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[1] Nighttime infrared spectral observations returned from the Mars Global Surveyor
Thermal Emission Spectrometer (TES) are well suited for determining the subpixel
abundance of rocks on the surface of Mars. The algorithm used here determines both the
areal fraction of rocky material and the thermal inertia of the fine-grained nonrock
component present on the surface. Rock is defined as any surface material that has a
thermal inertia �1250 J m�2 K�1 s�1/2. This can be bedrock, boulders, indurated
sediments, or a combination of these on a surface mixed with finer-grained materials. Over
4.9 million observations were compiled to produce the 8 pixels per degree global rock
abundance and fine-component inertia maps. Total coverage is �45% of the planet
between latitudes �60 and 60. Less than 1% of the planet has rock abundances greater
than 50%, and �7% of the mapped surface has greater than 30% rocks. Rocky regions on
Mars correspond primarily to the high-inertia surfaces observed in thermal inertia data
sets. The fine-component inertia data set is used to identify high-inertia exposures that
contain few rocks and more homogeneous materials.
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1. Introduction

[2] The surface layer of Mars has evolved through a
combination of global, regional and local processes. The
original mode of deposition or erosion often produces the
morphology that can be observed in orbital imagery, but
many surfaces have been modified by subsequent processes
such as dust mantling or aeolian erosion. As a result, the
materials exposed on the surface may not be directly related
to the morphology. The materials present in the upper few
centimeters provide information about the processes that
have most recently been at work, and can be characterized
using remotely sensed thermophysical measurements such
as thermal inertia and rock abundance.
[3] Thermal inertia represents the ability of near-surface

materials to absorb solar energy during the day, conduct it
into the subsurface, and then release that energy during the
night. It can be used to infer an average grain size of the
upper few centimeters of the surface, and determine whether
a surface is made up of bedrock, sand, or a thick layer of
fine, unconsolidated dust [Neugebauer et al., 1971]. Ther-
mal inertia is a physical property based upon a thermal
model of a conductive material heated by insolation and
cooled by radiation to space. The original models were based
upon the studies of lunar temperature variations by Wesselink
[1948] and Jaeger [1953]. Further development of the
models for Mars included surface-atmosphere energy trans-
fer [Leovy, 1966], atmospheric back radiation [Neugebauer
et al., 1971], surface emissivity variations [Kieffer et al.,

1973], CO2 frost and blocky surfaces [Kieffer et al., 1977],
variability of atmospheric back radiation [Haberle and
Jakosky, 1991], effects of a radiative-convective atmosphere
[Hayashi et al., 1995], and single-point temperature obser-
vations [Jakosky et al., 2000; Mellon et al., 2000]. Global
data sets of the thermal inertia of Mars have been derived
using IRTM data [Kieffer et al., 1977; Palluconi and Kieffer,
1981; Christensen and Malin, 1988] and TES observations
[Jakosky et al., 2000; Mellon et al., 2000; Putzig et al.,
2005]. High-resolution data sets of small areas of the planet
have been derived with Phobos-2 TERMOSCAN data
[Selivanov et al., 1989; Betts et al., 1995], and Mars
Odyssey THEMIS images [Fergason and Christensen,
2003].
[4] Although bulk thermal inertia values can be precisely

calculated, this parameter is not sufficient to characterize
surfaces that have a mixture of materials with different
thermal inertias [Christensen, 1982]. As was seen in Viking,
Pathfinder, and MER landing site images, the Martian
surface can contain a wide range of particles from dust to
large blocks [Mutch et al., 1976a, 1976b; Golombek et al.,
1997; Squyres et al., 2004a, 2004b]. This suggests that for
much of Mars there is often more than one type of material
exposed at the surface. Some exceptions are the lowest
thermal inertia regions on the planet, which are likely to be
covered with a thick, relatively homogeneous layer of dust
[Kieffer et al., 1973, 1977; Palluconi and Kieffer, 1981;
Jakosky, 1986; Christensen, 1986b].
[5] In a single field of view, rocks, sand, and dust will

have different temperatures as a function of the time of day
due to the variations in thermal inertia. The calculated bulk
thermal inertias of mixed surfaces will also change as a
function of the time of day [Kieffer et al., 1977], making it
impossible to characterize a mixed surface using only one

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, E05007, doi:10.1029/2006JE002798, 2007
Click
Here

for

Full
Article

1Department of Geological Sciences, Arizona State University, Tempe,
Arizona, USA.

Copyright 2007 by the American Geophysical Union.
0148-0227/07/2006JE002798$09.00

E05007 1 of 20

http://dx.doi.org/10.1029/2006JE002798


temperature observation at one time of day. Increasing the
number of observations by including more wavelengths
makes it possible to distinguish mixtures of temperature
components. Thermal infrared emission from multiple tem-
perature components produces a complex composite spec-
trum [Christensen, 1982]. By modeling this spectrum, we
can determine the subpixel abundance of materials with
different thermal inertias, and specifically calculate the
amount of rocky material exposed in each observation. This
information has been used in a number of science and
engineering applications, including interpreting subsurface
properties [Jakosky and Christensen, 1986], comparing
surface properties with atmospheric circulation models
[Greeley et al., 1993], and assessing the hazards that rocks
on a surface may present to a lander mission [Golombek and
Rapp, 1997; Golombek et al., 2003a].
[6] Nighttime spectral observations returned from TES

are well suited for determining the subpixel rock abundance
on the surface of Mars. While daytime observations are
dominated by the albedo and emissivity, which are con-
trolled by the mineralogic composition of surface materials,
nighttime emission is controlled almost entirely by the
thermophysical properties [Neugebauer et al., 1971; Kieffer
et al., 1973]. The algorithm used here employs nighttime
spectral observations to determine both the areal fraction of
rocks and the thermal inertia of the low-temperature non-
rock component. These methods were developed using
Viking Orbiter IRTM data [Christensen, 1982], and the
results were presented in a 1� � 1� global map [Christensen,
1986a]. TES observations at 3 � �6 km provide over 200�
the spatial resolution of the IRTM map. These new data
provide not only a higher-resolution data set but also allow
for an improved atmospheric correction and better isolation
of surface compositional variations.
[7] In this paper, thermal inertia will be given in units of

J m�2 K�1 s�1/2. To convert to the historical 10�3 cal cm�2

K�1 s�1/2, divide by a factor of 41.86. Local time is
presented as H, where 24 H equals one Martian day (24.7
Earth hours). Seasons are given as aerocentric longitude of
the Sun (Ls), where one year is 360�, and vernal equinox is at
Ls = 0. Albedo values are assumed to be Lambert albedo,
given as the fraction of reflected to incident solar radiance.

2. Data Set

[8] The TES instrument onboard the Mars Global Sur-
veyor (MGS) spacecraft was designed to determine the
composition, temperature, and physical properties of the
surface and atmosphere of Mars [Christensen et al., 1998,
2001]. The TES instrument consists of a Fourier transform
Michelson interferometric spectrometer, which collects
hyperspectral thermal infrared radiance from 5.8 to 50 mm;
a visible/near-infrared bolometric radiometer which collects
integrated solar reflected radiance over 0.3–2.9 mm; and a
broadband thermal infrared radiometer that measures the
emitted radiance from 5.1 to 150 mm.
[9] The MGS spacecraft is in a �2 hour Sun-synchronous

polar orbit. Each orbit track is a series of north–south
trending observations from the 3 � 2 array of detectors.
The instantaneous field of view of each detector is 3 � 3 km
on the surface of Mars, but due to spacecraft motion the
observed radiance is integrated over a longer area in the

along-track dimension, resulting in a footprint of �6 �
3 km for each detector. Observations are made so that the
daytime equator crossing occurs at a local time of approx-
imately 14.5 H, and night crossing at 2.5 H. For this
investigation, we only use nadir-pointed nighttime data
between �60 and 60 latitudes. Higher-latitude observations
are problematic for calculating themophysical properties
due to the low temperatures, high solar incidence angle,
variable day/night lengths, and the seasonal presence of
CO2 frost.
[10] To reduce the downlinked data volume, a portion of

the nighttime spectral observations were acquired using
spectral selection and averaging masks [Christensen et al.,
2001]. A number of masks were used throughout the
mission, some of which did not collect data in the spectral
ranges useful for this investigation, limiting the total num-
ber of applicable observations from the full data set. Results
presented here were calculated from data starting at the
beginning of mapping phase of the MGS mission at Ls =
104� (March 1998) and extending for over a Mars year to
Ls = 137� (March 2001). Although TES continued to collect
data, instrument signal degradation due to spacecraft vibra-
tions has made later observations increasingly unsuitable for
this investigation.

3. Theory

[11] The radiance of Mars as observed by TES can be
described by the form of the radiative transfer equation:

Robsl ¼ Rsurfle
�to lð Þ=m þ

Zt

0

RBB T pð Þ;l½ 
e�t l;pð Þ=mdt ð1Þ

In this equation, Robs is the measured radiance at the sensor;
Rsurf is the total radiance of the surface; to (l, p) is the
normal opacity profile as a function of wave number and
pressure; and m is the cosine of the emission angle. The
integral is taken through the atmosphere from the spacecraft
(t) to the surface (o); RBB is the radiance of a blackbody at
the temperature described by T(p), the atmospheric
temperature profile. The first term describes the absorption
of surface radiation by the atmosphere, and the second term
accounts for the upwelling radiance of the atmosphere and
suspended aerosols [Smith et al., 2000]. This model
assumes that there is no scattering from atmospheric
aerosols, and that the gases and aerosols are well mixed
throughout the atmospheric column [Smith et al., 2000].
[12] The radiance of the surface (Rsurfl), is the integrated

radiance of all the components present on the surface. Each
component is defined as an isothermal surface that radiates
energy as a blackbody, which is a theoretical surface that
absorbs all incident radiance and emits it without any
spectral features. The emitted radiance of a single black-
body surface is described by the Planck function:

RBB T ;l½ 
 ¼ 2hc2l�5 e� hc=lkTcð Þ � 1
� ��1

ð2Þ

RBB [T, l] is the blackbody radiance of a surface component
at temperature T; h is the Planck constant; c is the speed of
light, and k is the Boltzmann’s constant. As can be
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determined from equation (2), the only property needed to
describe the radiance from a theoretical blackbody surface
component is the temperature.
[13] Modeling the temperature of a surface component

requires knowing two characteristics. The first is the amount
of solar radiation the surface will absorb, expressed in terms
of bolometric albedo (A = 1 � R) where R is the reflectance.
The second is the resistance of a surface to heat up due to
subsurface conduction, described in the term thermal
inertia (I). Kieffer et al. [1973] showed in model data that
increasing the albedo of a surface decreases the temperature
at all times throughout the day, with the largest effect at
midday, and diminishing until dawn. Thus daytime observa-
tions depend strongly on the albedo, while predawn temper-
atures depend almost exclusively on the thermal inertia.
[14] Thermal inertia is a physical property of a material

that controls the amplitude of the diurnal temperature curve.
We use it to model the surface temperature of a component
at any season and local time. Thermal inertia (I) is calcu-
lated as a function of a material’s density (r), specific heat
(cr), and conductivity (k) as follows:

I ¼
ffiffiffiffiffiffiffiffiffi
krcr

p
ð3Þ

The density and specific heat for common geologic
materials vary by less than a factor of two. Most differences
in thermal inertia can be interpreted as variations in
conductivity, which can vary by an order of magnitude,
and is strongly dependent on particle size and only weakly
dependent on composition [Neugebauer et al., 1971].
[15] Variations in conductivity are controlled by the

physical constraints on the propagation of a thermal wave
through naturally occurring geologic materials [Wechsler
and Glaser, 1965; Wechsler et al., 1972]. Conduction (k) of

the thermal wave occurs via three primary heat transfer
mechanisms:

k ¼ kg þ ks þ kr ð4Þ

In this equation, kg is the heat transfer due to the gas
conduction across open spaces containing a gaseousmedium;
ks is the solid conduction as described by the physical
properties of the minerals; and kr is the heat transfer due to
radiation and reabsorption of photons across void space
between grains. Under Martian conditions, the heat transfer
due to radiation (kr) is negligible compared to the other two
terms, while the gas conduction (kg) in particulate materials is
highly dependent on the atmospheric pressure and pore
space, and the solid conduction varies insignificantly with
common geologic materials [Neugebauer et al., 1971;Kieffer
et al., 1973]. Thus, under Martian conditions, the gas
conduction (kg) becomes the dominant term controlling
variations in heat transfer.
[16] The change in predawn surface temperature as a

function of inertia is a nonlinear function (Figure 1). In
the low-inertia range, temperature is highly dependent on
inertia, but becomes less so at higher inertias. At the highest
inertias the temperature curve flattens with increased inertia.
This change in the temperature curve is due to the thickness
of the conductive material approaching the thermal skin
depth [Christensen, 1982], beyond which, there is little
temperature change with increased inertia.
[17] The diurnal skin depth (z) is a measure of the

effective depth of the solar heat wave, and is a function
of the thermal properties of material and the period (P) of
the wave:

z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k rcr
� ��1

P=p
q

ð5Þ

Figure 1. Representative model temperature curve as a function of thermal inertia (J m�2 K�1 s�1/2).
Time of day is 3.5 H and season is Ls 90. Temperature is highly dependent upon inertia in the lower
inertia ranges and flattens out above �1000. This temperature change is directly related to the increasing
dominance of solid conduction in the material. Since the temperature does not change significantly with
inertias over 1250, we simplify by assuming a single inertia value for the highest temperatures.
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The skin depth is defined as the distance from the surface at
which the temperature change drops by a factor of e.
Effectively, this is the depth at which the diurnal wave stops
being the dominant factor controlling the subsurface
temperature. Inversely, the subsurface energy at several
diurnal skin depths does not contribute to the nighttime
surface temperature. The diurnal skin depth for common
geologic materials subject to solar insolation on Mars (P =
24.7 Earth hours) is about 15 cm for common solid
minerals. This threshold corresponds to an inertia of
�1250 J m�2 K�1 s�1/2. Above this inertia and below
this depth, the temperature does not vary significantly.
[18] This threshold represents a significant change

in geologic and thermal properties, which allows for
the number of physical variables to be simplified when
modeling a surface. Any component that is at a
temperature greater than that of a surface with inertia
1250 J m�2 K�1 s�1/2 can be modeled as a solid rock at
least 15 cm in diameter. Observations made by the Spirit
Mini-TES instrument in Gusev crater are the first in situ
measurements of the thermal properties of materials under
Martian conditions [Christensen et al., 2004], and result in
a lower-limit thermal inertia of 1200 J m�2 K�1 s�1/2 for a
0.75 m diameter basaltic rock [Fergason et al., 2006].
While our assumed threshold thermal inertia is consistent
with the Mini-TES observations, the IRTM rock abun-
dance algorithm results have been shown to be relatively
insensitive to the assumed rock thermal inertia [Golombek
et al., 2003a].
[19] While we can constrain the temperature of rock at

any given time and season, the temperatures of other surface
components can vary significantly on a planetary surface.
There can also be more than two different components in a
field of view. In order to reasonably model real surfaces, we
integrate the radiance from the lower-temperature
component and derive a single kinetic temperature. That
temperature is fit to model curves to determine an average
fine-component thermal inertia. We refer to this composite
thermal inertia as the fine-component inertia because the
material must be particulate with grains significantly smaller
than the diurnal skin depth, as determined in laboratory
studies [Wechsler and Glaser, 1965; Wechsler et al., 1972;
Presley and Christensen, 1997]. The radiance from a
surface that contains both rocks and particulate materials
can be described as the areal fraction of the radiance of each
component.
[20] The compositional variations on Mars are the last

heterogeneity that influences the radiance from the surface
(Rsurfl) in equation (1). The vibrational absorptions of the
minerals present reduce the total radiance from a theoretical
blackbody surface as a function of the emissivity. We take
both the emissivity of the entire surface and the fractions of
the surface components into account in the following
equation:

Rsurf l ¼ el RBB Trock ;l½ 
að Þ þ RBB Tfc;l
	 


1� að Þ ð6Þ

In this equation, Trock is the component at the temperature
modeled by the inertia of rock, Tfc is the fine component
temperature, e is the emissivity, and a is the fraction area of
the rock temperature component.

[21] The full equation for a surface simplified to two
temperature components can be written in the following
form:

Robsl ¼ e1l RBB T1;l½ 
að Þ þ e2lRBB T2;l½ 
 1� að Þ þ Ratml þ IRl

ð7Þ

The emissivities of the components (e1 and e2) and the
atmospheric radiance (Ratm) are determined from daytime
TES observations. The internal radiance of the instrument
(IRl) is determined from space observations, and the
temperature of the rock component (Trock) is calculated
using the assumed inertia of rock at 1250 J m�2 K�1 s�1/2.
[22] In the following sections, we outline the method for

simplifying the calculation in brightness temperature space,
and determining the atmospheric and surface emissivity
values. Finally, we describe the rock abundance algorithm
as applied to TES data in section 4.6.

4. Methods

4.1. Rock Abundance Algorithm

[23] It has been demonstrated through compositional
analysis that thermal infrared spectra represent linear com-
binations of the areal abundance of the individual surface
components [Gillespie, 1992; Thompson and Salisbury,
1993; Ramsey and Christensen, 1998; Ramsey et al.,
1999; Ramsey and Fink, 1999; Feeley and Christensen,
1999; Hamilton and Christensen, 2000]. This relationship
also applies to the radiant contribution of components at
different temperatures. The radiance spectrum of an aniso-
thermal surface cannot be modeled using a blackbody at a
single temperature, but rather with a combination of Planck
curves in radiance space [Christensen, 1982, 1986a]. A
50/50 mixture of blackbodies at 250 K and 150 K do not
produce a curve that can be described by the Planck
function at a single temperature of 200 K (Figure 2a).
Instead, the mixed spectrum is a unique linear combination
of two blackbodies. When these radiance spectra are con-
verted to brightness temperature (Figure 2b), the deviation
from the Planck function is made apparent. Effectively, the
higher-temperature component contributes more energy to
the short-wavelength portion of the spectrum, while the
low-temperature component contributes more to the longer
wavelengths. The variation at different wavelengths is what
allows the separation of multiple components in anisother-
mal surfaces. When isolated from other spectral features,
this effect can be used to determine the fraction of the
different temperature components, specifically the rock
abundance (a).
[24] In this study, rock is defined as any material with a

thermal inertia above �1250 J m�2 K�1 s�1/2, following
Christensen [1986a]. This represents a minimum �15 cm
rock diameter for common consolidated materials on Mars.
This material can be bedrock, boulders, indurated sedi-
ments, or a combination of these on a surface mixed with
finer-grained materials. The rock abundance is the percent-
age of the field of view that is covered in material with a
thermal inertia of rock. This calculation makes no assess-
ment of the surface roughness or composition of the rocky
material.
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[25] The rock abundance calculation used here is similar
to the spectral difference model developed for use with
IRTM data [Christensen, 1982], although there are differ-
ences in the wavelength channels used and the atmospheric
and surface emissivity corrections. We integrate the spectral
radiance into two-channel brightness temperatures and use
the difference between these channels and the absolute
temperature in each channel (Tl) in the model. The optimal
wavelengths for decreasing the effects of the atmosphere,
surface emissivity, instrument spectral masks, and maximiz-

ing signal to noise in the TES spectral range have band
centers at 30 mm (250–400 cm�1) and 9 mm (1110–
1200 cm�1) (Figure 3). These wavelength channels are
effectively equivalent to the 7 and 20 mm IRTM bands
used by Christensen [1982, 1986a]. The brightness temper-
ature are written as T9 and T30 for the integrated brightness
temperature in the 9 and 30 mm channels, respectively.
Christensen [1982, 1986a] used the albedo of the surface to
assume an emissivity for surfaces viewed with IRTM. Here

Figure 2. Plots of modeled spectra illustrating anisothermal spectral deviance. (a) Modeled radiance
over the TES spectral wavelength range. The 150, 200, and 250 curves are blackbodies at those
temperatures. The black curve is the additive result of 50% 250 K and 50% 150 K Planck curves.
(b) Modeled spectra converted to brightness temperature. The wavelength-dependent temperature change
in the black curve is the anisothermal spectral deviation.
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we use TES daytime measurements of the surface emissivity
to calculate and remove the compositional spectral effects.

4.2. Internal Instrument Radiance

[26] TES spectra contain a systematic background radi-
ance error due to a minor misalignment of the pointing mirror
assembly [Christensen et al., 2001]. The feature is a rela-
tively small additive effect (�1.0� 10�8 W cm�2 sr�1 cm�1

between �300 and 1400 cm�1), and is less pronounced with
increased surface temperature. Because of the low-tempera-
ture difference between the planet and detectors during
nighttime observations, the rock abundance algorithm is
highly sensitive to this spectral contribution. In order to
minimize the effect, the spectral response of this additive
offset was isolated using space observations and uniformly
subtracted from each observation.

4.3. Atmospheric Contributions

[27] The effects of atmospheric dust can be minimized by
constraining the data as a function of the atmospheric
opacity, which has been well characterized using daytime
TES observations [Smith et al., 2001]. In addition, modeling
the effect of atmospheric contributions to the rock abun-
dance algorithm resulted in a threshold for useful data. With
an aerosol dust opacity over �0.2, atmospheric scattering
and emission cannot be sufficiently removed to produce
reliable rock abundance values. This represents conditions
seen during the dustiest periods of the Martian year, when
large-scale dust storms dominate [Smith et al., 2001; Smith,
2004]. Only data with dust opacity values below this
threshold were included in the global data set.
[28] Data collected during the clearest seasons can be

corrected to reduce the effect of atmospheric dust. The
radiant contributions of aerosols can be modeled with
TES-derived opacity, temperature, pressure and spectral

shapes. The method for modeling these spectral effects is
the same as that used by Smith et al. [2001], and extensively
described by Bandfield and Smith [2003]. The nighttime
dust opacity is not retrieved with TES observations, how-
ever the atmospheric dust content does not change signif-
icantly on a diurnal timescale and the daytime opacity can
be substituted for nighttime observations at the same lati-
tude, longitude, and Ls. A three-dimensional lookup table
with these variables was assembled to find the opacity for
each nighttime observation. The temperature/pressure pro-
files necessary to calculate the aerosol radiance were taken
directly from nighttime spectral observations [Conrath et
al., 2000]. These correlated measurements were used to
calculate the atmospheric attenuation and the radiance
contributed from a warm dusty atmosphere with the meth-
ods established by Smith et al. [2000].
[29] The spectral shapes of water ice clouds and atmo-

spheric dust were isolated using target transformation and
end-member retrieval methods described by Bandfield et al.
[2000]. Using these spectral shapes, the radiative transfer
equation (equation (1)) is used to calculate the contributions
and transmission of energy in a series of layers from the top
of the atmosphere down to the surface [Smith et al., 2000].
The lowest layer is added by extrapolating the temperature
to the surface pressure [Conrath et al., 2000], which is
estimated from elevation and a seasonally adjusted refer-
ence pressure based on Viking lander measurements
[Tillman et al., 1993]. The radiance of the surface is found
by subtracting the integral term (from equation (1)) from the
measured radiance, and dividing by the attenuation term
(e�to(l)/m) [Smith et al., 2000]. This effectively removes the
radiance contributed from a warm dusty atmosphere to
produce nighttime surface spectra relatively free of atmo-
spheric contributions.

Figure 3. Typical daytime TES spectra indicative of specific atmospheric conditions [after Smith et al.,
2000]. The major absorptions due to atmospheric components are labeled. The wavelengths of the
integrated TES channels used in this study are shows with band centers at 30 and 9 mm, labeled T30 and
T9, respectively.
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[30] The presence of nighttime water ice clouds in the
data is undetermined, but as they show little thermal
contrast from the surface, they are a relatively minor effect
[Pearl et al., 2001]. Nighttime clouds are temporally
random in occurrence [Smith et al., 2001], and their effects
are not observable in the final data set.

4.4. Surface Emissivity

[31] The compositional heterogeneity on Mars contrib-
utes spectral features that must be isolated in each obser-
vation in order to calculate the spectral difference due to
surface anisothermality. Daytime TES spectra have previ-
ously been deconvolved to retrieve the atmospheric and
surface spectral contributions, and produce atmospherically
corrected surface emissivity maps [Bandfield, 2002]. These
4 pixel/degree maps were used to determine the emissivity
for the location of each nighttime observation and account
for the compositionally dependent surface emissivity effects
in each channel.

4.5. Thermal Model

[32] The model used to predict the nighttime temperature
of the rock surface component, and to inversely determine
the thermal inertia of the low-temperature component is an
updated version of the Viking thermal model [Kieffer et al.,
1973], hereto referred to as the KRC model. The atmo-
spheric parameters of the KRC model are fully adjustable,
and have been adjusted to approximate the TES thermal
model for consistency with the TES thermal inertia data set
[Mellon et al., 2000; Jakosky et al., 2000].
[33] The KRC thermal model is used to construct a six-

dimensional lookup table which is used to determine the
kinetic surface temperature by varying the six model inputs
(thermal inertia, time, season, albedo, surface pressure, and
latitude). The albedo is retrieved from a 4 pixel/degree map
compiled from TES daytime visible bolometer data. Surface
pressure is modeled using the measurements from the
Viking landers and the location, time, and season are taken
from spacecraft ephemeris data. To calculate the temperature
of the rock component (Trock), the 1250 J m�2 K�1 s�1/2

thermal inertia value is used to predict the temperature at
each observation’s time and location. To calculate the
thermal inertia corresponding to the fine-temperature com-
ponent (Tfc), it is correlated with the best fitting KRC model
thermal inertia temperature as interpolated from the lookup
table.

4.6. Rock Abundance Algorithm Applied to TES Data

[34] Equation (7) describes the total radiance as observed
by the detector. The application of this equation to single
nighttime TES observations requires reducing the number
of unknowns using the information about Mars as outlined
in the above sections. A flowchart illustrating each data
input, model, and algorithm step shows the methodology
that was developed to determine rock abundance with the
TES data (Figure 4).
[35] In order to minimize the spectral features unrelated to

surface anisothermality, the atmospheric and surface emis-
sivity spectral effects were calculated and removed to
produce a radiance spectrum that could be described by a
mixture of blackbodies (RBB[T, l]). The modeled additive
radiance of the atmosphere as a function of season, latitude,

and longitude was subtracted from each observation to
produce an atmospherically corrected surface radiance
spectrum (Rsurf), and the surface radiance was divided by
the surface emissivity (e) spectrum for the location of each
observation. These atmosphere- and emissivity-corrected
radiance spectra were integrated to two- channel brightness
temperatures, and used as the inputs for the spectral differ-
ence model.
[36] Christensen [1982] assumed an albedo value of 0.10

and inertia of 1260 J m�2 K�1 s�1/2 to calculate the
temperature of the rock component, corresponding to a dark
solid material such as basalt blocks. We use the same albedo
and inertia to calculate the surface rock temperatures. These
values correspond to a maximum summertime temperature
of �240 K at 2.5 H local time. In the TES algorithm we
assume that rocky material is composed of dark blocks such
as basalts, while lower-inertia material is composed of dust-
like material, which ties each temperature component to an
assumed albedo [Christensen, 1986a].
[37] With the atmospheric and emissivity parameters

accounted for, there are two free parameters in equation (7):

Figure 4. Flowchart for the TES rock abundance
algorithm. Solid boxes indicate independent inputs used in
the algorithm. Ovals indicate model output that is used as
input in further steps, and the dashed box is the iterative
fractional brightness temperature calculation. R is radiance
at the sensor, E is emissivity, and a is the percent rock
abundance in a single observation.
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the temperature of the nonrock component (RBB[T1, l]) and
the areal fraction of the rock component (a). These two
unknowns are determined by solving the equation at two
different wavelengths (30 and 9 mm) for each observation,
and deriving two new equations using calculated brightness
temperature.
[38] The fractional abundance of the rock temperature

component is determined from the equation:

T9 � T30 ¼ T9rock � T30rockð Þaþ T9 fc � T30 fc
� �

1� að Þ ð8Þ

in which T9 and T30 are the observed brightness temperature
in each integrated channel, T9rock and T30rock are the
integrated brightness temperatures of a blackbody at the
model temperature of rock, T9fc and T30fc are the integrated
brightness temperatures of a blackbody at the fine-
component temperature, and a is the rock abundance, or
fraction contribution of the rock temperature component. The
algorithm assumes the rock temperature as determined by the
thermal model, and iteratively calculates the brightness
temperature values at each spectral channel, starting with the
lowest corresponding temperature of a fine component
inertia of unconsolidated dust (24 J m�2 K�1 s�1/2), and
increasing until it most closely matches the measured
brightness temperature values in both channels. The iterative
calculation reconciles the brightness temperature of the
model outputs (Trock, Tfc) with the integrated brightness
temperature in each channel (T), described by the equation:

Tl ¼ Trocklað Þ þ Tfcl 1� að Þ ð9Þ

A lookup table for every 1% change in rock abundance and
fine component temperatures ranging from 160 K to 250 K
was compiled. In order to determine the thermal inertia of the
fine component, the brightness temperature is treated as a
kinetic surface temperature and input back into the inverse of
the thermal model. The final model outputs are rock
abundance and fine component inertia for each observation.
The fractional rock abundance is multiplied by 100% and
expressed as percent rocks in each field of view.

5. Error Analysis

5.1. Random Errors

[39] There are three sources of uncertainty that affect the
final modeled rock abundance value: (1) instrument noise,
(2) atmospheric radiance, and (3) surface emissivity. The
first is the uncertainty due to instrument noise in the
observations, and the latter two are discrepancies that could
exist between the modeled values and the actual conditions
of the atmosphere or surface. Each of these effects have
been previously described in detail. Here we will outline the
uncertainties for each source, and provide an analysis of the
combination of the uncertainties on the final calculated rock
abundance values.
5.1.1. Instrument Noise
[40] The noise level of a single TES spectrum is �2.5 �

10�8 W cm�2 sr�1 cm�1 for wave numbers �300 to
1400 cm�1 and increasing to �6 � 10�8 W cm�2 sr�1

cm�1 at shorter (<250 cm�1) and longer (>1650 cm�1)
wave numbers, as determined by prelaunch and in-flight
observations [Christensen, 1999]. Under daytime condi-

tions, this effect is relatively small, but it increases as the
signal decreases with lower surface temperature. Because
the rock abundance algorithm uses the relative radiance as a
function of wavelength, the effects of the uncertainty as a
function of wavelength is nonlinear. The spectral difference
uncertainty due to instrument noise is best calculated as a
function of surface temperature (Figure 5). The noise
equivalent spectral difference ranges from of ±0.1 K at
240 K to ±1.15 K at 160 K.
[41] As a result of the wavelength-dependent spectral

uncertainty, the surface temperature as a function of season
becomes one of the primary criteria for determining the
usefulness of the data. Below an average surface tempera-
ture of �165 K, the short wavelength region becomes
dominated by noise, and the spectral anisothermality effects
are almost entirely obscured.
5.1.2. Atmospheric Radiance
[42] The uncertainties calculated by Smith et al. [2000]

for atmospheric opacities retrieved from daytime observa-
tions, and by Bandfield [2002], for the modeled atmospheric
spectral shapes result in a total opacity uncertainty estimate
of about 0.05 for a single observation. A detailed descrip-
tion of these errors is given by Bandfield and Smith [2003].
[43] Uncertainties in the estimates in surface temperature

(0.5 K) and in atmospheric temperatures (3 K) result in
opacity uncertainty of 0.02 for both dust and water ice in
daytime observations. When the surface/atmosphere thermal
contrast drops below 20 K (at a surface temperature of
220 K), the spectra become too noisy to provide reasonable
estimates of water ice opacity. Water ice clouds may be
present in nighttime observations, but there is too little
thermal contrast between the surface and the atmosphere to
obtain reliable aerosol opacities [Pearl et al., 2001]. Night-
time clouds are not corrected for in the model or error
calculation, since they are ephemeral on less than a diurnal
timescale. In addition, the spectral effects are more likely to
subdue high-contrast surface features, rather than induce
positive rock values in the data. In addition, the highest
opacity of water ice occurs at 825 cm�1, located well
outside the spectral channels used here.
[44] We make the assumption that the diurnal atmospheric

dust opacity does not change significantly over short time-
scales. The opacity data was binned in 1� spatial bins and
100 orbit (4� Ls) temporal bins. The change in dust opacity
for a 4� Ls time span between latitudes �60 and 60, is less
than 0.02 for most of the data. During dust storms the
atmosphere warmed by as much as 10 K over 2 days
[Conrath et al., 2000; Clancy et al., 2000], but these periods
were excluded due to the high overall atmospheric dust
opacity. The atmospheric opacity maps used to determine
the radiant atmospheric contributions are generated from
hundreds of observations per bin, making the uncertainty
due to random errors in each observation negligible, al-
though systematic errors are not reduced.
5.1.3. Surface Emissivity
[45] The surface emissivity calculation uncertainties are

detailed by Bandfield [2002] and provide for a calculable
uncertainty in the rock abundance algorithm. The error for
emissivity as determined by Christensen et al. [2001] for an
average of six detectors and a surface temperature of 280 K
is <0.0013 from 300 to 1100 cm�1 and increasing to 0.0035
at 1400 cm�1. The 4 pixel/degree binned emissivity data set
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used here includes large numbers of spectra in the averages
as well as multiple orbit tracks which systematically reduce
the noise induced with calibration, and result in significantly
lower-emissivity errors, making it insignificant compared to
the possible subpixel emissivity variation on any surface.
5.1.4. Summary
[46] The total calculated uncertainty in a single TES

observation is almost entirely dependent upon the average
temperature of the observation due to season and latitude,
and the magnitude of the spectral difference between the 9
and 30 mm channels. For a high-temperature surface obser-
vation (>200 K), the combined effects of instrument noise,
surface emissivity uncertainties, and atmospheric radiance
result in less than a 2% uncertainty in rock abundance
values. With surface temperatures below 170 K and low
rock abundance (<10%), the uncertainties can increase to
40% of the rock value.
[47] The greater the spectral contrast, the lower the

overall error. Thus a combination of data characteristics
can be used to determine the uncertainty for any single
observation. The best case is a low fine-component inertia
(<100), a high rock abundance (30%), and high-temperature
observation (>200 K). The worst case is a moderate fine-
component inertia (>300), a low rock abundance (<10%),
and a low-temperature season observation. Assuming a
surfaces with a low fine-component inertia and summer
observation, the uncertainty is ±5% in the 0–10% rock
abundance range, decreasing to ±1% at 50% rocks.

5.2. Systematic Error

[48] A model parameter that can have an effect on the
derived rock abundance is the albedo of the model rock

component. The albedo has the least effect on component
temperature during predawn observations, but the effect
becomes significant at the highest thermal inertias. Thus
the largest effect assumed albedo can have is for the
nighttime rock temperatures. The albedo of the fine com-
ponent isn’t significant in calculating the rock abundance,
and has a relatively small effect on the fine component
inertia.
[49] Observations made at landing sites have shown that

in some regions on Mars, rocks are likely to have an albedo
greater than 0.1. Most recently, data from the Pancam
imagers on board the 2003 Mars Exploration Rovers have
been used to derive calibrated albedo values for surfaces
observed by the landers. At the MER-A landing site the
derived albedo values for gray rock surfaces were on the
order of 0.10 to 0.15, but many rocks displayed moderate to
high albedo surfaces (0.20–0.30) due to dust covering the
surface [Bell et al., 2004]. This variability suggests that our
albedo assumption is reasonable for dust-free rocks, but in
landing site observations no completely dust-free rocks
have been observed.
[50] Rocks can be coated or dust-covered, and thus

absorb less total solar energy during the day than the
modeled rock component used in this study. In extreme
cases, the modeled nighttime rock temperature can be as
much as 10 K lower with an albedo of 0.3. No lander has
been sent to any regions that are representative of the
highest albedo surfaces on the planet, and no data exists
for the rock and soil albedos in these regions. A variable
rock albedo assumption is not included in the uncertainty
calculation, as the characteristics of rocks on Mars are only
known for a limited portion of the planet. In comparison to

Figure 5. Noise equivalent spectral difference curve. The values are integrated brightness temperature
in the 9 and 30 mm channels. Data used in this study require a spectral difference unknown of less than
±1 K, corresponding to a surface temperature >165 K.
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the assumed albedo method used here, moderate albedo
differences in rocks will cause less than a 5% increase in the
rock values even for the brightest surfaces.

6. Results

6.1. Global Data Sets

[51] Over 4.9 million observations were used to generate
the global rock abundance data set (Figure 6). The 8 pixel/
degree map has a total coverage of �45% of the planet
between latitudes �60 and 60. Data gores in the map were
filled by using the surrounding pixels inversely weighted as
a function of distance. Surfaces that have extremely low
nighttime surface temperatures or high dust opacities (e.g.,
Olympus Mons, Hellas basin) and thus do not have good
systematic data coverage were left unfilled. A map of the
model-derived fine-component inertia was also compiled at
the same resolution (Figure 7). While this data set is part of

the calculation for determining rock abundance, it can be
treated as an independent characteristic. Thus it provides
additional information for interpreting the nature of the
surface materials. The resolution of the binned maps has
an effect on the shape of global frequency distribution
curves due to the geometry of the observations. Because
the surface was observed by TES at �3 km resolution with
a significant gap in longitude between orbit tracks (often
twice the width of a TES track), each bin is randomly
sampled over the surface area. This sampling causes an
effect that can be seen in the global histogram as a function
of resolution (Figure 8). At low bin resolutions, the areas
displaying extreme high and low values get averaged to
produce bins with more median values. With higher bin
resolution, the extreme values are observed with a higher
occurrence, due to the statistical nature of smaller-area
observations. While each histogram displays a legitimate
distribution of global values, this geometry effect should be

Figure 6. TES 8 pixel/degree global rock abundance map. TES coverage is not extended past 60� latitude
due to seasonal frost and atmospheric conditions. Black pixels in Hellas Basin and Olympus Mons indicate
that there is no useful data for those surfaces.

Figure 7. TES 8 pixel/degree global fine-component inertia map. Black pixels in Hellas and Tharsis
indicate that there is no useful data for those surfaces.
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taken into account when comparing the rock abundance
map to data sets at other resolution.
[52] In the 8 pixel/degree data set, there is an average of

four observations per bin, and the modal maximum occurs
at two observations per bin. Thus binning at 8 pixel/degree
has two major effects: it effectively reduces the random
noise by averaging several values together, and/or it sam-
ples more of the total surface area observed in a bin. This
second effect produces average rock abundance values in a
bin that might have more extreme minimum and maximum
values. The histogram of observed 8 pixel/degree binned
rock abundance data set has a modal maximum at 2–3%
rocks, with an average of 12% rocks globally. At this
resolution, less than 1% of the planet has rock abundances
over 50%, and only 7.4% of the observed planet has greater
than 30% rocks. The global fine-component inertia aver-
age is 240 J m�2 K�1 s1/2, with a distinct modal peak at
111 J m�2 K�1 s�1/2 and diffuse peak at 310 J m�2 K�1 s�1/2.

6.2. Data Correlation and Validation

6.2.1. IRTM Rock Abundance
[53] The TES results are presented in a format similar to

the Viking IRTM (Figure 9), but a direct comparison is
difficult considering the differences in spatial resolution and
sampling of observations as described in section 6.1.
(Figure 10). When TES data are averaged into 1� bins, a
significant fraction of the area included in the bin is not
observed. Thus binned values are randomly biased toward
the portions of the bin that are observed. There is also a
systematic bias away from extremely low-temperature sur-
faces (<165 K), since surface temperature is used as a data

Figure 8. Comparison of histograms from global maps at 1, 8, and 16 ppd. All histograms were
generated with the 4.9 million observation data set and binned at different resolutions. The difference
between the histograms is a function of the geometry of the 3 � 3 km observations on a simple
cylindrical projection.

Figure 9. Comparison of (a) TES rock abundance map
convolved to 1 pixel/degree and (b) IRTM rock abundance
map.
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constraint. Since the IRTM data has a 30 � 30 km footprint,
and a bin resolution approximately double that size, the
IRTM global map was compiled with observations that not
only observed the majority of each bin, but that have
multiple observations per bin.
[54] Given the data set characteristics, the agreement

between TES and IRTM contains few surprises. The major
rocky regions match in both maps, and the relative distri-
bution of rocks agree on the global scale. The higher
occurrences of both rocky (>20%) and rockless surfaces
(0%) in TES data was expected, considering the higher
resolution of the TES data. This resolution is likely to
observe surfaces that formed from a single geologic process,
such as an impact, fluvial erosion, or volcanic flow, as
compared to IRTM which was more likely to observe
multiple surface types in a single observation. As a result,
we are able to map rock and inertia values that can be used
to distinguish specific units and surfaces possibly resulting
from a single or uniform set of processes.
6.2.2. Fine-Component Inertia
[55] The fine-component inertia can be interpreted simi-

larly to TES bulk thermal inertia [Jakosky et al., 2000;
Mellon et al., 2000]. It is a property that depends on the
particle size and degree of induration of all the materials in
the field of view excluding rock. Any combination of fine-
component inertia and rock abundance are possible. A
surface with a high rock abundance value and a low fine-
component inertia can be interpreted as a checkerboard
mixture of rock and dust, since very low inertias (24–
150 J m�2 K�1 s�1/2) are interpreted to result from the
accumulation of atmospheric dust [Pollack et al., 1979;

Christensen, 1986b]. A high fine-component inertia can be
the result of a number of conditions on the surface,
including the presence of large grain size material such
as sand [Presley and Christensen, 1997], gravel, or a fine-
grained material that has developed a duricrust [Jakosky
and Christensen, 1986].
[56] At a global scale, the Martian surface displays a

complex relationship between rock abundance and fine-
component inertia (Figure 11a). For most of the planet,
regions displaying high rock abundance typically have a
moderate to high fine-component inertia, while rockless
surfaces are composed of nearly uniform low-inertia mate-
rials, typically displaying fine-component inertias below
150 J m�2 K�1 s1/2. This distribution of rock and inertia
values suggests that rocky surfaces are usually made up of a
mixture of moderate to high-inertia materials, while the
lowest fine-component inertia surfaces are relatively homo-
geneous.
[57] The fine-component inertia concentration at <100 J

m�2 K�1 s1/2 (Figure 11a) is a significant portion of the
planet, and represents the three low-inertia regions, the
Tharsis Highlands, Elysium Mons, and Arabia Planitia.
These are homogeneous surfaces, where most likely a
uniform depositional process controlled the distribution of
materials. The rest of the planet is more diffusely repre-
sented on the plot, indicating that more than one process
may have been at work.
[58] The concentration around a fine component inertia of

�300 J m�2 K�1 s1/2 represents the second unit in the
classic bimodal distribution of thermal inertia on the planet
[Kieffer et al., 1977]. While the correlation between rock

Figure 10. Comparison of histograms from the TES and IRTM data sets. Both are generated from data
binned at 1 pixel/degree. Histograms are normalized by dividing the number of bins in each rock
abundance value by the total number of bins in the data set. The differences in histogram shape can be
attributed to the higher resolution of TES observations.
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and fine-component inertia is not as focused, this may
indicate that there is a global process that preferentially
produces materials in the 300 J m�2 K�1 s1/2 range. This
inertia value corresponds to aeolian sand with an average
particle size of 800–900 mm [Presley and Christensen,
1997]. A second possibility is that a common process is
indurating fine dust deposits into a duricrust with an inertia
of �300 [Jakosky and Christensen, 1986]. The third inter-
pretation is that the concentration of fine-component inertias
around 300 J m�2 K�1 s1/2 simply represents an average
peak inertia resulting from a number of independent surface
processes.
[59] While rock abundance may be dependent on the fine-

component inertia, the inverse is not necessarily the case.
The presence of two distinct concentrations of values in the
scatterplot indicates that fine-component inertia is not
highly dependent upon rock abundance. Either the processes
exposing rocks and generating high fine-component inertias
are unrelated, or both are the result of a single process, and
rock exposure represents an extreme case.
6.2.3. Thermal Inertia
[60] TES bulk thermal inertia is the modeled value that

represents the average temperature of all materials in the
field of view. Thus any single thermal inertia value can be a
combination of a mixture of high- and low-inertia materials,
or a uniform grain size covering the entire surface. A bulk

thermal inertia of 300 J m�2 K�1 s1/2 can be a surface
composed entirely of 800–900 micron grains, or a mixture
of gravel with an inertia of 1000 J m�2 K�1 s1/2 and dust
with an inertia <150 J m�2 K�1 s1/2, or a duricrust with an
average inertia of �300 J m�2 K�1 s1/2. Thermal inertia is
derived differently from rock abundance and fine-component
inertia, thus the differences in the data sets are real physical
information (Figure 11b). While data appropriate for calcu-
lating rock abundance values have a relatively limited
coverage, TES bulk thermal inertia have been collected
for every bin at multiple seasons.
[61] Surfaces with bulk thermal inertias below 200 J m�2

K�1 s�1/2 almost exclusively have low rock values, and is a
result of the large-scale low-inertia regions on the planet.
Between 200 and 600 J m�2 K�1 s�1/2 there is a wide range
of fine-component inertia values, with higher average rock
values. Above 600 J m�2 K�1 s�1/2, the rock abundance
typically is greater than 10%, indicating that most of the
highest thermal inertia surfaces have a relatively high rock
component.
6.2.4. Albedo
[62] The albedo data set used here was collected using the

TES visible/near-infrared bolometer [Christensen et al.,
2001]. The value is the ratio of reflected energy to solar
incident energy, and is assumed to be Lambertian. This is a
measurement that is controlled by the color, roughness,

Figure 11. Scatterplots of global TES data sets. All data sets are 8 pixel/degree resolution, from �60 to
60 latitudes. Fine-component inertia and thermal inertia are in units of J m�2 K�1 s�1/2. (a) Fine-
component inertia versus rock abundance, (b) TES bulk thermal inertia versus rock abundance, (c) TES
bolometric albedo versus rock abundance, and (d) TES bulk inertia versus fine-component inertia.
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slope, frost, and particle size of the materials in the upper
few tens of microns of the surface [de Vaucouleurs, 1967;
Kieffer et al., 1977]. Bolometric observations are collected
at the same 3 � 3 km resolution as other TES observations,
and were binned using the same method, resulting in a map
where values are an average of all the observations in each
spatial bin. The 8 pixel/degree data set was assembled using
observations from the clearest seasons during the mission,
including mapping phase observations for more than two
years from the start of the mission.
[63] Comparison of rock abundance and bolometric albe-

do shows that there is an inverse relationship between
rockiness and reflectivity (Figure 11c). As part of the rock
abundance algorithm, we assume that rocks are the lowest
albedo materials on the surface, corresponding to dark
basaltic blocks with an albedo of 0.1 [Christensen, 1982].
The model parameter for the fine-component is at the other
end of the albedo range of the planet, with an assumed value
of 0.3. While component albedo is an assumption in the
thermal model, the bolometric observations provide an
indication that this assumption holds true for the majority
of the planet.
[64] There are two sharp modes and a diffuse concentra-

tion in the rock abundance/albedo plot. The highest albedo
concentration displays very low rock abundance, with most

surfaces below 5% rocks with albedos above 0.34. This
corresponds to the classic low-inertia regions. The second
concentration of values is an intermediate surface with low
to moderate rock abundances. The diffuse modal peak of
rocky surfaces with low albedo (�0.15) centered at �12%
rocks indicates that these surfaces are not homogeneous.
The wide range in both values most likely indicates that
rocky surfaces can have varying amounts of dust that has
been deposited as a result of global dust storms.
6.2.5. Fine-Component and Thermal Inertia
[65] The correlation of TES thermal inertia and fine-

component inertia suggests that most of Mars’ bulk inertia
is controlled by the fine-component inertia (Figure 11d),
with rock abundance contributing to bulk inertia values
primarily in areas with high fine-component inertias. The
most interesting feature is the distinct concentration of
values around 300 J m�2 K�1 s�1/2 in both fine-component
and bulk thermal inertia. The high correlation of surfaces
with the same fine component and thermal inertia provides
evidence that there may be a process concentrating inertia
values in that range.
[66] Christensen (1986a) concluded that the fine compo-

nent inertia controls the thermal inertia for the majority of
the planet, but we find that this is not applicable for the
highest-inertia units at TES resolution. Instead, a high fine-
component can generate surfaces up to bulk inertias in the
300 J m�2 K�1 s�1/2 range, and rocks are required to
increase the inertia above that level. Mars can thus be
modeled with three primary thermophysical components:
dust (<150 J m�2 K�1 s�1/2), a moderate inertia component
(�300 J m�2 K�1 s�1/2), and rocks (>1250 J m�2 K�1 s�1/2).
Combinations of these three components can make the full
continuum of surfaces observed in bulk inertia values.
6.2.6. Gamma Ray Spectrometer
[67] Observations from the Mars Odyssey gamma ray

spectrometer (GRS) have been used to map the distribution
of hydrogen in the Martian regolith, which is interpreted to
be the presence of subsurface ice and hydrated soils in the
upper meter of the surface [Boynton et al., 2002; Feldman et
al., 2002; Mitrofanov et al., 2002]. The epithermal neutron
flux, which indicates the presence of subsurface water, is
most correlated with latitude. The southern latitudes below
�50� have the lowest flux counts, and as a result, the
highest water abundance. The most water-rich areas on the
planet are not easily mapped with rock abundance data,
since they are very high latitude, but the rest of the planet
has interesting correlations with thermophysical properties.
Keller et al. [2003] found a weak correlation between GRS
hydrogen abundance and IRTM-derived thermal inertia,
albedo, and rock abundance. The geographic distribution
of ground ice in the Martian soil was found to depend on the
latitude, thermophysical properties of the soil, and atmo-
spheric water vapor density [Mellon et al., 2004] indicating
that water is present in the hydrous minerals within the
highly altered soil, and distinctly absent from rocky regions
[Keller et al., 2003].
[68] We compare the epithermal neutron flux from GRS

experiment with TES rock abundance (Figure 12) at the
highest resolution of the GRS data (8 degree/pixel), and find
a similar result as Keller et al. [2003], although with a
higher correlation with epithermal neutron flux (Figure 13).
High rock abundances are present in areas with little

Figure 12. Ten degree/pixel data sets for comparison to
GRS results, limited to �60 to 60 latitudes. (a) Epithermal
neutron flux from the HEND experiment. (b) TES rock
abundance. (c) TES fine-component inertia.
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subsurface water, indicating a lack of soil alteration on
rocky surfaces. We also find a weaker correlation between
flux and fine-component inertia, indicating that the fine-
component inertia is an independent surface characteristic,
and not as well controlled by the presence of water in the
regolith.
6.2.7. Landing Sites
[69] The five visited Mars landing sites are the only

points of reference for directly relating remotely observed
rock abundance to in situ information about the surface. For
each site, all available TES data were compiled and used for

mapping. Normally, spacecraft operations including solar
panel and high-gain antenna motor operation can induce
spectral noise in TES observations. While we used these
conditions to constrain noisy data in the global data set, they
were ignored in selecting the data for mapping the landing
sites. In order to reduce overall error, the noisiest tracks
were identified and removed manually. As a result, the
landing site maps contain more data than is available for
these areas in the global data set, providing better spatial
coverage, although with potentially a greater uncertainty in
any given pixel. This results in excellent data coverage for a

Figure 13. Plots of correlation between (a) TES rock abundance and (b) fine-component inertia with
GRS epithermal neutron flux at 8� bin resolution.
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small area, but is impractical for the millions of observa-
tions in the global data set.
[70] The maps of the landing site regions show the high-

resolution projected footprint of the TES pixels represented
by the individual colored squares, and superimposed on
Viking photomosaics for context. Comparisons are made
between binned 8 pixel/degree TES rock abundance and
1 pixel/degree IRTM values presented by Christensen
[1986a] and selected by Golombek et al. [2003b]. Table 1
includes the values from IRTM and TES, and best estimate
rock counts performed using visible lander images [Moore
et al., 1979; Moore and Keller, 1990, 1991; Golombek et
al., 1997; Grant et al., 2004; Golombek et al., 2005;
Crumpler et al., 2005]. While three of the five sites are
observed directly with TES, Viking Lander 1 (VL1) and
Mars Exploration Rover-B (MER-B) are not. The closest
TES observation for the VL1 is �3 km from the site. The
value for VL1 has been interpolated from surrounding
pixels to provide a rough estimate of surface rock abun-
dance, although the actual site has not been observed. For
MER-B, the closest observations are >30 km away, and do
not provide a reliable estimate of the rock abundance at the
landing site.
[71] The Mars Exploration Rover-A (MER-A) landing

site in Gusev crater was targeted to search for evidence of
environmental conditions necessary for life [Squyres et al.,
2003]. The sediments in the landing site were predicted to
be fluvial or lacustrine, related to Ma’adim Vallis and the
crater-filling event [Cabrol et al., 1996]. What was ob-
served by the rover is flat, rocky terrain, with rock size
distributions and materials dominated by impact events,
with some features resulting from recent aeolian processes
[Grant et al., 2004; Golombek et al., 2006]. Detailed
analyses of rock populations and physical characteristics
of surface materials were made at the landing site and along
the rover traverse [Crumpler et al., 2005; Golombek et al.,
2005; Golombek et al., 2006]. These analyses provide a
more spatially significant analysis of the physical proper-
ties, allowing a more effective comparison to the TES data.
The observations resulted in rock abundances between 5
and 30%, and an adjusted average of 7% for the cratered
plains [Golombek et al., 2005, 2006]. From the best
estimate projection, most of the Spirit’s traverse occurred

within a single TES detector observation, which displays a
calculated rock abundance of �11 ± 4%, and multiple
observations were not found of this area. The Columbia
Hills were likely observed by the next TES detector to the
east in the orbit track, and display a slightly lower rock
abundance of 9 ± 5%.
[72] Regionally, TES data display surfaces with rock

abundances approaching 30% in the lower-albedo surfaces
in the region (Figure 14). The TES value of 11 ± 4%
compared to 8% from IRTM suggests that the higher spatial
resolution of the TES data is able to distinguish the smaller
kilometer-scale surface units and variations in materials
observed within the crater. Because these variations are
well correlated with the albedo variations seen in Gusev, it
is likely that the rock distribution is a function of the more
recent processes such as aeolian dust deposition or soil
formation, rather than the original impact events.
[73] The MER-B lander was targeted for Meridiani Pla-

num due in part to the unique mineralogic unit identified in
the region [Christensen et al., 2000], but also because of the
evidence for homogeneous surface materials, and the like-
lihood for a safe landing site [Golombek et al., 2003b].
Because of the latitude of Meridiani Planum, the TES
coverage is some of the most complete, yet because of an
atmospheric observation that TES performs at 0� latitude on
every orbit, the landing site was not directly observed. The
map of TES observations shows that the majority of the
Meridiani hematite unit has very low rock abundance, while
some surfaces located outside the layered unit are rocky
(Figure 15). Rover images show a terrain that is nearly

Table 1. Rock Abundance Values From TES, IRTM, and

Observations Made From the Lander Imagesa

Landing Site
TES Rock
Abundance

IRTM Rock
Abundance

Lander
Observations

Viking 1 8 ± 5 16 16
Viking 2 13 ± 4 17 16
Pathfinder 12 ± 4 19 19
Spirit 11 ± 4 8 7
Opportunity NA (9 ± 6) 5 �5

a IRTM data are calculated from Christensen [1986a] and selected by
Golombek et al. [2003b]. Viking 1 and 2 rock counts were made by Moore
and Keller [1989, 1990]. Pathfinder lander rock values are from Golombek
et al. [1997]. At the MER-A Spirit landing site, Golombek et al. [2005,
2006] calculate rock abundances that vary from 5 to 30%, and adjusting the
overall plains rock abundance to the average thermal inertia results in an
average of 7%. TES observations are not available for the MER-B
Opportunity site due to a regular equatorial atmospheric observation.

Figure 14. Rock abundance in the Spirit/MER-A landing
site region. TES observations are represented by the 3 �
3 km footprint of each detector draped over Viking
photomosaics for context. Map is 5� � 5� in latitude and
longitude, and approximately 300 km in height. Gusev
landing site has a TES pixel that directly observe the
landing site.
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rockless and homogeneous on the large scale, with expo-
sures of the underlying rock layers in impact craters
[Squyres et al., 2004b]. Rock distribution observations from
the perspective of a rover are only likely to result in a
quantitative estimate that can be directly related to the
regional value if the surfaces are homogeneous on the
kilometer scale.
[74] The Pathfinder landing site at the mouth of Ares

Vallis is a surface that was at least partly modified by the
catastrophic flooding events from Ares and Tiu Vallis
[Greeley et al., 1977; Golombek et al., 1997]. TES values
near the Pathfinder landing site range from only a few
percent to over 20%, with a maximum over 35% in the
region (Figure 16). The landing site pixel from TES is 12 ±
4%, while the IRTM value was found to be 18%. Pathfinder
rock count observations made with the visible camera
resulted in a 19% areal coverage in the 3–6 m annulus
around the lander [Golombek et al., 2003b].
[75] The Viking 1 landing site in Chryse Planitia was

found to display a combination of drift and crusty materials
superposed on a rocky substrate, most likely generated from
impact events [Mutch et al., 1976a]. The observations of
this site display the most discrepancy between the TES and
IRTM data set, and the lowest TES rock abundance for all
the sites. This is most likely a function of the distance
between the landing site location and the closest measured
values (Figure 17). The interpolated value gives an indica-
tion of the trend of surfaces in the region, but is probably
not a good estimate for the fine-scale rockiness of the site.
The TES interpolated value is 8 ± 5%, significantly lower
than the IRTM value of 16%. There was estimated to be
16% surface covered by rocks between .035 and .45 meters

Figure 15. Rock abundance in the Opportunity/MER-B
Mars landing site region. TES observations are represented
by the 3 � 3 km footprint of each detector draped over
Viking photomosaics for context. Map is 5� � 5� in latitude
and longitude and approximately 300 km in height.

Figure 16. Rock abundance in the Mars Pathfinder
landing site region. TES observations are represented by
the 3 � 3 km footprint of each detector draped over Viking
photomosaics for context. Map is 5� � 5� in latitude and
longitude and approximately 300 km in height. The
Pathfinder landing site has TES pixels that directly observe
the landing site.

Figure 17. Rock abundance in the Viking 1 Mars landing
site region. TES observations are represented by the 3 �
3 km footprint of each detector draped over Viking
photomosaics for context. Map is 5� � 5� in latitude and
longitude and approximately 300 km in height.
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at the VL1 and Vl2 landing sites, respectively [Moore and
Keller, 1990, 1991].
[76] The Viking 2 landing site in Utopia Planitia is a

relatively flat, extremely rocky surface [Mutch et al.,
1976b], similar in bulk characteristics to the other rocky
landing sites on Mars. The location of the VL2 landing site
pushes the limit for surface temperature due to the high
latitude, but a large number of TES observations are still
available (Figure 18). The average rock abundance value
from TES is 13 ± 5%, comparable to the IRTM value of
17%. While the lander images show a relatively monoto-
nous landscape, from an orbital view the region shows an
extremely variable surface ranging from almost rockless to
20%.
[77] The TES values for the landing sites are comparable

to those calculated with the IRTM data set, given the spatial
distribution of observations as seen in the images. The
observations from most of the landers are near the uncer-
tainties of TES observations, and indicative that these data
are able to characterize local rock abundances. Although
some of the lander rock counts include smaller clasts than
can be identified as rocks using the TES algorithm, they
each provide a similar measure of the site rockiness. This
suggests that the TES rock abundance data are useful at the
highest resolution and provide information that relates
directly to physical measurements as could be made by a
geologist or lander on the surface. Differences exist between
binned values of IRTM and TES, but given the differences
in pixel size and geometry of observations, it is not

reasonable to expect perfect agreement between the two
data sets.

7. Conclusions

[78] Nighttime infrared spectral observations returned
from TES are well suited for determining the subpixel
fraction of rocky material on the surface of Mars. The
spectral difference algorithm used here determines both
the areal fraction of rocks and the thermal inertia of the
low-temperature nonrock component present in each field
of view. These thermophysical properties provide informa-
tion that can be combined with albedo and morphology to
characterize surfaces and interpret the nature of the materi-
als present.
[79] One of the major results from TES is that we are able

to map rock and inertia values that are significantly higher
and lower than observed with IRTM data [Christensen,
1986a]. The higher occurrences of both rocky (>20%) and
rockless surfaces (0%) in TES data is primarily the result of
the higher spatial resolution of the TES observations which
can be used to distinguish specific units and surfaces that
may have resulted from a single geological process. The
expression of rocky surfaces is rarely controlled by mor-
phology. Diffuse boundaries are common and provide
evidence that recent eolian deflation or erosion exposed
the rocks currently at the surface. The primary depositional
process or mode of emplacement that formed or distributed
rocks may be controlling the morphologies of the surfaces,
but in many cases they have been subsequently modified by
dust deposition, mechanical erosion, induration or a com-
bination of these.
[80] A comparison of rock abundance and bolometric

albedo shows an inverse relationship between rockiness
and reflectivity, indicating that rocks are predominantly
very dark. As part of the rock abundance algorithm, we
assume that rocks are the lowest albedo materials on the
surface, corresponding to dark basaltic blocks with an
albedo of 0.1 [Christensen, 1982]. The bolometric observa-
tions provide an indication that this assumption holds true
for the majority of the planet despite observations at landing
sites where rocks are often covered by a thin layer of bright
dust [Bell et al., 2004].
[81] Christensen [1986a] concluded that the fine-

component inertia controls the bulk thermal inertia for
the majority of the planet. This is found to not be
applicable for the highest-inertia units at TES resolution.
Instead, a high fine-component inertia can generate bulk
inertias in the 300 J m�2 K�1 s�1/2 range, and rocks are
required to increase the inertia above that level. Mars can
thus be modeled with three primary thermophysical
components: dust (<150 J m�2 K�1 s�1/2), a variable
moderate inertia component (up to �300 J m�2 K�1 s�1/2),
and rocks (>1250 J m�2 K�1 s�1/2). Combinations of
these three components can be used to model the com-
plex surfaces observed on Mars.

[82] Acknowledgments. The research was made possible thanks to
the contributions of the TES science team and the continued efforts of the
operations staff at Arizona State University. H. H. Kieffer provided the
KRC thermal model used in the surface temperature calculations, a
derivation of the original Mariner 9 model. J. L. Bandfield provided the
atmospheric radiance correction and insight into atmospheric modeling

Figure 18. Rock abundance in the Viking 2 Mars landing
site region. TES observations are represented by the 3 �
3 km footprint of each detector draped over Viking
photomosaics for context. Map is 5� � 5� in latitude and
longitude and is approximately 300 km in height. The
Viking 2 landing site has TES pixels that directly observe
the landing site.
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