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Slopes are present in martian apparent surface emissivity observations collected by the Thermal Emission
Spectrometer (TES) and the Thermal Emission Imaging System (THEMIS). These slopes are attributed
to misrepresenting the surface temperature, either through incorrect assumptions about the maximum
emissivity of surface materials or the presumption of a uniform surface temperature within the field of
view. These incorrect assumptions leave distinct characteristics in the resulting apparent emissivity data
that can be used to gain a better understanding of the surface properties. Surfaces with steep slopes

Keywords:
Mars, surface typically have a variable surface temperatures within the field of view that cause distinct and highly
Spectroscopy variable slopes in apparent emissivity spectra based on the observing conditions. These properties are

Radiative transfer documented on the southwestern flank of Apollinaris Patera and can be reasonably approximated by
modeled data. This spectral behavior is associated with extremely rough martian surfaces and includes
surfaces south of Arsia Mons and near Warrego Valles that also appear to have high slopes in high
resolution images. Surfaces with low maximum values of emissivity have apparent emissivity spectra
with more consistent spectral slopes that do not vary greatly based on observing conditions. This spectral

surface type is documented in Terra Serenum and is consistent with associated high resolution images

that do not indicate the presence of a surface significantly rougher that the surrounding terrain.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Thermal infrared (TIR) measurements are sensitive to a large
variety of surface and atmospheric properties. For example, TIR
measurements of the martian surface from orbit are directly af-
fected by the surface temperature and composition and the atmo-
spheric temperature structure, pressure, and composition. Accurate
determination of these properties can be used to determine a wide
variety of present and past processes, such as the aqueous and ig-
neous history of the crust inferred from surface mineralogy or the
present distribution and dynamics of water in the subsurface, sur-
face, and atmosphere.

This variety of sensitivities leads to complex datasets that re-
quire a thorough understanding of the interaction of surface and
atmospheric compositional and thermophysical properties in or-
der for their effects to be accurately separated and interpreted. In
addition, the effect of assumptions in data processing and interpre-
tation that are generally considered safe under most circumstances
should be periodically re-evaluated to ensure that critical factors
have not changed.
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Evaluation of the TIR spectral properties of surfaces requires the
removal of temperature effects from the measurements in order
to isolate the typically temperature independent spectral proper-
ties (e.g. Gillespie et al., 1998). This requires knowledge of the
distribution of surface kinetic temperatures within the measure-
ment field of view (FOV). It has generally been assumed with
martian TIR datasets that the surface within the FOV is of a uni-
form temperature and that the maximum emissivity is unity at
some point within the wavelength coverage of the measurement
(e.g. Christensen et al., 2001). In addition, it is sometimes assumed
that the atmosphere is transparent at the wavelength of assumed
unit emissivity.

The effects of assuming a FOV of uniform temperature on TIR
data has been investigated in a variety of terrestrial studies (e.g.
Balick and Hutchinson, 1986; Smith et al., 1997; Zhang et al., 2004,
McCabe et al., 2008). These studies have typically focused on the
effects of vegetation and directionality on surface temperatures
derived from broadband measurements (e.g. Li et al., 2004). The
anisothermality investigations were not typically linked to surface
roughness because the sub-pixel variation in temperature is pri-
marily due to vegetation rather than slopes on bare surfaces. Other
applications include the detection of volcanic activity where ex-
treme temperature contrasts are present between lava flows and
the surrounding terrain within the FOV (Ramsey and Kuhn, 2004).
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The assumptions of a uniform surface temperature and a max-
imum emissivity of unity are commonly met closely enough that
they have little effect on subsequent mineralogical interpretations,
especially under laboratory conditions (Ruff et al., 1997). Where
significant deviations from unit maximum emissivity or uniform
surface temperature occur, the resulting apparent emissivity spec-
tra have significant spectral slopes present (e.g. Ruff et al., 1997;
Gillespie et al., 1998). This effect occurs because of the highly
non-linear nature of Planck radiance as a function of temperature
and wavelength. An anisothermal surface consists of a mixture of
Planck radiance from a variety of temperatures. This radiance can-
not be reproduced by Planck radiance of a single temperature. The
effect is similar for a surface that has a uniform, but non-unit,
(graybody) emissivity when the maximum emissivity is assumed
to be unity. In addition to affecting the apparent emissivity of
the measured surface, anisothermality and graybody emissivity can
result in errors in the derived surface kinetic temperature (e.g.
Gillespie et al., 1998; McCabe et al., 2008). These errors can com-
monly exceed several degrees, which is larger than is necessary to
accurately monitor planetary surfaces and serve as proper inputs
for climate and thermophysical models.

Although spectral slopes may present an additional difficulty
in the interpretation of the data, they can also be used to better
understand the physical and compositional properties of a sur-
face. For example, Christensen (1986) and Nowicki and Christensen
(2007) used anisothermal effects present in Viking Infrared Ther-
mal Mapper and Mars Global Surveyor Thermal Emission Spec-
trometer (TES) nighttime data to predict the concentration of rocks
on the martian surface based on their warm temperatures relative
to cold finer materials. These effects have also been explored in
detail for planetary surfaces by Colwell and Jakosky (2002) using
lunar TIR observations to simulate the potential spectral effects of
anisothermality. They noted that the apparent emissivity of surface
observations can be significantly affected by surface slopes at low
solar elevation angles and the effects can be minimized with ob-
servations collected at low phase angles.

Where TIR measurements have been used to derive surface
roughness, the method is typically based on the reduction of spec-
tral contrast due to reflections of emitted radiance between sur-
faces (e.g. Ramsey and Fink, 1999; Danilina et al., 2006; Mushkin
et al., 2007). This effect is distinct from that of anisothermality on
TIR spectra and generally is sensitive to scales of less than a few
millimeters that are not thermally isolated.

The work presented here is motivated by martian TIR obser-
vations that have shown effects of anisothermality and non-unit
emissivity. Bandfield and Edwards (2008) used multi-directional
TIR observations from the TES to document the effects of anisother-
mality within the measurement FOV. By observing a surface from
a variety of angles, the relative proportions of warm sunlit ver-
sus cool shaded surfaces varies predictably. The magnitude of the
apparent change in temperature with the changing observation ge-
ometry was used to derive surface slope characteristics. Bandfield
and Edwards (2008) used only bolometric broadband measure-
ments, but similar tools developed for that work can be applied to
derivation of surface roughness by applying the same principles to
nadir spectral measurements. In this case, strong anisothermality
within the FOV will not be well approximated by a Planck function
from a single temperature and the resulting apparent emissivity
spectrum will have a significant slope.

Osterloo et al. (2008) have documented spectral slopes present
in both TES and 2001 Mars Odyssey Thermal Emission Imaging
System (THEMIS) data. In this case, the spectral slopes were in-
terpreted to be the result of relatively low emissivity across the
wavelength range of the measurement. Although a unique spec-
tral match could not be made, Osterloo et al. (2008) note that this
property is unusual among geologic materials, one exception be-

ing chlorides. This conclusion is supported by the morphological
characteristics of the spectrally unique surfaces.

Why is a spectral slope interpreted as non-unit emissivity in
one case and as anisothermality in the other? Under certain cir-
cumstances, it is difficult to distinguish between these two proper-
ties. However, with repeat coverage at a variety of local times and
seasons and with more extensive wavelength coverage, the surface
anisothermality and non-unit emissivity have different behaviors
that can be leveraged in a way to uniquely identify their effects.
The purpose of this work is to demonstrate that these effects are
present in both TES and THEMIS data and to separate their causes
based on radiative and thermophysical models. By applying quanti-
tative methods to the measurements, the interpretations based on
the data are more robust and it is possible to extract quantitative
information, such as surface slope distributions.

2. Methods
2.1. Description of TES and THEMIS instruments and data

The thermal infrared imager on THEMIS consists of a 320 by
240 element uncooled microbolometer array with 9 spectral chan-
nels centered at wavelengths between ~7 and 15 pm and a spatial
sampling of 100 m. More detailed descriptions of calibration meth-
ods and radiometric uncertainties are presented in Christensen et
al. (2004) and Bandfield et al. (2004). The TES instrument is a
Fourier transform Michelson interferometer that covers the wave-
length range from 1700 to 200 cm~! (~6 to 50 pm) at 10 or
5 cm~! sampling. Three cross-track and two along-track detec-
tors provide a spatial sampling of 3 by ~8 km. A more complete
description of the TES instrument, operations, and radiometric cal-
ibration can be found in Christensen et al. (2001).

All data used in the analyses presented here were acquired
at afternoon local times of ~1400-1800 h and at nadir obser-
vation geometries with emission angles of close to 0°. THEMIS
“4-panel” images were used to identify regions with spectral
slopes. These images have been used to rapidly identify spec-
trally unique surfaces using a variety of the THEMIS spectral radi-
ance channels displayed in 3 separate decorrelation stretch (DCS;
Gillespie et al., 1986) images along with the corresponding temper-
ature image (e.g. Bandfield, 2006, 2008). Surface emissivity spectra
were obtained using atmospheric correction methods described in
Bandfield et al. (2004) for THEMIS data and Bandfield (2008) for
TES data.

Briefly, THEMIS data are corrected by assuming a uniform atmo-
sphere over the scene of interest. Atmospheric emission and scat-
tering are characterized and removed using a surface of assumed
uniform composition, but variable temperature. Lower spatial reso-
lution TES data are used to determine surface emissivity (e.g. Smith
et al., 2000a; Bandfield and Smith, 2003; Bandfield, 2008) over a
relatively uniform region to characterize atmospheric attenuation.
The atmospheric properties can be subtracted and divided out of
the THEMIS data on a per pixel basis allowing for the recovery of
full resolution surface emissivity.

TES data are corrected using a nearby high albedo, dusty
surface, which has been well characterized spectrally (Bandfield
and Smith, 2003). Minor gas absorptions are removed using the
method of Bandfield and Smith (2003) and opacity is deter-
mined using the high albedo surface of known emissivity, atmo-
spheric temperature profile (Conrath et al., 2000), and the simpli-
fied plane-parallel, non-scattering radiative model of Smith et al.
(2000b). Atmospheric opacity is scaled to the surface pressure at
the local region of interest and with the local temperature profile,
the surface emissivity at the area of interest is directly calculated.
The advantage of this technique, despite requiring relatively ice-
free conditions and a local dusty surface, is that it does not require
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special multiple emission angle observations or a predetermined
set of surface compositions.

Some of the assumptions in the processing of the data are in-
valid because of the anisothermal or non-unit emissivity nature of
the surfaces investigated here. This primarily occurs where mea-
sured radiance is divided by Planck radiance at the wavelength of
the highest brightness temperature. However, the simulation and
modeling of the data described below explicitly incorporate the
same assumptions and allow for direct comparison and determi-
nation of surface properties.

In addition to the TIR datasets, high-resolution images (<6 m/
pixel sampling) from the Mars Global Surveyor Mars Orbiter Cam-
era (MOC, Malin and Edgett, 2001) and the Mars Reconnais-
sance Orbiter High Resolution Imaging Science Experiment (HiRISE,
McEwen et al., 2007) and Context Imager (CTX, Malin et al., 2007)
was used to identify rough surface textures that would cause a
high degree of anisothermality that could result in TIR spectral
slopes.

2.2. Surface roughness model

In order to predict the effects of anisothermality on the mea-
sured spectra, it is necessary to use a realistic distribution of tem-
peratures for a surface associated with a particular observation.
This requires both a model for the realistic distribution of sur-
face slopes and the ability to predict the temperature of each of
those slopes. The approach of Bandfield and Edwards (2008) is
taken here, which uses the 6-bar parameter described by Hapke
(1984) to describe the distribution of surface slopes using only one
free parameter. This is a model based on a Gaussian distribution of
slopes along a cross section of a surface assuming a random distri-
bution of slope azimuths. Although surface slope distributions may
be more complicated, there is not enough leverage in the data to
allow for the use of more detailed surface slope distribution mod-
els. The use of the 6-bar parameter allows for a simple quantitative
derivation of surface roughness that permits direct comparisons of
surfaces across the planet (Bandfield and Edwards, 2008). Higher
values of 6-bar have greater proportions of steeper slopes in the
slope distribution model.

A thermal model is applied to each slope/azimuth orientation
to predict the range of surface temperatures. The KRC thermal
model (H.H. Kieffer, manuscript in preparation) is used here as
it has been used successfully for modeling variety of complex
surface types, including layered surfaces, ices, and surface slopes
using both orbital and in situ datasets (e.g. Titus et al., 2003;
Armstrong et al., 2005; Kieffer et al., 2006; Fergason et al., 20063,
2006b; Bandfield and Edwards, 2008; Bandfield and Feldman,
2008). When applied to daytime data, the model has large uncer-
tainties due to uncertainties in direct and scattered solar radiance
and surface albedo. However, differences in surface temperatures
between sunlit and shaded slopes are the driving factor in produc-
ing spectral slopes. As a result, these uncertainties cancel out to a
large degree. Bandfield and Edwards (2008) investigate these un-
certainties in detail.

The nadir orientation of the measurements used for this study
prevents the necessity of accounting for obscuration of surfaces be-
hind others in the FOV. Hard shadows cast onto other surfaces are
not accounted for in the model, however. This is generally not an
important factor for most surfaces, but may play an increasing role
for extremely rough surfaces when the Sun is close to the horizon.
Properly accounting for these surfaces requires much more sophis-
ticated modeling that is beyond the scope of the work presented
here.

The modeled surface temperature Planck radiance for each sur-
face slope and azimuth combination is calculated. The simulated
radiance within the FOV is calculated by summing the radiance of

each slope and azimuth combination weighted by the areal cover-
age that is predicted by the #-bar surface slope distribution model.
For this work, several values of §-bar are used to produce several
sets of simulated data, which are then compared to the TES and
THEMIS measurements.

The radiance is calculated at the TES 10 cm™' sampling. To
produce simulated radiance as measured by THEMIS, the mixture
of Planck radiances is convolved using the THEMIS spectral band-
pass filter functions. The simulated radiance is then converted to
emissivity by dividing out the Planck radiance for the brightness
temperature determined at 1308 cm~! for the simulated TES data
or THEMIS band 3. This is the same method applied to the TES and
THEMIS measurements and allows for a direct comparison of the
measured and modeled apparent emissivities. Actual (rather than
apparent) surface emissivity is assumed to be that of surface dust
(Bandfield and Smith, 2003), which is relatively featureless and
only contributes a small spectral slope between ~800-1200 cm™".
The dust spectral shape is an average of many observations and
the simulated TES spectra have significantly lower noise than the
TES observations of the surfaces of interest.

1

2.3. Atmospheric effects on low emissivity (high reflectivity) surfaces

Understanding the spectral behavior of non-unit emissivity sur-
faces in natural environments can be complex because of the in-
terfering effects of the atmosphere and the inability to accurately
estimate the surface kinetic temperature remotely. Unfortunately,
it is impossible to truly separate emissivity and temperature ef-
fects from the remote sensing measurements because there is no
safe assumption that can be made about either the temperature or
the emissivity of the surface. This problem can be summarized by
the following set of equations describing a series of observations:

Rmeas1 = Bsurf] - Esurf * ﬂ + Ratm - (l - Esurf) + Ratm,
Rmeas2 = Bsurf2 * €surf - €™ + Ratm - (1 — &surf) + Ratm,
Rmeas3 = Bsurf3 - &surf - ™™ + Ratm - (1 — &surf) + Ratm, - - (1)

Rmeas is the measured radiance, Bgyf is the Planck radiance
for the kinetic temperature of the measured surface, &g, is the
surface emissivity, Tam is the atmospheric opacity (which also
has an unstated influence on Ram), and Raqn is the upwelling
and downwelling atmospheric radiance. All factors are wavelength
dependent and known factors (or determined via other measure-
ments) are underlined. With multiple measurements of a surface
with (assumed) similar emissivity (Rmeasi-3) at different angles
or temperatures, previous studies have gained some leverage on
isolating the surface emissivity (e.g. Bandfield and Smith, 2003;
Bandfield et al.,, 2004). However, these studies have relied on
the crucial assumption of (near-)unit emissivity near at least one
measurement wavelength, which allows for the determination of
BBy and making the set of equations over- rather than under-
determined.

It is possible, however to forward model the predicted behav-
ior of low emissivity surfaces and process them using the same
assumptions and techniques applied to the TES and THEMIS data.
This allows for a direct comparison and the ability to predict the
general behavior of these types of surfaces in the data.

The simulated surface radiance is calculated assuming a variety
of graybody emissivity values. The generally low emissivity val-
ues result in a relatively high proportion of reflected atmospheric
downwelling radiance that can have a significant influence on the
resulting apparent emissivity. This is calculated assuming Kirchoff's
Law (reflectivity = 1 — emissivity) and the same simplified atmo-
spheric model mentioned above. The magnitude of the effect of
downwelling radiance on the apparent emissivity is proportional
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8-7-5 9-6-4 6-4-2 Tsurf

Fig. 1. THEMIS 4-panel image 102740006 covering a portion of Apollinaris Patera and centered near 174° E, 8° S. The three images on the left are decorrelation stretch images
of THEMIS multispectral data using bands 8-7-5, 9-6-4, and 6-4-2. The fourth image is the derived surface temperature. The regions on the southern flank and immediately
north of the volcano that appear variable shades of blue contain the spectral slopes that are discussed in the text. The white boxes indicate regions of visible images shown
in Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Band 6-4-2 decorrelation stretch images of regions with similar spectral character as the example shown in Fig. 1. (a) Valley networks near Warrego Valles (101714004)
centered near 266.9° E, 41.5° S. (b) Lucus Planum (102265009) centered near 193.85° E, 1.75° N. (c) Lava flows south of Arsia Mons (117841001) centered near 233.25° E,
17.0° S. The white boxes indicate regions of visible images shown in Fig. 4.

to the surface reflectivity and the relative difference in the mag-
nitudes of the surface radiance and downwelling radiance. These
effects have been documented in detail by Ruff et al. (2006). TES
temperature profiles and atmospheric dust opacities from the same
location and season as the observation (Smith, 2004) are input into
the simplified model in a manner similar to Smith et al. (2000a)
and Bandfield and Smith (2003).

3. Observations

Examples of these effects in the TES and THEMIS measurements
are described here in detail. These measurements are compared
to simulated data assuming anisothermal or low emissivity con-
ditions as described above. The extent of similar patterns in the
data are also investigated to the extent that high quality THEMIS
data coverage exists. The two similar but distinct surface spectral
types generally contain significant negative slopes with increasing
wavelength, but there are significant differences in their behavior

as a function of temperature and solar inclination. To illustrate the
spectral behavior, the spectral analysis focuses on two representa-
tive locations that have repeat TES and THEMIS coverage under a
variety of conditions.

3.1. Apollinaris patera type example

Fig. 1 shows a 4-panel image that covers part of Apollinaris Pat-
era, a volcano located near 174° E, 8.5° S. Each of the 3 DCS images
have a unit that is varying shades of blue in color relative to the
surrounding terrain. The DCS images provide relative spectral in-
formation and the blue color indicates that there is a consistent
negative spectral slope with increasing wavelength present over
the blue surfaces relative to the other surfaces. There are two dis-
tinct blue unit surfaces in Fig. 1 that are correlated with yardangs
directly to the north of the volcano and more loosely correlated
with erosional channels on the southwest flank of the volcano.
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Fig. 3. The global distribution of surfaces that have color patterns similar to those shown in Figs. 1 and 2 and likely due to anisothermal surfaces with high slopes. Each
box indicates the location of a contiguous unit within a THEMIS image. Because surface coverage is not complete, it is likely that this distribution is not complete. The
background image is the global Mars Orbiter Laser Altimeter (MOLA) colorized shaded relief topographic map. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Similar color patterns in the DCS images have been identified
on several other regions (Fig. 2). These surfaces are concentrated
between ~170-270° E and —45-25° N, roughly coincident with
the Tharsis region and to the west (Fig. 3). Several other exposures
have been identified in other locations. The spectrally sloped sur-
faces were identified based on a qualitative assessment of THEMIS
DCS images and subsequently confirmed via spectral analysis. The
coverage of warm THEMIS images suitable for analysis is not com-
plete (especially in the northern hemisphere) and errors of omis-
sion are also possible.

Where it was available, high-resolution images were examined
over the surfaces of interest and several examples are shown in
Fig. 4. In all instances, a high degree of surface roughness is
present in the images. However, the specific morphology of the
surfaces is variable. Surfaces near Warrego Vallis are composed of
spherical/conical mounds several meters across. Surfaces north of
Apollinaris Patera are composed of parallel and sharp linear ridges
whereas ridges form a woven pattern within Lucus Planum (Fig. 4).

The southwest flank of Apollinaris Patera clearly displays the
spectral slope effect in THEMIS data and there is repeat coverage
by both TES and THEMIS at a variety of temperatures, and solar
incidence angles (Table 1, Fig. 5). This coverage allows for excellent
characterization of spectral properties that would clearly separate
spectral slope effects due to anisothermality versus low emissivity.
The spectral slopes are present in all of the 4 THEMIS images that
cover the location but the magnitude of the slope varies by a factor
of ~5. No significant spectral slope is detected in the co-located
TES data.

3.2. Terra Serenum type example

The second sloped spectral type has a distinct color combina-
tion in the THEMIS 4-panel DCS images (Fig. 6). The color is typi-
cally blue/turquoise/yellow-orange in the three DCS images, which
generally indicates a negative spectral slope in the longer wave-
length band combinations (bands 8/7/5 and 9/6/4 projected as red,

green, and blue respectively). The last band combination (bands
6/4/2) is clearly distinct from the other sloped spectral type and
its yellow-orange color indicates low emissivity at THEMIS band
2 relative to the surrounding terrain. It should be stressed that
the colors present in DCS images are dependent on the relative
differences between spectra present in the image. The spectral
characteristics of the surrounding terrain typically present for the
two surfaces is significantly different (dust with low emissivity in
THEMIS band 2 in the former and basalt with high emissivity in
the current example) and this difference may contribute to the dif-
ferent color combinations of the two spectral types in the THEMIS
DCS images.

This is the same spectral unit that is described by Osterloo et
al. (2008) and its general spectral character and distribution has
been characterized along with the associated morphological prop-
erties. Occurrences are typically isolated local topographic depres-
sions of < ~100 km? within low albedo regions of the southern
highlands. The spectrally distinct unit appears lighter in tone rel-
ative to the surrounding terrain, though it is only typically ~0.01
higher in albedo (Osterloo et al., 2008). Although the morphology
does not appear smooth in high resolution images, hard shad-
ows indicating steep slopes are not common as they are in the
other surface typified by the southwest flank of Apollinaris Patera
(Fig. 7).

A typical surface exposure of the sloped spectral unit with
repeat TES and THEMIS coverage is located within an unnamed
crater near 180.75° E, 27.25° S. As with the Apollinaris Patera ex-
ample, measurements were acquired at a variety of temperatures
and solar incidence angles, allowing for characterization of spectral
properties that would clearly separate spectral slope effects due
to anisothermality versus low emissivity. Spectral slopes appear
similar in nature to the Apollinaris Patera example (Fig. 8). A dis-
tinct difference between the Apollinaris Patera and Terra Serenum
data is present at the shortest wavelengths consistent with the
differences observed in the DCS images. The Terra Serenum spec-
tra also do not exhibit the significant variability between ob-
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Fig. 4. High resolution images of surfaces designated by white boxes in Figs. 1 and 2. (a) Lava flows south of Arsia Mons (CTX image P08_004188_1622_XN_17S127W; solar
inclination 43°). (b) Southwest flank of Apollinaris Patera (CTX image P06_003544_1703_XI_09S185W; solar inclination 52°). (c) Yardangs north of Apollinaris Patera (CTX
image P16_007236_1754_XN_04S186W; solar inclination 45°). (d) Valley networks near Warrego Valles (HiRISE image PSP_003699_1380; solar inclination 50°). (e) Lucus
Planum (HiRISE image PSP_006576_1815; solar inclination 37°). The highly textured surfaces in each image corresponds with regions that appear various shades of blue in
the THEMIS DCS images.
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servations that is present in the Apollinaris Patera observations.
The TES data show a distinct slope that is consistent with the
THEMIS data and the long wavelength spectral character contin-
ues the same trend. These results are similar to those of Osterloo
et al. (2008) although the TES spectra are more clearly isolated
from the surrounding basaltic terrain in the example presented
here.

4. Modeled spectra

Synthetic spectra were calculated using the methods described
above to evaluate the cause of the spectral slope in the two surface
types. It is assumed that the cause of the slope is either anisother-
mality or low emissivity, but not a combination of the two factors.
Each of the two examples described above with repeat TES and
THEMIS data coverage were simulated as closely as possible using
both the anisothermal and low emissivity models. Only one free
parameter is present in each case; 6-bar for the anisothermality
model and graybody emissivity in the low emissivity model. The
simple nature of the models and parameters is sufficient to iso-
late the cause of the clearly distinct spectral behavior of the two
surface types.

The simulated anisothermal spectra are shown in Figs. 9 and 10.
In the case of the simulated Apollinaris Patera observations, in-
creasing values of 6-bar result in more severe spectral slopes in
some of the observations and little effect in the simulated TES
observation. The result is an increasing disparity in the various
measurements with increasing surface slope angles. The simulated
unnamed crater spectra have a similar, but less distinct pattern
of separation with increasing surface slope angles. In both cases,
the simulated TES spectra are not greatly affected by high surface
slopes and the long wavelength portion of the spectrum retain a
high emissivity.

The simulated graybody spectra are shown in Figs. 11 and 12.
At relatively high graybody emissivity values there is a more pro-
nounced slope in simulated THEMIS data than is present in the
simulated TES data. Colder surface temperatures result in a more
pronounced convex shape between ~800-1200 cm~' as a result
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of the greater relative influence of the downwelling dust radi-
ance on the apparent emissivity. With decreasing emissivity values,
all simulated TES and THEMIS data from both sites exhibit more
pronounced spectral slopes, including at longer wavelengths. Also
in contrast to the simulated anisothermal spectra, the simulated
graybody spectra do not diverge greatly under more extreme con-
ditions (low emissivity).

5. Discussion

The spectral sets shown in the examples from Apollinaris Patera
and Terra Serenum show two distinct patterns; (1) the presence
or absence of low emissivity at the longer wavelengths measured
by TES and; (2) the degree of variability between observations of
the same surface. Both of these properties can be used to distin-
guish between anisothermality and low emissivity as the cause
of the spectral slopes. However, the limitations of the datasets
used for the analysis may prevent these properties from being
clearly distinguished. For example, the limited wavelength range
of the THEMIS data preclude the use of longer wavelengths and

Table 1
Observation parameters for the two spectral surface types shown in Figs. 5 and 8.

Observation ID Local time Ls Solar inc. Surface temp.
Apollinaris Patera (174° E, 9° S)
101292010 15.2 350.5 47.6 263.3
101654003 15.4 55 51.6 257.1
102740006 16.0 46.9 65.7 231.6
118205002 16.3 359.8 64.8 238.6
TES OCK? 5279 13.8 271.5 30.2 295.4
Terra Serenum (181° E, 27° S)
107734002 16.8 259.1 63.8 268.3
115559004 17.3 232.0 72.1 254.9
116782002 16.3 295.1 57.7 273.0
TES OCK 5304 13.8 272.7 24.8 297

3 OCK is Orbit Counter Keeper, or the orbit number starting at Mars Global Sur-
veyor (MGS) orbit insertion rather than the start of the nominal MGS mapping
mission.
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Fig. 5. Surface apparent emissivity spectra from the southwestern flank of Apollinaris Patera derived from several THEMIS and TES observations listed in Table 1 and including
data from THEMIS image 102740006 shown in Fig. 1. All spectra, including the lower spatial resolution TES data, cover the same surface.
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Fig. 6. THEMIS 4-panel image 116782002 centered near 180.65° E, 27° S. The region that is deep blue in the image on the left and relatively cool in the surface temperature
image contain the spectral slopes discussed in the text and shown in Fig. 8. The white box indicates the region of the visible image shown in Fig. 7. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

the limited local time coverage of the TES data do not allow for
the determination of spectral variability from multiple observa-
tions.

The Apollinaris Patera spectral set compare well with the simu-
lated anisothermal spectra. The variety of solar inclinations causes
varying degrees of anisothermality that result in variable apparent
emissivity spectra. In addition, because Planck radiance is a non-
linear function of both temperature and wavelength, the relative
change in radiance at different temperatures is dependent on the
wavelength of the observation. Under typical martian conditions,
this results in a negative spectral slope at wavelengths < ~12 pm,
but an overall concave shape that has a positive slope at longer
wavelengths (Fig. 13). This concavity is not apparent in the THEMIS
data because of the limited wavelength coverage of THEMIS. The
nearly complete absence of a spectral slope in the TES data is due
to the early afternoon local time conditions of the TES observa-
tions that results in a lower degree of anisothermality within the
FOV.

Greater surface slopes have larger spectral slope/concavity ef-
fects on the spectral sets (Fig. 9) and it is possible to estimate the

slope distribution from the data. The spectral sets also display a
greater separation between individual observations with increas-
ing surface slopes. Although none of the simulated spectral sets
precisely match the Apollinaris Patera TES and THEMIS data, a
qualitative comparison indicates that 6-bar values of 20° or 25°
(corresponding to RMS slopes of ~27°-34° using the approxima-
tion of Shepard and Campbell, 1998) are in reasonable agreement
with the data (Fig. 14). These values are significantly higher than
typical for most of the planet derived from multiple emission angle
observations (95% of surfaces have 6-bar values <12°; Bandfield
and Edwards, 2008). Unfortunately, the large footprint and the
coarse gridded sampling of the multiple emission angle observa-
tions prevents a direct comparison of the two techniques on these
surfaces.

High-resolution imaging displays highly textured surfaces that
are directly correlated with the Apollinaris Patera data as well
as similar spectral features found at other locations. Based on
the solar inclination angles and the common presence of hard
shadows, it is likely that the images are resolving the slopes
that are influencing the TIR data. Although imaging can be a
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Fig. 7. High resolution image (HiRISE image PSP_005680_1525; solar inclination 35°) of the surface designated by the white box in Fig. 6. Lighter toned surfaces coincide

with the spectral slope unit shown in Figs. 6 and 8.
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Fig. 8. Surface apparent emissivity spectra from the Terra Serenum region derived from several THEMIS and TES observations listed in Table 1 and including data from

THEMIS image 116782002 shown in Fig. 6.
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Fig. 9. Simulated apparent emissivity spectra constructed using parameters from the Apollinaris Patera observations listed in Table 1 and plotted in Fig. 5. Spectra for
4 different surface slope distributions using the 6-bar parameter (discussed in the text) are shown. The variations in the spectra are due to the different temperature
distributions that result from different local times and seasons for each observation. Steeper slopes result in greater anisothermality and larger differences between each
simulated observation. Spectral slopes are not significant in the TES data due to the relatively low solar inclination of the observations that result in a relatively low amount
of anisothermality.
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Fig. 10. Simulated apparent emissivity spectra constructed using parameters from the Terra Serenum observations listed in Table 1 and plotted in Fig. 8. Spectra for 4 different
surface slope distributions using the 6-bar parameter (discussed in the text) are shown. The conditions present during the collection of the THEMIS data were not highly
variable in this case and the contrast between observations is not as large as shown in the Apollinaris Patera case shown in Fig. 9. Significant slopes are not present in the
simulated data at long wavelengths, which is inconsistent with the actual measurements.
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Fig. 11. Simulated apparent emissivity spectra constructed using parameters from the Apollinaris Patera observations listed in Table 1 and plotted in Fig. 5. Spectra for 4
different graybody emissivity values are shown. Changes in the slope of the spectra are relatively uniform compared with the simulated anisothermal spectra shown in Fig. 9.
Relatively subtle changes in the shape of the spectra between ~800-1200 cm™"' are due to the increasing magnitude of reflected atmospheric radiance with lower overall
surface emissivity. Slopes are apparent at long wavelengths in the simulated data that are not present in the actual measurements.
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Fig. 12. Simulated apparent emissivity spectra constructed using parameters from the Terra Serenum observations listed in Table 1 and plotted in Fig. 8. Spectra for 4 different
graybody emissivity values are shown. The changes in slope with varying emissivity values is greater than that present in the simulated anisothermal data (Fig. 10) and the
spectral slopes are predicted to extend to longer wavelengths at the earlier local time of the TES observations.
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Fig. 13. Simulated apparent emissivity spectra for the 6-bar = 20° case as shown
in Fig. 9. In this case all simulated spectra are shown at TES spectral sampling to
illustrate the variability in the spectra at longer wavelengths that are not observed
with the relatively limited wavelength coverage of THEMIS.

more direct method for identifying surfaces with steep slopes,
the THEMIS data provide much greater spatial coverage and are
sensitive to scales as small as 1-2 cm in regions of low ther-
mal inertia (Bandfield and Edwards, 2008). The scale of sensi-
tivity is limited to surfaces that can maintain thermal isolation.
Much finer scale surface roughness can be derived from the re-
duction of spectral contrast due to multiple reflections of emitted
radiance between adjacent surfaces (e.g. Ramsey and Fink, 1999;
Danilina et al., 2006).

It appears that wind-eroded yardangs within the Medusa Fossae
formation are the most widespread occurrence of these features
(Fig. 3). However, there are also associations with what appears to
be dessicated terrain near Warrego Vallis and individual lava flow
features south of Arsia Mons. As would be expected, it appears that
there are multiple formation mechanisms that lead to the steep
surface slopes that result in the characteristic apparent emissivity
spectra.

The set of spectra from Terra Serenum are from a narrower
range of solar inclination and temperature conditions. As a re-
sult, the simulated anisothermal spectra no not display as much
diversity as is present in the Apollinaris Patera example. However,
the long wavelength character is similar in both simulations and
is clearly distinct from that of graybody apparent emissivity ef-
fects. The Terra Serenum spectral set display characteristics that
are consistent with a low emissivity surface and can be distin-
guished by the continuation of the negative spectral slope at long
wavelengths (> ~15 pm) that is inconsistent with the anisother-
mal example.

The simulated spectra were calculated using perfect graybod-
ies with no spectral features, whereas the TES and THEMIS spec-
tra from Terra Serenum appear to have some spectral charac-
ter and there is some suggestion of an emissivity drop off at
short wavelengths (< ~8 pm) consistent with a contribution from
fine particulate materials in the FOV (Ruff and Christensen, 2002;
Bandfield and Smith, 2003). There is no indication that the spec-
tral character is similar to the martian dust as is the case in
Apollinaris Patera, particularly because the transparency feature
at ~11 pm that is characteristic of the dust is not present. The
dusty surface shape also results in an apparent offset in emis-
sivity that is not as apparent in the TES and THEMIS measure-
ments. This offset is due to the relatively wide THEMIS band
3 filter and how it is convolved with the dust spectral shape.
Although the simulated graybody spectra are not offset in the
same way as the TES and THEMIS data, the consistent overall

slope present in both spectral sets provides a reasonable match
(Fig. 14).

The locations and morphology from high-resolution images
of this spectral surface type has been documented by Osterloo
et al. (2008) and described briefly above. There appears to be
only a single general morphological type of surface associated
with this spectral unit, which does not appear to contain sur-
faces with high slopes, especially with respect to the surround-
ing terrain. As described by Osterloo et al. (2008), this surface
type is primarily located within Noachian southern highland ter-
rains.

The presence of low emissivity surfaces was attributed by
Osterloo et al. (2008) to the presence of chlorides, which typically
exhibit low emissivity characteristics that are generally consistent
with the TES and THEMIS observations. Regardless of the specific
composition responsible for the unique spectral properties, this
surface can be attributed to a composition distinct from the sur-
rounding terrain rather than a temperature effect due to physical
surface properties.

6. Conclusions

Spectral slopes present in TIR data can generally be attributed
to misrepresenting the surface temperature, either through incor-
rect assumptions about the maximum emissivity of surface mate-
rials or the presumption of a uniform surface temperature. These
incorrect assumptions leave distinct characteristics in the resulting
apparent emissivity data that can be used to gain a better under-
standing of the surface properties.

Surfaces with high surface slopes typically have a high de-
gree of anisothermality at high angles of solar incidence. The re-
sulting mixture of surface temperatures within the FOV causes
distinct slopes in apparent emissivity spectra that can be highly
variable based on the observing conditions. These properties are
apparent on the southwestern flank of Apollinaris Patera and
can be reasonably modeled with a surface slope distribution of
@-bar = 20°-25°. This is an extremely rough surface that ex-
ceeds the surface slopes of most surfaces mapped by Bandfield
and Edwards (2008). These surfaces coincide with yardangs and
other surfaces south of Arsia Mons and near Warrego Valles
that appear to have very high slopes in high resolution im-
ages.

Surfaces with low maximum values of emissivity have appar-
ent emissivity spectra with more consistent spectral slopes that
do not vary greatly based on observing conditions. The spectral
surface type of Osterloo et al. (2008) and documented here in
Terra Serenum exhibits characteristics consistent with low emis-
sivity surfaces rather than anisothermal surfaces. This is consistent
with associated high resolution images that do not indicate the
presence of a surface significantly rougher than the surrounding
terrain.
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