1). The difference between the two temperatures (Tdiff) is
the fundamental measurement that is compared to the models
discussed below.

The 60–70◦ emission angles maximize the difference in
the relative contributions of sunlit and shaded slopes to the
FOV while avoiding the severe atmospheric effects present with
large atmospheric path lengths present at emission angles >70◦
(Bandfield and Smith, 2003). Lower emission angle observa-
tions could also be used to constrain surface slope character-
istics. However, lower emission angles have a much reduced
change in apparent temperature and were found to add little use-
ful information beyond the 60–70◦ emission angle observations
(55◦ emission angle observations have roughly half the effect
of 65◦). The symmetrical nature of the observation and the fo-
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cus on the apparent temperature difference (discussed in detail
below) largely cancels most uncertainties present. This includes
uncertainties in the surface temperatures predicted by the ther-
mal model and uncertainties in the correction for atmospheric
effects on the measured data.

The final footprint size for each EPF observation is roughly
a 20 by 80 km spot because of the greater distance to the surface
from the 60–70◦ emission angle observations and averaging of
multiple measurements within each pointing angle observation.
Additionally, planetary rotation during the time between the
two pointing angle observations results in a east–west offset of
up to 120 km depending on the latitude of the observation. This
is discussed in detail in Section 3.2.

2.2.3. Derivation of atmospherically corrected apparent
surface temperatures

Uncertainties in the correction for atmospheric effects on
Tdiff are relatively small because the difference in tempera-
ture, rather than absolute temperature, is used and because
of the symmetrical nature of the observation (with similar at-
mospheric path lengths). However, the radiative effect of a con-
stant atmosphere on surfaces of different apparent temperatures
is different, necessitating a correction for its effects. The at-
mosphere absorbs and scatters surface radiance and emits its
own radiance into the instrument FOV. If the temperature of the
atmosphere is identical to the observed surface, the magnitude
of these effects on the measured radiance is close to zero. The
magnitude of the atmospheric effects increases with increasing
temperature contrast between the surface and the atmosphere.
For example, a typical EPF observation of a warm surface under
a relatively cold atmosphere will display a Tdiff of ∼5–10 K be-
tween the two complimentary 65◦ emission angle observations.
The surface–atmosphere temperature contrast and thus the at-
mospheric effects will be larger for the warmer observation.
Under these conditions, Tdiff is somewhat subdued (by typically
∼20%) over what would be measured with a correction for at-
mospheric effects.

It is also important to correct for atmospheric effects because
of the non-linear nature of Planck radiance versus temperature.
With a relatively warm surface and cold atmosphere (typical of
a local time of 1400 with a low atmospheric dust opacity), the
apparent temperatures will be colder by 10–15 K than would
be measured without atmospheric effects. As an example, the
same radiance difference measured from two separate EPF ob-
servations near 220 and 235 K will result in a 7% larger Tdiff
for the colder observation.

Atmospheric effects are corrected in the data for both gas
and dust aerosol absorptions using a radiative transfer model
similar to that described by Bandfield and Smith (2003). All
data were corrected assuming a nominal, relatively clear period
(τdust = 0.10 at 9 µm) with a relatively cold atmosphere (170 K
at 0.5 mbar) characteristic of northern hemisphere high latitude
summer conditions. The effects of variable atmospheric condi-
tions are discussed below.

The modeled difference between surface emitted radiance
and radiance as measured at the top of the atmosphere is added
to the measured bolometric radiance at each angle of the EPF
observation. The corrected bolometric radiance is converted to a
corrected apparent brightness temperature using a lookup table
of calculated bolometric Planck radiances.

2.3. Thermal model description

The temperature of any given surface can be predicted us-
ing a thermal model and input parameters (e.g. latitude, season,
elevation, local time, albedo, atmospheric dust opacity, thermal
inertia, slope, and azimuth). We use the KRC thermal model
(H.H. Kieffer, in preparation) to predict surface temperatures.
This model has been used by a number of researchers (e.g. Titus
et al., 2003; Fergason et al., 2006) and allows for customization
of a wide variety of parameters such as changes in subsurface
thermophysical properties and atmospheric aerosol properties.
Results compare favorably (Fergason et al., 2006) with a related
thermal model that has been used to derive surface thermal in-
ertias from TES data (Jakosky et al., 1990; Mellon et al., 2000;
Putzig et al., 2005).

Thermal inertias derived from daytime temperature mea-
surements are not as accurate as those derived from nighttime
temperature measurements because of the relatively high influ-
ence of slope, albedo, and atmospheric aerosol characteristics
and their associated uncertainties on daytime surface tempera-
tures. For this work, it is the difference in temperature based on
slopes that is the important factor. This difference has a lower
uncertainty than the predicted absolute daytime temperature be-
cause the uncertainties inherent in the modeling of daytime
temperatures affect the surfaces in a consistent manner. The ef-
fects of uncertainties in the thermal modeling will be discussed
below.

2.4. Surface model description

A number of models for the description of the macroscopic
surface roughness have been developed and compared for pre-
dicting and interpreting the character of planetary surfaces (e.g.
Hagfors, 1964; Beckmann, 1965; Smith, 1967; Hapke, 1984;
Spencer, 1990; Shepard et al., 1995; Shepard and Campbell,
1998; Helfenstein and Shepard, 1999; Shepard et al., 2001).
However, many of these models have been developed with a
focus on simply accounting for surface roughness with the mea-
surement technique to derive other properties (e.g. Smith, 1967;
Hapke, 1984; Spencer, 1990). These models have been subse-
quently evaluated using visible photometry, thermal, and radar
datasets with respect to geological interpretation of surface
roughness characteristics (Helfenstein, 1988; Shepard et al.,
1995; Shepard and Campbell, 1998; Helfenstein and Shepard,
1999).

We chose to use the θ -bar parameter described by Hapke
(1984) as a model for surface slopes (Fig. 2). This model is
based on a Gaussian distribution of slopes along a surface cross-
section that is expanded to a full three dimensional surface
assuming that the azimuths of slopes are random. This model
is independent of length scales and can be described using a
single parameter. While this simplicity is well suited for the
derivation of surface slope distributions from the data, it is not
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Fig. 2. Top: Azimuth independent Gaussian slope distributions for several val-
ues of (azimuth dependent) mean slope angle (θ -bar). Bottom: Example cross
sectional profiles for the θ -bar distributions plotted above.

adequate for geological interpretation of surfaces as it does not
account for the scale at which the roughness occurs. In addi-
tion, Kirk et al. (2003) noted a higher occurrence of extremely
high slopes for martian surfaces at 12 m scales than would be
expected from a Gaussian distribution. These deviations occur
for ∼1% of the surfaces and would have little effect on the mea-
surements. This will have a large effect on the estimation of the
relative occurrence of large slopes with probabilities of <1%.

The scaling of surface roughness with length is well docu-
mented for natural surfaces and can be well described by frac-
tals (Mark and Aronson, 1984; Shepard et al., 1995; Helfenstein
and Shepard, 1999). This generally requires two parameters;
RMS roughness at a specified scale and the Hurst exponent,
which describes how the roughness changes with scale. Deriva-
tion of fractal parameters from the thermal infrared data is
inappropriate because there is no inherent scaling information
present in the apparent temperature measurements. However,
we will compare the θ -bar derived from the TES data to equiv-
alent fractal models in the discussion section below following
the results of Shepard and Campbell (1998) and Helfenstein and
Shepard (1999).

The θ -bar surface model used in this work produces an array
of slopes (2◦ intervals) and azimuths (20◦ intervals) along with
a weighting to define the contribution of each slope/azimuth
combination to the measurement. This weighting is based on
the Gaussian statistics of the θ -bar parameter and the projec-
tion of each surface to a plane normal to the viewing elevation
and azimuth of the measurement. Self shadowing of surfaces is
accounted for by applying a weighting of zero to all surfaces
where the observing spacecraft is below the local horizon of
the individual surface facet. It is assumed that surfaces blocked
from the view of the observing spacecraft by other surfaces are
of a random nature and do not need to be explicitly accounted
for (e.g. Hapke, 1984).

2.5. Integration of data and models

It is the integration of the measured radiance with the surface
and thermal models that allows for the retrieval of quantitative
slope information. This is done by the following steps: (1) The
measured Tdiff is calculated from the atmospherically corrected
TES bolometer EPF measurements. (2) The thermal model is
used to predict surface temperatures for each slope/azimuth
used in the surface model. (3) The modeled surface temper-
atures are converted to integrated radiance, weighted by the
surface model slope and azimuth distributions. The modeled
surface radiances are also weighted by their contribution to
the spacecraft FOV for each EPF observation elevation and
azimuth. (4) The weighted radiance is converted back into
an apparent brightness temperature for each viewing eleva-
tion/azimuth in the TES EPF observation and the predicted
Tdiff is calculated. (5) A simple lookup table of θ -bar ver-
sus predicted Tdiff is constructed for θ -bar values of 4–28◦ at
4◦ intervals. (6) Finally, θ -bar is obtained by interpolation of
the measured Tdiff (from step 1) using the predicted θ -bar/Tdiff
lookup table.

3. Sensitivities and uncertainties

Each aspect of the measurements and models described
above has an associated set of uncertainties and sensitivities.
We separate these into four sections based on uncertainties
in the data and models and the scale of sensitivity to surface
features. Sections 3.1 and 3.2 discuss the uncertainties in the
measured Tdiff from TES EPF observations. This includes the
uncertainties in the derivation of surface temperature as well
as the uncertainties due to the smearing out of the measure-
ment footprint due to planetary rotation. Section 3.3 discusses
the uncertainties in predicted Tdiff from the thermal and surface
model, such as those due to assumed atmospheric and surface
properties. Section 3.4 discusses the sensitivity of this tech-
nique to the scale of surface features through 2-dimensional
thermal modeling.

3.1. Surface temperature derivation sensitivities

A dominant effect on the bolometer surface temperature
measurements is atmospheric gas and aerosol absorptions,
which typically cause a 10–15 K underestimate of surface
temperature under conditions with a warm surface and cold at-
mosphere. As discussed above, even though atmospheric effects
largely cancel in the determination of Tdiff, it is still necessary to
account for these effects. Using again the example of the TES
EPF measurements from Orbit Counter Keeper (OCK) 9938,
we can gain insight into the effects of the atmosphere on θ -bar
determination (Table 2).
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The Tdiff determined from (atmospherically) uncorrected
data is 4.5 K and is 5.1 K for corrected data assuming the
atmospheric characteristics described above. This causes a dif-
ference of 0.6◦ in the derived θ -bar. Increasing atmospheric
temperature by 20 K and tripling the dust opacity (to 0.45 at
9 µm), increases Tdiff to 1.4 K, resulting in a difference of 1.3◦
in the derived θ -bar.

Under atmospheric conditions considerably different than
what is assumed, Tdiff varies by <1 K with a resulting differ-
ence in θ -bar of 0.7◦. The uncertainty in Tdiff scales roughly
with Tdiff itself and will be larger under circumstances with a
higher angle of solar incidence or higher values of θ -bar. Incor-
rect atmospheric assumptions will have a greater effect on θ -bar
determinations for greater values of θ -bar itself. As a result, un-
der high values of θ -bar (10–15◦) determined during periods of
high atmospheric dust opacity and warm temperatures are likely
underestimated by up to ∼1◦ (∼10% relative error).

3.2. Surface footprint size

The greatest source of uncertainty in θ -bar determination is
due to the footprint of the TES EPF observation (Fig. 5). The
two complimentary ∼20 by 80 km 65◦ emission angle obser-
vations are separated by ∼120 km at the equator and ∼60 km
at 60◦ N/S latitude. For a reasonable determination of surface
slope characteristics, these surfaces are required to be statisti-
cally identical. Slight changes in albedo, thermal inertia, and the
surface roughness properties between the two measurements
will have large effects on the derived θ -bar.

The magnitude of this effect is apparent from the data it-
self shown in the results section below. EPF observations taken
under limited atmospheric, surface temperature, and solar in-
cidence conditions within a small region display variations in
θ -bar that exceed what would be expected from the uncertain-
ties discussed above. For example, 39 EPF observations were
collected within 180–230◦ E and 58–65◦ N, with solar inci-
dence angles of 45–55◦ and surface temperatures between 230
and 265 K. Despite the uniformity of the terrain type, these ob-
servations have θ -bar values of 2.8◦ to 10.4◦ with a standard
deviation of 1.3◦ and an average of 8.4◦. While there could well
be some natural variation in surface roughness characteristics,
this range of θ -bar values is nearly as great as any systematic
planet wide trends. If this variation is entirely due to inhomo-
geneities in the surface between the two EPF observations, the
standard deviation of 1.3◦ results in a relative error of 15%.

TES EPF observations from OCK’s 16277 and 18942 il-
lustrate one possible cause of this variability. The two EPF
sets have θ -bar values of 5.9◦ and 10.4◦ for OCK’s 16277
and 18942, respectively. The two observations are offset so
that the up-track measurement from OCK 18942 overlaps with
the down-track measurement from OCK 16277 (Fig. 5). The
surface albedo (which affects surface temperatures) is slightly
lower where the two EPF sets overlap and slightly higher in
both instances where they do not overlap. This results in a re-
duced Tdiff for the OCK 16277 observations and an increased
Tdiff for the OCK 18942 observations, consistent with the de-
rived θ -bar values.
With enough individual EPF observations within a region,
this variation will average out because the scatter in derived θ -
bar values is essentially random. However, the large amount of
potential scatter for any individual observation makes the inter-
pretation of single TES EPF sets difficult. Bandfield and Smith
(2003) used similar TES EPF observations to derive surface and
atmospheric spectral properties and also found averages more
reliable than individual observations. As will be shown in Sec-
tion 4, regional variations are clearly apparent in the data and
are not obscured by this source of noise.

There was an ∼8 min duration between the acquisition of the
two complimentary observations. However, because planetary
rotation was not accounted for, the local time at the measure-
ment surface did not change. As a result, it is unnecessary to
account for the slight cooling of the surfaces that would be ex-
pected over 8 min at the local time of the TES measurements.

3.3. Model uncertainties

A number of uncertainties are present in the inputs to the
thermal model as well as inherent in the model itself. In order
to gain insight into the sensitivity of the derivation of θ -bar to
these uncertainties, we chose to investigate the effects of vary-
ing three parameters; albedo, thermal inertia, and atmospheric
dust opacity. While there are a number of other parameters that
are used in the thermal model (e.g. dust single scattering albedo,
surface emissivity, etc.), the three parameters chosen here have
similar effects as other parameters, namely uncertainties in the
total energy reaching the surface, scattered versus direct down-
welling radiance, and thermal diffusion into the subsurface.

We chose the surface conditions and geometry of TES EPF
OCK 9938 as a typical set of conditions under which to test
these sensitivities. This observation has a latitude of 67◦ N,
Ls of 99, local time of 1385, surface cover thermal inertia of
250 J m−2 K−1 s−1/2, albedo of 0.21, 9 µm dust opacity of 0.15,
solar incidence of 46◦, and observation emission angles of 66◦
and 67◦ from 172◦ and 352◦ azimuth from north, respectively.
Tdiff versus θ -bar was calculated using these conditions as a
baseline. We varied albedo by ±0.02 and ±0.05, inertia by ±50
and ±100 J m−2 K−1 s−1/2, and visible wavelength opacity by
±0.05 and ±0.10 (Fig. 4; Table 2). Uncertainties generally be-
come greater for larger values of Tdiff (and consequently the de-
rived θ -bar) and are reported here for θ -bar values of 8 and 12.
These are moderate and large values respectively that are ob-
served in the data.

Relatively large changes in albedo have little effect on Tdiff

and the derived θ -bar. An error of ±0.05 in albedo causes a
change the derived θ -bar by +0.26◦ and −0.21◦ at an origi-
nal θ -bar of 12◦ and by ±0.13 at an original θ -bar of 8◦. The
effects of uncertainties in thermal inertia and opacity are some-
what larger. An error of ±0.10 in the visible dust opacity causes
a change of +0.59◦ and −0.34◦ at an original θ -bar of 12◦ and
by +0.28◦ and −0.23◦ at an original θ -bar of 8◦. An error of
±100 J m−2 K−1 s−1/2 in the thermal inertia causes a change of
+0.47◦ and −0.29◦ at an original θ -bar of 12◦ and by +0.22◦
and −0.20◦ at an original θ -bar of 8◦.
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Fig. 3. Temperature cross sections at 1400 H of surfaces with a thermal inertia
of 250 J m−2 K−1 s−1/2. The surface features are essentially east–west trending
linear grooves which maximizes the solar energy input to sunlit versus shaded
surfaces. The wavelength of the features varies from 1 m (top) to 0.01 m (bot-
tom). Surface temperature differences between the sunlit and shaded surfaces
with the greatest slopes are listed in Table 1.

This sensitivity analysis indicates that even with relatively
large uncertainties in parameters such as albedo, thermal iner-
tia, and dust opacity, the resulting error in the derived θ -bar
is significantly less than 1◦ (<5% relative error; Table 2) even
at large values of Tdiff and θ -bar. As discussed in Section 3.2,
these uncertainties are small relative to the variations observed
in the data due to the large footprint size of each TES EPF ob-
servation.

In addition, the model assumes a random distribution of
slopes and slope azimuths. There are a number of common
geologic features that can display a distinct non-random dis-
tribution of slope azimuths, such as duneforms and yardangs.
These features, in extreme cases, can result in a wide range of
derived θ -bar values. Care must be taken to identify the poten-
tial effects of these types of surfaces.

3.4. Feature size sensitivities (2-D model results)

Thermal diffusion through a material will diminish the tem-
perature difference between sunlit and shaded slopes of smaller
surface features. For example, there will be a much greater tem-
perature difference between the sunlit and shaded sides of a
large boulder versus a small pebble (Jakosky et al., 1990). It
is critical to understand the scales at which the measurements
are sensitive to gain an understanding of the surface properties.

We used a 2-dimensional thermal model with martian at-
mospheric and orbital parameters identical to the 1-dimensional
KRC model described above to gain insight into the sensitivity
of the scale of surface features on temperature. The modeled
Table 1
Maximum temperature differences predicted for the 2-D surface model shown
in Fig. 3 and described in the text

Inertia/scale 0.01 m 0.1 m 1 m ∞ (1-D model)

50 25 K 38 38 36
250 3.0 20 36 34
800 0.3 2.8 17 27

Fig. 4. Effects of albedo (a), thermal inertia (b), and visible dust opacity (c) on
Tdiff versus θ -bar. These effects are discussed in the text and listed in Table 2.

surface is a simplistic set of sine waves with the total amplitude
set to 0.2 times the wavelength (Fig. 3). The wavelength scales
were set to 0.01, 0.1, and 1 m each for surface thermal inertia
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Fig. 5. TES footprints from EPF observations from OCK 16277 (black) and
OCK 18942 (white). Within each observation, the right ground track is ob-
served at a ∼65◦ emission angle from the south and the left ground track is
observed at a ∼65◦ emission angle from the north. Each ground track consists
of 18 separate bolometer measurements from 6 detectors collected during a 6 s
time span. The albedo variations within the region contribute to variable surface
temperatures that cause scatter in the derived surface slope characteristics.

values of 50, 250, and 800 J m−2 K−1 s−1/2 (Table 1). The axis
of the sine waves are aligned orthogonal to the solar azimuth at
1400 H (the local time of the TES observations) to maximize
Tdiff for this particular geometry. For this example, the density
of the surface material was set to 1500 kg/m3, the latitude was
67◦ N, elevation of −4300 m, and Ls of 100. Other seasons and
locations will result in a variety of temperature differences, but
the relative magnitude of the temperature difference with the
scale of surface feature does not change dramatically.

As expected, the maximum temperature difference (note that
this is not the same value as Tdiff, which includes all surfaces
within view of the observing spacecraft) between sunlit and
shaded surfaces occurred for the largest surface features with
the lower thermal inertia values (Table 1). Larger surface fea-
tures have a greater physical separation between sunlit and
shaded surfaces, which allows for larger temperature differ-
ences to be maintained (Fig. 3). High thermal inertia materials
(with their associated higher thermal conductivity) do not main-
tain sunlit versus shaded surface temperature differences as well
as insulating lower thermal inertia materials. Table 1 clearly
shows that sensitivity to the scale of feature is dependent on
the thermal inertia of the feature itself and surfaces with ex-
tremely high or low thermal inertia values will be sensitive to m
and cm scale features, respectively. Moderate thermal inertia
values (which are most common for the martian surface) ap-
pear to maintain significant temperature differences at scales of
0.1 m and larger. As will be discussed below, surface roughness
is typically dominated by the smallest scale of sensitivity. The
0.1 m scale of sensitivity to thermal infrared measurements for
typical martian conditions compliments the sensitivity of vis-
ible photometry measurements to <0.1 m scales (Helfenstein
and Shepard, 1999) and the >3 m scales determined from
photoclinometry and other methods (e.g. Kirk et al., 2003;
Beyer et al., 2003).
A noteworthy aspect of the modeling simulation is the lack
of large temperature differences that can be maintained by high
inertia surfaces, such as rocks. The combination of higher con-
ductivity and lower daytime temperatures (resulting in a lower
difference in radiance for a given difference in temperature)
prevents sub-meter scale rocks from contributing greatly to the
apparent temperature differences measured in TES EPF obser-
vations. Directional field temperature measurements of Jakosky
et al. (1990) produced similar results. In that study, large blocks
(∼1 m) from an a’a flow displayed greater temperature dis-
parities between sunlit and shaded surfaces than the sunlit and
shaded surfaces of cobbles or pebbles. In addition, rocks are
typically a relatively small percentage of the surface and surface
thermophysical properties are largely dominated by the surface
fines (Christensen, 1986).

3.5. Summary

The largest uncertainties in the derivation of surface rough-
ness characteristics are largely due to the scatter present be-
cause of the large footprint size of the TES EPF observations.
While other uncertainties can also influence the derivation of
θ -bar, the focus of the technique on the differences in tempera-
tures rather than the absolute measured temperatures minimizes
the effects of these uncertainties. With more precise targeting,
such as what MCS is capable of, this scatter can be reduced
considerably. This would allow for a better evaluation of the
true precision of this technique as well as a better assessment
of the surface roughness characteristics of for more tightly fo-
cused regions.

4. Results

4.1. Global dataset

The 4545 derived θ -bar values were stored in a table with
other information, such as surface temperatures and geometry,
for each TES EPF sequence. We investigated the relationship
of θ -bar versus latitude, longitude, and albedo to identify the
trends present between these parameters and surface slopes.

The planet wide average θ -bar value is 6.7◦ with 57% of the
values falling between 2◦ and 8◦ and 95% between 0◦ and 12◦.
Fig. 6 displays a global map of θ -bar values as well as the occur-
rence of θ -bar values with respect to latitude. There are distinct
trends within latitude bands. High latitude regions >50◦ dis-
play relatively high θ -bar values. The 10–30◦ N latitude range
has the lowest θ -bar values with 81% falling between 0◦ and 6◦.

Most TES EPF observations were taken at 15◦ latitude in-
tervals and it is possible to look at θ -bar values with respect to
longitude at specific latitudes (Fig. 7). Several latitudes, such as
at 30◦ N, do not show much systematic variation of θ -bar with
longitude. Other regions, such as 15◦ S, display prominent vari-
ations with longitude. For example, 240–300◦ E and 0–40◦ E
have low values of θ -bar relative to other longitudes within the
15◦ S latitude band. In addition, Hellas basin at 45◦ S also have
low values of θ -bar relative to other surfaces at similar latitudes
(Fig. 7).
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Fig. 6. Top: Concentration of θ -bar values in 2◦ bins versus latitude in 10◦ bins.
Concentrations are normalized within each latitude band. Bottom: Global map
of θ -bar values binned in 10◦ of latitude and longitude. White areas indicate
where no data is present.

Extreme values of θ -bar (>14◦) are common at high south-
ern latitudes. There are several high θ -bar values at lower lat-
itudes, several of which coincide with Valles Marineris and
the region southwest of Arsia Mons. In the case of the Valles
Marineris observations, there are clear indications that the ob-
servations coincided with the north facing slopes of the canyon
walls, which enhanced the temperature disparities between the
north and south facing azimuth observations, which only satis-
fied the solar incidence constraints during the northern summer
season. A number of high θ -bar observations are also located in
the far northern regions (>75◦ N) that appear to coincide with
the polar sand seas and regions of residual summer ice. There
are a number of other scattered high θ -bar observations that do
not appear to show any spatial correlations or trends.

Unusually low θ -bar values (<2◦) are somewhat more scat-
tered than the higher values. The greatest concentration of low
θ -bar values is located at southern hemisphere mid to high lat-
itudes with a lesser concentration at northern hemisphere low
to mid latitudes. Extremely low θ -bar values are not common
at the equator (though these observations are limited in number
by solar incidence constraints) or at latitudes north of 45◦ N.

A distinct θ -bar versus albedo trends is apparent as well
(Fig. 8). Higher θ -bar values are associated with moderate
albedo values (θ -bar >6◦ for 55% of the observations at albe-
dos between 0.1 and 0.25) and lower values are associated with
higher and lower albedo surfaces (θ -bar <6◦ for 67% of the
observations at albedos >0.25 and 58% at albedos <0.1).
Table 2
Sensitivity of the derived θ -bar parameter to variations in surface albedo,
opacity, and thermal inertia inputs to the thermal model and variations in at-
mospheric correction parameters for surface temperature determination

Parameter θ -bar = 8◦ θ -bar = 12◦

Albedo
±0.02 ±0.06◦ (1%) +0.12/–0.10 (1)
±0.05 ±0.13 (2) +0.26/–0.21 (2)

Opacity
±0.05 +0.12/–0.10 (1–2) +0.20/–0.14 (1–2)
±0.10 +0.28/–0.23 (3–4) +0.59/–0.34 (3–5)

Thermal inertia
±50 ±0.10 (1) +0.22/–0.14 (1–2)
±100 +0.22/–0.20 (3) +0.47/–0.29 (2–4)

Atmospheric correction
None −0.6 (8)
Tatm + 20 K and 3× opacity +0.7 (9)

4.2. Local regions

A number of regions were investigated in detail because
they have been well characterized as landing sites or because
they displayed unusually high or low θ -bar values (Table 3).
The north polar sand seas, high southern latitudes and a re-
gion southwest of Arsia Mons have high θ -bar values >11.
Conversely, the Tharsis region and the Southern Highlands (at
30◦ S, 25◦ E) was chosen as representative of a number of
regions that have low θ -bar values (<3◦). For each of these
sites, corresponding high resolution (�6 m/pixel) MOC im-
ages within each region were analyzed.

A number of EPF observations were acquired over the
Viking 2 and MER-A landing sites with the temperature and so-
lar incidence constraints described above. Though EPF’s were
specifically targeted for the MER landing sites for coordinated
atmospheric observations (Wolff et al., 2006), none were ac-
quired for either the Viking 1 or Pathfinder landing sites. Obser-
vations were also acquired within the proposed Phoenix Lander
latitude range (65–72◦ N). Observations were not specifically
targeted for the Viking 2 landing site and, as a result, the EPF
listed in Table 3 is ∼150 km away from the landing site, al-
though the nature of the terrain appears similar. All landing
sites have relatively high θ -bar values between 7.5◦ and 9.3◦
(Table 3).

5. Discussion

5.1. Average θ -bar and derived slope distributions

We chose to report the surface slope characteristics in terms
of θ -bar because of its relative simplicity and its established
use by previous photometry studies. However, θ -bar is not par-
ticularly intuitive or useful as a direct means of obtaining in-
formation regarding a surface. Generally, the greatest slopes
occur at the smallest scales. As a result, θ -bar commonly rep-
resents the slope distribution at the smallest scales that the
measurements are sensitive to (Shepard and Campbell, 1998;
Helfenstein and Shepard, 1999; Cord et al., 2003). For exam-
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Fig. 7. θ -bar versus longitude at several latitudes. Each dot represents an individual TES EPF observation.
ple, Helfenstein and Shepard (1999) used Apollo Lunar Surface
Closeup Camera images to determine this scale as ∼0.1 mm
with almost no contribution from scales larger than 8 cm.

As discussed above, the thermal infrared measurements are
sensitive to the size at which shaded slopes remain thermally
isolated from sunlit slopes. This scale depends on the thermal
inertia of the surface cover, with most martian surfaces having
moderate inertias of 150–350 (Mellon et al., 2000; Putzig et al.,
2005). The 2-dimensional modeling indicates that features with
this thermal inertia range that are larger than ∼0.1 m will retain
significant temperature differences between sunlit and shaded
slopes. Thus, the θ -bar values derived from the TES EPF data
are dominated by the distribution of slopes at ∼0.1 m scales for
most of the martian surface.

There are several exceptions to this interpreted scale. (1) The
Tharsis, Elysium, and Arabia regions of Mars have low ther-
mal inertia surfaces (<100) that would indicate a sensitivity to
slopes at scales of ∼0.01 m. (2) Dune fields are an example
where surface roughness does not necessarily scale inversely
with size and the derived θ -bar value will represent the scale
of the dunes. This scaling behavior is exceptional and it is not
clear if there may be other types of surfaces that follow this
pattern. (3) Rocks have high thermal inertia values (>800) and
can only maintain significant temperature differences between
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Fig. 8. Concentration of θ -bar values in 2◦ bins versus latitude in bins of 0.05.
Concentrations are normalized within each albedo bin.

Table 3
Orbit numbers and locations of TES EPF observations for regions of interest
discussed in the text

Description OCKa Latitude Longitude θ -bar

North polar sand dunes 10697 82 186 11.6◦
Southwest of Arsia Mons 26142 −15 234 12.9
South pole 13858 −86 142 14.8
Southern high latitudes 6062 −75 97 15.4
Northern high latitudes 28207 75 92 4.6
Tharsis 12769 15 240 2.7
Southern highlands 17364 −30 25 1.2

MER-A 24963 −15 175 9.1
Phoenix 1 10608 67 231 7.5
Phoenix 2 8483 67 245 9.3
Viking lander 2 7066 45 135 8.5

a Orbit counter Keeper (MGS orbit number starting with Mars orbit inser-
tion).

sunlit and shaded slopes at scales larger than ∼1 m. Because
the majority of rocks on most martian surfaces are significantly
<1 m in size (e.g. Golombek et al., 1999, 2003b) and for other
reasons discussed in the sensitivities section (e.g. generally low
radiance contribution to the measurement), the effect of rocks
on the derivation of θ -bar is greatly diminished.

Slope characteristics at scales different than the scale of
greatest sensitivity can be predicted based on the assumption
of fractal behavior. This can be simply described by

(1)sx = sx0(x/x0)
H−1
Fig. 9. Relationship between θ -bar and RMS slope angles at various scales
using the relations in Eqs. (1) and (2). In this example, the smallest scale of
sensitivity is 0.1 m and the Hurst exponent is 0.5.

In this equation, s is the RMS slope of a surface [tan(θRMS)] at
the scale of interest, x, and a reference scale, x0, and H is the
Hurst exponent that describes how the RMS slopes scale with x.
For example, at a value of H = 1, the RMS slopes will be equal
at all scales. A value of H = 0 will result in RMS slopes that are
highly dependent on the scale of interest. Most natural surfaces
have a value of H near 0.5 (typical for scales of less than a few
decimeters; Shepard et al., 2001).

There are limitations to the range of scales over which
Eq. (1) can be applied. Surfaces often have “breakpoints” where
the value of H changes at a certain length scale (Shepard et al.,
2001; Campbell et al., 2003). This commonly occurs at a scale
where the process affecting the surface morphology changes.
For example, a lava flow has certain slope characteristics at
<10 m scales, but, at larger scales, the slope characteristics are
more indicative of the underlying topography (Shepard et al.,
2001; Campbell et al., 2003). Larger scale surfaces almost al-
ways have a smaller value of H and the scale of this breakpoint
usually occurs at scales of several centimeters to several meters.

Shepard and Campbell (1998) and Helfenstein and Shepard
(1999) examine the relationship between θ -bar, scale, and frac-
tal behavior. The following approximation can be applied:

(2)tan(θ-bar) ≈ 0.7sx0

(Shepard and Campbell, 1998). In this case, sx0 is the smallest
scale that the measurement is sensitive to, which is commonly
∼0.1 m for thermal infrared observations. For example, a sur-
face with a θ -bar of 8.0◦ will have an RMS slope of 11.4◦ at
0.1 m scales. At 1 m scales the RMS slope is 3.6◦ (correspond-
ing roughly to a θ -bar value of 2.5◦). As a rule of thumb, with a
value of H = 0.5, both θ -bar and RMS slopes scale by a factor
of ∼1/3 (10−0.5) with each order of magnitude in scale (Fig. 9).
Although this relationship between θ -bar and RMS slopes as-
sumes a value of H = 0.5, Helfenstein and Shepard (1999) have
found this approximation remains good at other values of H .
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There are a variety of possible values of H , but most sur-
faces have values that fall between 0.3 and 0.7 at meter and
smaller scales. These values are generally smaller (0–0.3) for
larger scales, which indicate that by assuming a value of H =
0.5, we will overestimate the slopes at larger scales (>10–
100 m). These larger scales are easily imaged and have been
well characterized with MOLA data as well (Kirk et al., 2003;
Beyer et al., 2003; Anderson et al., 2003), making this extrapo-
lation with the thermal infrared data not particularly useful any-
how. Hurst exponent values have been determined from MOC
(H = 0.7) and MOLA (H = 0.4) data for length scales of >10
and >300 m, respectively (Kirk et al., 2003; Anderson et al.,
2003). There is some disagreement in these numbers despite
some overlap in the scale of measurements. However, these
values fall within the range determined by other studies of nat-
ural surfaces. Slope characteristics at these larger scales may be
poorly correlated with smaller scales, making any extrapolation
between the two scales difficult (Campbell et al., 2003).

5.2. Comparison with photometric and terrestrial studies

Most lava flows and cobble dominated surfaces (e.g. active
alluvial fans) are much rougher than indicated by the range of
θ -bar values derived from the TES EPF data. However, man-
tled, dune, and playa surfaces have surface slope distributions
at 0.1 m scales that fall within the range of martian values
(Shepard et al., 2001). This is likely indicative of smaller parti-
cle sizes being the dominant surface cover, consistent with typ-
ical thermal inertia values for the martian surface (e.g. Kieffer
et al., 1977; Mellon et al., 2000). It may also be partially due
to the lack of influence of rocks on the derivation of θ -bar from
thermal infrared measurements.

McEwen (1991) and Cord et al. (2003) reviewed the photo-
metric parameters derived for Solar System bodies from visible
imaging datasets. Most values of θ -bar from these studies fall
between 10◦ and 30◦, which is considerably higher than the av-
erage of 6.7◦ from the TES EPF observations. However, when
considering the scale of sensitivity of the visible versus thermal
measurements, there is qualitative agreement as the finer scales
are expected to have greater values of θ -bar.

There are few orbital photometric studies of the martian
surface largely because of the difficulty in accounting for
atmospheric aerosol effects. A number of studies have in-
vestigated the photometric roughness of surfaces within the
Viking, Pathfinder, and Mars Exploration Rover landing sites
(Arvidson et al., 1989; Guinness et al., 1997; Johnson et al.,
1999, 2006a, 2006b). These studies have shown the martian
soils and dusty surfaces have θ -bar values between 4◦ and 27◦.
Initial photometric results from the Mars Express High Reso-
lution Stereo Camera (HRSC) data indicate a range of derived
θ -bar values similar to those derived from lander measurements
(Jehl et al., 2006).

With such a large range of derived θ -bar values found within
isolated locations, it is difficult to make a reasonable compari-
son with the orbital data. However, even when assuming a θ -bar
of 27◦ for the visible wavelength measurements, high values
of H (0.79) are required for the sub-millimeter visible mea-
surements to scale well to the decimeter scale using Eq. (1).

While high values of H may be an intrinsic property of the
martian surface, it may be more likely that there is a breakpoint
present in the three orders of magnitude difference in the scale
of sensitivity between the two measurement techniques. This
is consistent with other reported values of surface roughness
at centimeter to decameter scales (Shepard et al., 2001). It ap-
pears that surface roughness characteristics at sub-centimeter,
sub-meter, and sub-kilometer scales are largely independent of
one another. This is consistent with different processes shaping
surface morphology at these three scales.

5.3. Comparison with photoclinometric studies

Photoclinometry (e.g. McEwen, 1991; Kirk et al., 2003;
Beyer et al., 2003), has been used to assess surface slopes at
scales as low as 3 m from MOC imagery. This allows for com-
parison to the slope results presented here from larger scales
rather than the smaller scales of photometry discussed in Sec-
tion 5.2. Kirk et al. (2003) and Beyer et al. (2003) both derived
�3 m slope statistics for candidate MER landing sites. 3–6 m
baseline RMS slopes were highly variable even within landing
site regions and corresponded with distinct surface units. For
example Kirk et al. (2003) found RMS slopes of 0.9◦ to 16◦
for all sites and 4◦ to 16◦ within the Gusev Landing site region.
The large range of RMS slope values derived from photome-
try was chosen to represent the range of surface types within
the Gusev region. The cratered plains, which dominate the cor-
responding TES EPF measurements, have RMS slope values
of ∼4–4.5◦. A Hurst exponent of ∼0.65 is necessary for the 3
m scale measurements to scale in agreement with the IR mea-
surements (θ -bar of 9.3◦; listed in Table 3). As discussed in
Section 5.6, these results are in good agreement with actual
rover traverse statistics.

Despite the agreement in this one instance, a comparison of
the range of values from both methods may indicate a dispar-
ity. The TES EPF measurements indicate that most values of
θ -bar between 0 and 12 (about 0◦ to 17◦ RMS). This is al-
most exactly the same range as listed by Kirk et al. (2003),
despite the fact that there is a factor of ∼30–60 difference in the
scales of the two measurements. It may be that the range of sites
investigated by Kirk et al. (2003) may not be suitable for com-
parison to the global sites, especially as rough terrains may be
disproportionately represented. Many plains units, which pre-
sumably dominate martian surfaces, have lower values (1–4◦
RMS slopes) that are more consistent with the range of values
presented here.

The large spatial scale of the TES measurements and the
limited application of the photoclinometry prevent a more com-
plete comparison. A detailed comparison of results from the
two techniques, especially with higher spatial resolution in-
frared measurements, could potentially determine whether 0.1
and 3–10 m length scale slopes are correlated.
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Fig. 10. MOC images E1500671 (left) and E1301252 (right) centered at 82.0◦ N, 181.7◦ E and 87.0◦ S, 111.9◦ E, respectively. These images are near TES EPF
observations of the north polar sand dunes and south pole and are listed in Table 3.
5.4. Global trends

There are systematic global correlations of the derived sur-
face slope characteristics with albedo, latitude, and longitude
(Figs. 6–8). High albedo surfaces are generally indicative of
dust cover that may form smooth surfaces that would explain
their low θ -bar values. Classic martian high albedo regions such
as Arabia Terra, Elysium, and Tharsis are all located at northern
low to mid-latitudes. It is likely that part of the trend of θ -bar
with latitude is due to the correlation of albedo with latitude.
There is also a concentration of low θ -bar values near 30◦ S.
This is associated with southern highlands low albedo surfaces.
It is not clear what process would form these smooth surfaces.
Low θ -bar values at restricted longitudes and 15◦ S or 45◦ S
coincide with Tharsis and Hellas basin, which are high albedo,
dusty regions (Fig. 7).

Higher θ -bar values are associated with high latitudes where
the highest average θ -bar values are found between 50–70◦ N
and south of 50◦ S. The greatest concentration of extremely
high θ -bar values are found south of ∼60◦ S. These surfaces
are dominated by periglacial surface properties apparent in high
resolution images (e.g. Mangold, 2005). These types of surfaces
typically have distinct features that are likely to have elevated
slope distributions.

5.5. Comparison with local surface morphologies

The comparison of the derived θ -bar values with orbital im-
agery shows that 10 m scale surface morphology is a poor
indicator of sub-meter scale morphology. We chose a number
of exceptionally high and low θ -bar locations with coincident
MOC imagery to illustrate this lack of correlation. This sec-
tion provides a set of examples that shows both how disparate
surface morphologies can have similar θ -bar values and how
similar surface morphologies can have disparate θ -bar values.
Several regions show systematically high θ -bar values, in-
cluding several high latitude regions and an area southwest of
Arsia Mons. The pervasive sand dunes at high northern latitudes
are clearly surfaces with high slope angles, and this is an exam-
ple where the scale of the imaging is likely to be sensitive to the
same features as the directional thermal infrared measurements
(Fig. 10). Although ripples and other small scale features may
form on dune surfaces, the 10s to 100s of meters scale of the
dunes is the dominant scale of surface slopes.

Other regions are not clearly distinguished as unusually
rough in orbital images. A region southwest of Arsia Mons
(15◦ S, 230–235◦ E) displays anomalously high θ -bar val-
ues between 9.7◦ and 14.1◦. Yardang features are pervasive
throughout the region that would appear to explain the high θ -
bar values (Fig. 11). However, a similar morphology is present
in surfaces to the west that have θ -bar values of <7◦. There
also does not appear to be any albedo or thermal inertia cor-
relations with this region. This discrepancy may be explained
by the fact that processes that shape the surface at 10 m and
larger scales can be independent of those operating at sub-meter
scales. The surfaces in the region are likely to be friable vol-
canic ash or indurated dust deposits that may be quite rough
at sub-meter scales. A possible explanation for the difference
may be that where θ -bar values are relatively low, there may
be a thin regolith cover, which would not necessarily affect the
morphology or albedo in the orbital imagery.

High southern latitudes (south of ∼75◦ S) have the consis-
tently highest θ -bar values on the planet (commonly >8◦ and
often >12◦). These regions have a variety of surface morpholo-
gies, but most surfaces display significant surface textures at
the finest scales discernible (Fig. 12). Patterned ground features
appear to be present at a number of scales at these latitudes
and are perhaps pervasive at meter scales even where they are
not present at larger scales. This may be a cause of the high
slopes present. However, corresponding northern high latitude
surfaces can display similar morphologies at the highest scales,
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Fig. 11. MOC images M0905298 (left) and E1100650 (right) centered at 15.0◦ S, 226.7◦ E and 13.9◦ S, 233.8◦ E, respectively. The left image is in a region of
moderate θ -bar values and the right image is in a region of high θ -bar values. Both images are southwest of Arsia Mons.

Fig. 12. MOC images M0202660 (left) and M0401825 (right) centered at 75.8◦ N, 91.4◦ E and 74.6◦ S, 98.2◦ E, respectively. These images are near TES EPF
observations listed as northern and southern high latitudes in Table 3. The left image is in a region of low θ -bar values and the right image is in a region of high
θ -bar values.
but have lower than average θ -bar values (Fig. 12, Table 3). One
possible cause of this discrepancy is the presence of a nearby
supply of eolian sand in the north which could get trapped in
local depressions and smooth rough terrain. There is some indi-
cation that local depressions in some northern patterned ground
regions are at least partially filled with lower albedo material.

Unusually smooth surfaces are apparent near 30◦ S and
0–30◦ N with θ -bar values commonly <8◦ and often <5◦.
These two latitude regions have very different large scale mor-
phologies. The southern region is dominated by low albedo
highly cratered terrain and the northern region dominated by
high albedo relatively lightly cratered surfaces. High resolu-
tion MOC images indicate that the southern latitude surfaces
are smooth at high resolution (Fig. 13). These surfaces may be
covered by a pervasive regolith, which would subdue meter and
smaller scale topography but not necessarily have a large effect
on larger scale surfaces. It is not clear what process would cause
this region to be affected differently than other regions, how-
ever. Conversely, high albedo, low thermal inertia regions such
as Tharsis, Arabia Terra, and Elysium at 0–30◦ N have much
rougher appearing surfaces at 10–100 m scales (Fig. 13). These
regions are thought to have significant dust deposits, which are
likely to subdue surface roughness at sub-meter scales without
affecting larger scale topographic features. For example, lava
flow morphologies are clearly apparent throughout the Thar-
sis region even though thermal inertia values indicate that dust
cover must be pervasive throughout the region.

The low thermal inertia values in high albedo regions such
as Tharsis, Arabia Terra, and Elysium (<100, e.g. Kieffer et al.,
1977) also indicates that the scale of sensitivity to the thermal
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Fig. 13. MOC images R1103283 (left) and E1003798 (right) centered at 30.5◦ S, 24.0◦ E and 14.3◦ N, 239.5◦ E, respectively. These images both have low θ -bar
values and are near TES EPF observations listed as Southern Highlands and Tharsis in Table 3.
infrared measurements is smaller than most other regions. The
highly insulating surface prevents heat from effectively con-
ducting to the shaded side of surface features as small as 1–2 cm
(Table 1). In these regions, the measurements may be sensitive
to scales an order of magnitude smaller than other regions with
higher thermal inertia, such as the southern highlands example
described above. These low thermal inertia, low θ -bar surfaces
are likely to be extraordinarily smooth at centimeter to meter
scales and are likely to be the smoothest regions on the planet.
Assuming the scaling relationships discussed above, an aver-
age θ -bar of ∼3◦ for measurements sensitive to 0.01 m scales
would scale to ∼1◦ at 0.1 m scales. At the 0.1 m scale, less
than 5% of azimuth independent slopes are greater than 3◦, as-
suming a Gaussian distribution of slopes. This is not surprising
considering that the surfaces are likely to be dust mantled.

Radar observations indicate that many of these surfaces are
unusually rough at centimeter to meter scales, however (e.g.
Harmon et al., 1999). Radar observations can provide surface
roughness properties at nearly the same scale as the thermal
infrared measurements and should provide comparable results.
Harmon et al. (1999) discuss how radar backscattering in these
regions is consistent with extraordinarily rough lava flows but
recognize that the low thermal inertia present in many of these
regions precludes the exposure of these rough flows at the sur-
face. In the case of a dust mantle, radar observations are likely
to penetrate the surface with the shorter wavelengths preferen-
tially attenuated (Harmon et al., 1999).

There is often little apparent correlation between θ -bar and
surface morphology at greater than meter scales. Fig. 14 dis-
plays MOC images from a variety of surfaces that coincide
with θ -bar values near 8◦. These images display a number of
different morphologies and apparent roughnesses at the 1.5–
4.5 m/pixel scale. The Arsia Mons, and high southern and
northern latitude examples described above display the opposite
case of surfaces with variable θ -bar values, but similar surface
morphologies in the images.
This disconnect may be explained by the processes that af-
fect surface morphology at 10 m and larger versus sub-meter
scales. In the first case, the landscape is often shaped by
processes such as wind and water erosion and deposition, cra-
tering, and mass wasting. Sub-meter scale morphologies are
often dominated by the amount and nature of the regolith cover,
which does not necessarily correspond to the landscape form-
ing processes at larger scales. This result is similar to that of
Shepard et al. (2001) and Campbell et al. (2003), which con-
clude that processes affecting surfaces at larger scales may op-
erate largely independently of processes that affect surfaces at
smaller scales.

5.6. Landing site characterization

Investigations of potential landing sites usually include re-
strictions on the slopes present at meter scales that would influ-
ence the stability of the spacecraft as well as potentially impact
the energy collected by solar panels. Previous work done to
characterize these slopes has focused on a combination of pho-
toclinometry from high resolution images, Earth based radar,
and laser altimeter measurements. Each of these techniques has
been used to gain insight into the meter scale surface slope and
roughness properties that have been validated by the lander mis-
sions (e.g. Golombek et al., 2003b). Use of thermal infrared
measurements to obtain surface slope characteristics provides
an additional independent measurement technique that has a
unique set of sensitivities. It provides quantitative information
about surface slopes close to the scale of interest that is highly
complimentary to other surface characterization methods.

Table 3 shows that the 4 actual or potential landing site lo-
cations with TES EPF data have relatively similar θ -bar values
between 7.5◦ and 9.3◦. These are all moderately high values,
but not close to that of some of the extreme values of θ -bar
listed in Table 3, such as at southern high latitudes. As dis-
cussed above, these slope distributions are generally applicable
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Fig. 14. MOC images E0200569 (upper left, 67.9◦ N, 230.9◦ E), M1801454 (upper right, 7.8◦ S, 199.5◦ E), R0300399 (lower left, 14.8◦ S, 174.9◦ E), and
◦ ◦ ◦
R0701606 (lower right, 14.7 S, 175.2 E). All images are near TES EPF observations that have θ -bar values of ∼8 .
to the smallest scale of sensitivity. Assuming that the fine com-
ponent inertia at the various landing sites is generally moderate
(Christensen, 1986), this scale is ∼0.1 m. This is smaller than
what is necessary for characterization of lander safety, which is
at ∼1 m scales. Using Eqs. (1) and (2), it is possible to predict
slope distributions at these larger scales.

For example, a landing site requirement for the Phoenix Lan-
der is that meter scale slopes cannot exceed 16◦. Assuming a
θ -bar of 9.3◦, this translates into an RMS slope distribution of
13.3◦ at 0.1 m scales. Assuming a Hurst exponent of 0.7 (the
high value was chosen to be conservative) and a scaling to 1 m,
the RMS slope value is 4.7◦. At this value, the probability of a
1 m scale slope exceeding 16◦ is less than 0.02. Using moder-
ate values for θ -bar (8.5◦) and the Hurst exponent (0.5), the 1 m
scale RMS slope value is 3.8◦ and the probability of a 1 m scale
slope exceeding 16◦ is less than 0.00001. Caution should be
exercised when interpreting the low probabilities of high slope
angles as Kirk et al. (2003) found high slope angles more com-
mon than would be predicted by Gaussian behavior. This has
little effect on landing site characterization as the probabilities
are still generally <1%.

Under these assumptions and conditions, θ -bar would need
to exceed 10.8◦ or 17.0◦ to have more than 5% of 1 m scale
slopes exceed the 16◦ limit, assuming a Hurst exponent of 0.7
and 0.5, respectively. Some caution should be used when in-
terpreting these numbers and the scale of sensitivity should be
noted, however. For example, as discussed above, θ -bar values
derived from measurements over a dune field will not need scal-
ing. Using the north polar dune field example listed in Table 3,
the derived θ -bar is 11.6◦, which is the equivalent of an RMS
slope angle of 16.3◦. As would be expected from this terrain,
over 50% of the meter scale slopes exceed 16◦, under these cir-
cumstances.

These slope distributions are not necessarily directly com-
parable to those obtained by other methods. This is primarily
because of the lack of influence of sub-meter scale rocks on
the value of Tdiff and derived θ -bar (Fig. 15). For example,
the difference in rock abundance between the Gusev crater and
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Fig. 15. MER-A (left) and Viking Lander 2 (right) images of Gusev crater and Utopia Planitia, respectively. The θ -bar values of these two sites are similar at
9.1◦ (MER) and 8.5◦ (VL2) despite the clear difference in surface roughness due to rocks at the two sites. Images are portions of PIA05875 and PIA00364 from
http://photojournal.jpl.nasa.gov/. Images are courtesy of NASA, JPL, and Cornell University.
Utopia Planitia landing sites does not result in a pronounced
difference in the derived θ -bar as the technique is sensitive
to the underlying, relatively gentle slopes. In this manner, the
technique presented here can compliment other surface char-
acterization methods such as radar backscatter, thermal inertia
and rock abundance measurements, and direct boulder counts
from high resolution imagery. The directional thermal infrared
measurements are more sensitive to the underlying topography
rather than rocks that are protruding from the surface.

One potentially interesting comparison can be made between
the rover traverse telemetry at Gusev with the results presented
here. The rover traverse generally avoids rocks, allowing for a
relatively direct comparison to the IR data (though still at larger
length scales). Golombek et al. (2005) found RMS slopes at 3–
10 m scales (for comparison with photoclinometry results) to
be 2.5◦ with a Hurst exponent of 0.58. The 9.1◦ value of θ -bar
listed in Table 3 translates to RMS slopes of 1.9◦ and 3.1◦ at 3
and 10 m respectively for this Hurst exponent. These measure-
ments indicate a good agreement in an instance where ground
truth is available. Given the differences in spatial sampling, the
precise agreement between these results is likely somewhat for-
tuitous, however.

5.7. Future applications

Although the TES EPF observations have shown the ability
to provide regional surface slope characteristics, their relatively
large spot size and the inability to account for planetary rotation
makes it difficult to focus on specific regions, such as poten-
tial landing sites. In addition the fixed 2AM/PM local time of
the MGS orbit prevented the acquisition of equatorial surfaces
under optimal conditions (a high solar incidence aligned with
viewing azimuth).

Both the MCS and THEMIS instruments have the ability to
collect multiple emission angle observations at higher spatial
resolutions than TES. MCS has a footprint of ∼1/3 the size
of TES and 2-axis pointing capability that could compensate
for planetary rotation. This would allow the targeting of ∼3–
5 km spots on the surface. Because the MCS measurements are
similar in accuracy and precision to those of TES, it would be
easy to adapt this technique to this dataset.

Use of this technique with THEMIS data would require more
specialized targeting involving a pitch of the spacecraft. How-
ever, the high spatial resolution (∼400 m/pixel at 65◦ emission
angles) and precision (NE�T <1 K at 245 K) of THEMIS
data within an image would make it possible to obtain surface
slope images of targeted regions. The spatial information as-
sociated with the surface slope characteristics would provide a
significant improvement over the existing technique for the in-
terpretation of the data.

6. Conclusions

Directional temperature measurements from TES EPF ob-
servation sequences display significant anisothermality consis-
tent with the presence of surface slopes. These measurements
are most sensitive to 0.1 m scales for surfaces with moder-
ate thermal inertia. Lower thermal inertia surfaces are sensitive
to scales as small as 0.01 m. Higher thermal inertia surfaces
(consistent with rocks) conduct heat to shaded surfaces more
efficiently and will not maintain significant temperature differ-
ences between sunlit and shaded surfaces at scales less than
∼1 m.

A surface model of a Gaussian distribution of azimuth inde-
pendent slopes (θ -bar) can be combined with a thermal model
to predict surface temperatures and the apparent surface temper-
ature from any emission angle and azimuth. This model can be
used to predict the difference in apparent surface temperature
for surfaces with different slopes from the different observa-
tion angles in the TES EPF sequences. The largest source of

http://photojournal.jpl.nasa.gov/
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uncertainty in the derivation of surface slopes from the TES
observations is due to the inability to account for planetary
rotation with the single axis pointing capability of TES. This
requires large, statistically uniform regions, which are not al-
ways present.

Retrieved θ -bar values for most martian surfaces fall be-
tween 0◦ and 12◦ with an average of 6.7◦. There are distinct cor-
relations with albedo, latitude, and longitude within restricted
latitudes. Regions with high slopes are concentrated at high lat-
itudes. In the south, high slopes are associated with patterned
ground of various types at latitudes greater than ∼60◦. In the
north, similar patterned terrains do not display high slopes, pos-
sibly because of eolian infilling of surface cracks with sand or
other sediment. High slope angles in the north are associated
with duneforms as would be expected.

The locations with the lowest slopes are located within the
southern highlands at low latitudes and in high albedo, dusty re-
gions. Several locations, such as within Tharsis and the Elysium
volcanic regions display evidence for low slope angles from the
thermal infrared observations coincident with regions of high
radar backscatter returns. This is consistent with a significant
mantling of dust that is penetrated by the microwave observa-
tions. There is little correlation between the apparent roughness
at visible imaging scales and those detected at sub-meter scales
by the infrared observations. This disconnect supports a similar
conclusion of Campbell et al. (2003).

Surface slopes derived from directional thermal infrared ob-
servations can be used to characterize potential landing sites.
This method is highly complimentary to other landing site char-
acterization methods. Most locations generally have low sur-
face slope angles at the meter scale, consistent with previous
landing sites and other landing site characterization methods.

More precise targeting by current and future infrared obser-
vations such as those from MCS and THEMIS could signifi-
cantly reduce uncertainties and surface spot size. This would
allow for the surface slope characterization at sub-kilometer
scales.
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