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Mars Climate Sounder (MCS) nadir oriented thermal infrared and solar channel measurements are com-
pared with Thermal Emission Spectrometer (TES) measurements across multiple Mars years. Thermal
infrared measurements were compared by convolving the TES data using the MCS spectral band passes.
The MCS solar channel measurements were calibrated using Compact Reconnaissance Imaging Spectrom-
eter for Mars observations to provide the proper gain factor (3.09 � 10�3 W sr�1 m�2 lm�1). The compar-
isons of the datasets show that day and night surface and atmospheric temperatures are within 3 K over
the course of 5 martian years, after accounting for the local time differences. Any potential interannual
variations in global average temperature are masked by calibration and modeling uncertainties. Previous
work attributed apparent interannual global surface and atmospheric temperature variations to major
dust storm activity; however, this variation has since been attributed to a calibration error in the TES
dataset that has been corrected. MCS derived Lambert albedos are slightly higher than TES measurements
acquired over the same season and locations. Most of this difference can be attributed to the spectral
response functions of MCS and TES. Consistent with previous work, global albedo is highly variable
(�6%) and this variability must be taken into account when determining long term global trends. Vertical
aerosol distributions were also derived from the calibrated MCS visible channel limb measurements,
demonstrating the utility of the MCS visible channel data for monitoring of aerosols.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

In order to understand the cycles, trends, and variability of the
current martian climate, it is necessary to build a long-term record
of global surface and atmospheric properties. This includes global
monitoring of visible wavelength albedo, surface and atmospheric
temperatures, and atmospheric aerosol and water vapor proper-
ties. A multi-annual, systematic series of well-calibrated observa-
tions is also crucial to discerning the links between various
systems and how their correlations contribute to the observed re-
gional and global weather, such as the planet encircling dust
events that continue to defy predictability.

Infrared spectral observations (within the wavelength range of
�5–50 lm) have been collected by orbiting spacecraft from the
Mariner 9 Infrared Interferometer Spectrometer (IRIS) and the Vik-
ing Infrared Thermal Mapper (IRTM) instruments during the 1970s
to the current Mars Reconnaissance Orbiter (MRO), Mars Climate
ll rights reserved.

andfield).
Sounder (MCS). In addition, limited atmospheric temperature pro-
files have been collected via microwave, and entry decent and
landing (EDL) measurements (e.g. Hinson et al., 1999; Withers
and Smith, 2006). Despite the variety of long term measurements
spanning several decades, systematic global observations were
not collected until the start of the primary mapping phase of the
Mars Global Surveyor (MGS), Thermal Emission Spectrometer
(TES) investigation. Even in the case of the Viking IRTM measure-
ments that were collected from 1976 to 1980, there are significant
gaps in spatial/seasonal coverage for a given local time (e.g., Mar-
tin, 1981; Wilson and Richardson, 2000).

Despite these limitations, several studies have assembled inter-
annual comparisons in order to characterize various aspects of the
current martian climate (e.g., Jakosky and Farmer, 1982; Martin
and Richardson, 1993; Cantor et al., 2002; Smith, 2004). For exam-
ple, Martin and Richardson (1993) and Smith (2004) focused on
multiannual observations with the IRTM and TES datasets, respec-
tively. Other studies compared multiple datasets and incorporated
general circulation models (GCMs) in order to cover greater time
periods or to better understand the accuracy of the measurements
(e.g., Richardson, 1998; Clancy et al., 2000; Wilson and Richardson,
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Fig. 1. Typical TES radiance spectra (nadir-oriented within 5� of the equator from
TES OCKs 1907–1918; Ls 116, MY 24) with the full width at half maximum
transmission MCS band-passes shown in gray. MCS channels B2 and B3 have
overlapping spectral coverage with channel B3 covering a narrower spectral range
than channel B2. The spectral coverage of MCS channels A1–3 are within the CO2

fundamental absorption and are relatively insensitive to radiance from the martian
surface.
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2000; Liu et al., 2003; Fenton et al., 2007). These studies have
shown both repeatable characteristics of the current martian cli-
mate (such as the aphelion water ice cloud belt) as well as highly
variable characteristics (such as the timing and extent of major
dust events). However, questions have also been raised regarding
the calibration accuracy of the measurements themselves (Clancy
et al., 2000; Wilson and Richardson, 2000) that can make the inter-
pretation of interannual variations suspect even within individual
datasets. As a result, it is still not clear what the magnitude of true
interannual variation is on Mars. For example, the extent and mag-
nitude of regional and global dust events can clearly have large and
variable effects on global temperatures and albedos, but the longer
term effects on global temperatures remain unclear.

In this work, we limit our investigation to the calibration and
comparison of surface and atmospheric radiance derived from
the TES and MCS datasets. We describe the calibration of the
MCS visible bolometric channels, correction of systematic TES cal-
ibration errors, and compare the measured nadir oriented radiance
from all MCS channels to TES measurements. There are two ques-
tions that we attempt to address:

(1) What level of precision and accuracy is achievable with the
recent measurements within and between the spacecraft
datasets?

(2) Are there detectable interannual variations in albedo and
global temperatures on Mars?

Answering these questions requires a great deal of focus on de-
tails of calibration and observation conditions.
2. Instrument and dataset characteristics and calibration

2.1. MCS

2.1.1. Instrument and operations description
The Mars Climate Sounder (MCS) on the Mars Reconnaissance

Orbiter (MRO) began acquiring near-continuous measurements of
Mars in 2006. The MCS investigation goals are to characterize the
thermal structure of the atmosphere and the vertical distribution
of its aerosols and water vapor. In addition, surface measurements
have been acquired to characterize the polar radiative balance
through measurements of the angular dependence of emitted
and reflected radiance at the top of the martian atmosphere. The
surface and atmospheric measurements together can constrain
and characterize the current climate of Mars.

The MCS instrument has a total of 9 linear arrays, each consist-
ing of 21 thermopile detectors at the focal plane of two symmetri-
cal off axis telescopes. Each detector has a 3.3 by 6.2 mrad field of
view (FOV) with a 2.048 s integration time that allows for �5 km
vertical sampling at the limb tangent point from the �280 km
MRO mapping orbit. Nadir observations have a 1.5 by �8 km sam-
pling with the elongation due to spacecraft motion. Glass, multi-
layer interference, and wire mesh (copper grids and squares
deposited on polypropylene substrates) spectral filters are ar-
ranged in front of each of the detector arrays (McCleese et al.,
2007). There are six spectral channels in the focal plane of the A
telescope that consists of mid-infrared channels and the visible/
near-infrared bolometric channel. The B telescope consists of the
three longer wavelength infrared channels (Fig. 1). Spectral band
pass characteristics vary slightly between detectors within the B
channels because of the characteristics of the wire mesh filters.

The planned typical mapping observation strategy of MCS con-
sists of forward limb staring measurements with periodic nadir
and space observations in a 34 s cycle. ‘‘Buckshot mode’’ observa-
tions, which consist of using the 2-axis pointing capability of
MCS to cover a widespread area, occur periodically near the poles.
Details of the MCS instrument characteristics and observing strat-
egy are described in McCleese et al. (2007).

Position errors in the MCS elevation actuator increased in fre-
quency after the start of mapping operations and regular nadir
observations were discontinued. As a result, the data used for this
study are limited to the nadir and limb observations acquired dur-
ing the period from September 2006 to January 2007. Despite the
lack of nadir-oriented observations, limb-staring observations have
continued and off-nadir surface measurements have been system-
atically acquired. Although the comparisons presented here do not
include off-nadir data, the relative accuracy determined from our
work is applicable to the off-nadir dataset.
2.1.2. Calibration of MCS visible channel measurements
Calibration of the MCS visible wavelength channel (A6) was

planned to use views of space and the MCS solar target to provide
a full-aperture 2-point calibration assuming a linear instrument re-
sponse. The solar target is a textured aluminum plate that was in-
tended to provide nearly Lambertian scattering of solar radiance.

In practice, energy reflected of the aluminum plate varies signif-
icantly with emergence angle and a more complex calibration
scheme is required. Laboratory measurements of the solar target
reflectance over a range of illumination angles were acquired at
an incorrect emergence angle. In addition, stray solar light re-
flected from the MCS instrument can influence measured radiance
from the target. These properties greatly complicate the use of the
solar target for calibration purposes because it requires character-
ization of the reflective behavior of the target using the uncali-
brated visible channel measurements themselves. As a result,
space views can be used to determine offsets and the target can
be used to correct for gain differences between detectors, but abso-
lute gain cannot be established.

Special observations were acquired to determine and remove
the relative gain differences between detectors. The gains of each
of the channel A6 detectors are scaled so that they are all the same
as channel A6, detector 11 (A6D11), using a set of observations of
the solar target at slightly different elevation angles so that the
spatial coverage of A6D01, A6D11, and A6D21 were superimposed.
This accounts for non-uniform target illumination and reflectivity
across the array. These steps reduce the data to a set of unitless
‘‘counts’’ (total number for the 2 s observation, rather than a count
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rate) where the zero level is set and gain levels for all detectors
have been normalized to that of A6D11.

It is also necessary to find the proper multiplicative gain factor
to convert the counts to a known quantity of radiance. Fortunately,
the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM; Murchie et al., 2007) is also present on MRO and acquires
data covering a similar wavelength range as that of the MCS visible
channel (Fig. 2). More specifically, it is possible to combine CRISM
multispectral (MSP) mapping mode observations (�100–200 m/
pixel, 72 wavelengths; Murchie et al., 2007) with (near-)coincident
MCS observations using knowledge of the MCS visible channel
band pass. Given that CRISM MSP observations are typically ob-
tained in a nadir orientation, we constructed our observational
sample from the period associated with the largest number of
MCS nadir measurements; September 24, 2006 to January 18,
2007.

To minimize issues associated with surface and atmospheric
inhomogeneity at the mesoscale, we summed CRISM data in the
cross-track direction to approximately 20 km per spectral ‘‘pixel’’.
Though this is coarser than the MCS spatial resolution, this ‘‘fram-
elet’’ size has been used in several projects to provide a useful bal-
ance between resolution and data volume. For the selected time
period, more than 1.5 million CRISM MSP framelets are present.
Matching MCS observations are identified for each framelet by
specifying minimum differences in the spacecraft clock time and
the framelet/detector centroid viewing geometry. The former crite-
rion and our choice of 30 s quickly reduces the possible matching
observations to an ‘‘in the ballpark’’ subsample. For viewing geom-
etry, we combine minimum differences in latitude and longitude
(Dlat and Dlon) with constraints on surface emergence and solar
incidence angles (Dema and inamax). For a framelet to be further
considered, we required that it has at least 5 MCS detectors from
a single acquisition time that meet the viewing geometry con-
straints. Finally, matching CRISM radiance measurements are con-
volved using the MCS channel A6 response function. The resulting
multiplicative gain factor necessary to convert MCS visible channel
counts to radiance was calculated by simply dividing the mean
CRISM derived radiance values with their associated MCS channel
A6 counts.

To summarize, the center point geometry information for each
�20 � 0.2 km CRISM ‘‘pixel’’ is compared to the center location of
Fig. 2. MCS and TES visible/near-infrared channel spectral response functions
normalized to unity at maximum throughput and typical martian radiance (also
normalized to unity) as measured by CRISM (FRT0000B141_07, centered near 24�E,
19�S). The greater throughput of the TES visible bolometer response function at
visible wavelengths relative to MCS places a greater emphasis on visible wave-
length reflectivity of the martian surface. This results in lower derived Lambert
albedos in TES data (�3%) because the martian surface typically has a lower
reflectivity at visible wavelengths than at near-infrared wavelengths. The discon-
tinuity in the CRISM radiance near 1 lm is caused by the use of separate detector
arrays within each wavelength region.
each 1.5 by 8 km MCS measurement. Our viewing geometry con-
straints include Dlat = 0.2� (�12 km), Dlon = 0.3� (�12–18 km),
Dema = 2�, and inamax < 60�. The requirement that at least 5
MCS detectors from a single acquisition time fit the constraints
forces significant cross track overlap between the two
measurements.

These constraints produce a sample of 22,141 framelets and a
radiometric coefficient of 3.08 (±0.27 standard deviation) � 10�3 -
W sr�1 m�2 lm�1 per MCS count. Examining the scatter about
the mean value indicates that about 50% of the standard deviation
is carried by a small number of outliers. Employing a three-sigma
rejection criteria eliminates only 600 points, but significantly im-
proves the precision: 3.09 (±0.15) � 10�3 W sr�1 m�2 lm�1 per
MCS count with essentially no change in the mean value. Tighter
constraints on the viewing geometry do not appreciably change
the results.

An additional factor to be examined is that of the dispersion in
the individual MCS detector values associated with each CRISM
framelet. That is to say, the FOV of the detectors that make up
the average from each radiometric coefficient calculation may be
seeing inhomogeneity that is averaged in the lower spatial resolu-
tion CRISM product. The standard deviation of the MCS measure-
ments associated with each CRISM framelet is also calculated. For
example, adopting either 3% or 5% limits for the relative MCS stan-
dard deviation (reasonable values given the observed radiometric
stability of the MCS visible channel) would indicate that any values
greater than this are due to scene rather than instrumental vari-
ability. These two standard deviation cut-offs (each leave more
than 20,000 points in the sample), do not dramatically change
the coefficients: 3.09 (±0.14) � 10�3 W sr�1 m�2 lm�1 per MCS
count and 3.10 (±0.13) � 10�3 W sr�1 m�2 lm�1 per MCS count
respectively. Other restrictions, such as using only spatially uni-
form areas or limiting solar incidence angles may be employed to
further reduce the standard deviation. However, our constraint
tuning and other filtering methods affect the radiometric coeffi-
cient at significantly less than the 1% level with respect to our ini-
tial calculation, which is significantly lower than other formal
uncertainties.

The absolute accuracy of our coefficient is limited by that of the
CRISM observations themselves. Murchie et al. (2007) report abso-
lute and relative radiometry limits of 10% and 5%, respectively.
However, these may be overly conservative. Bell et al. (2009) per-
form a cross-comparison exercise for the Mars Color Imager (MAR-
CI) camera system (also aboard MRO) similar to ours described
above. An important difference in the MARCI case is that the visible
imaging was calibrated independently using ground-based obser-
vations. Consequently, a comparison of the MARCI pre-launch
and CRISM-based radiometric coefficients provides an estimate of
the CRISM accuracy. Bell et al. (2009) find an agreement of better
than 3–5% between the two methods. This suggests that assigning
an accuracy of 5% to the MCS radiometry is not unreasonable.
2.2. TES

2.2.1. Instrument and operations description
The TES instrument is a Fourier transform Michelson interfer-

ometer (covering �6–50 lm wavelengths) with co-aligned ther-
mal (5–100 lm) and visible (0.3–3 lm) bolometers. The
detectors are arranged in a 3 by 2 array, each with an 8 mrad
instantaneous FOV with a 1.8 s integration time (Christensen
et al., 1992). This configuration results in a 3 by �8 km footprint
from the �380 km MGS mapping orbit with the elongation due
to smear from the lack of image motion compensation. A pointing
mirror allows for along track targeting capability as well as view-
ing of the limb, space, and an internal reference surface.
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Typical mapping configuration observations consisted of con-
tinuous nadir observations with limb scanning observations inter-
spersed every �3 min (�10� lat). Limb observations were offset
between orbits to avoid gores in nadir coverage. Special observa-
tions, such as emission phase function measurements, were rela-
tively rare and occurred during a limited period about once every
orbit. A primary goal of the observing strategy was to build a con-
tinuous, systematic, and global set of measurements. Details of
instrument calibration and observations are described in Christen-
sen et al. (2001). Three martian years of nearly continuous spec-
trometer observations were collected from the MGS mapping
orbit from February 1999 to September 2004, when degradation
of the neon lamp used for tracking interferometer motion pre-
vented continued use of the spectrometer. Gaps in data collection
up to several weeks in duration occurred during solar conjunction,
spacecraft safe mode, and other similar types of events.

2.2.2. TES calibration space observation correction
Starting on OCK (Orbit Counter Keeper; the orbit number start-

ing at Mars orbit insertion rather than the start of the MGS map-
ping mission) 12,581 (Ls 215, MY 25), the normal MGS mapping
orientation was rotated 16� as a fuel saving measure. As a result,
TES could no longer use the �90 pointing angle for the space view
used for calibration because a portion of Mars could find its way
into the FOV. With this spacecraft orientation change, the space
view was switched to a +74 pointing angle that would ensure that
Mars would not enter into the TES FOV for the space calibration
observations. Unfortunately, the TES pointing mirror is only de-
signed to clear the shroud from pointing angles of �90 to +70.
Observations that stepped the mirror at 1� intervals confirm that
all six detectors from the spectrometer do not experience vignett-
ing to a pointing angle of no more than +72. At the pointing angle
of +74 used for TES OCKS 12,581–26,794 (Ls 215, MY 25 to Ls 103,
MY 27), TES detectors 3 and 6 detect an additional 4.5 � 10�7 and
2 � 10�7 W cm�2 sr�1 cm respectively between 400 and 800 cm�1

(Fig. 3). This effect is less for detectors 2 and 5 (1 � 10�7 W cm�2 -
sr�1 cm) and is not present in TES detectors 1 and 4. There does not
appear to be any effect on the TES visible and thermal bolometers.
The result is an apparent negative radiance for cold temperature
observations, such as space, polar caps, and the martian
atmosphere.

The magnitude of this error on the calibrated radiance data is
dependent on the wavenumber and magnitude of radiance of the
target. The largest errors are near 600 cm�1 and for cold targets.
Fig. 3. Average TES radiance values for each detector due to the calibration
observation errors at TES mirror pointing angles of +74. This error results from a
portion of the instrument shroud in the field of view. These radiance values are used
to correct the TES data, making them consistent with the �90 pointing angle
calibration observations.
Polar/nighttime surface temperature determination and atmo-
spheric temperature retrievals are significantly affected and warm
surface temperature, atmospheric opacity retrievals, and spectro-
scopic investigations are not affected in a significant manner. There
are several reasons for this, including the diminishing relative and
absolute magnitude of the error with increasing signal. Tempera-
ture errors at 667 cm�1 (at the center of the CO2 fundamental
absorption) for an average of all six detectors are �3 K, �4 K, and
�8 K for 200, 180, and 150 K temperatures respectively. At 250–
450 cm�1 these errors are somewhat lower; �2 to �4 K.

The radiance inaccuracies listed above can be corrected in a rel-
atively simple manner. Rather than assuming that observations of
space are a zero radiance target, the TES calibration software has
been modified to change this assumption to a constant radiance
as a function of wavenumber and detector for space calibration
observations acquired at a mirror pointing angle of +74�. This con-
stant radiance was obtained from large averages of �90 pointing
angle space calibration observations acquired after OCK 16,887
(Ls 48, MY 26) but before an additional time variable radiance error
appeared in the data near OCK 19,000 (Ls 126, MY 26; not discussed
here). These �90� pointing angle observations were acquired on
the nighttime side of the planet when the MGS spacecraft was
reoriented from the 16� fuel saving orientation to nadir pointing
during reaction wheel desaturation events. The constant radiance
values were obtained using data that has been reprocessed using
only +74 space observations to allow the �90 space observations
to be calibrated relative to the +74 observations. The large averages
reduce the sample to sample random noise of the instrument to
insignificant levels.

The result of this correction has been to modify the calibration
scheme to produce data for the entire mission that are similar to
the traditional �90 space calibration observations acquired until
OCK 12,581. This ensures that the TES calibrated radiance data is
accurately calibrated throughout the mission and consistent with-
in each orbit with the initial nadir spacecraft observation configu-
ration. All TES radiance data used for this study were processed
using calibration version 2e and are identical to the data available
at the Planetary Data System at the time of publication. No addi-
tional corrections were applied to the TES data.

A slight misalignment of the TES secondary mirror results in an
additional radiance error (Christensen et al., 2001) that remains
uncorrected in the data used for this study. This error, colloquially
known as ‘‘COBE’’, is inversely proportional to the ratio of scene
radiance relative to that of the instrument (approximated by a
300 K blackbody). It is also dependent on detector, wavenumber,
and mirror pointing angle. For the data used for this study, errors
are less than +0.25–0.5 K at wavelengths corresponding to MCS
channels 1–3 (within the 15 lm CO2 fundamental absorption). Er-
rors are estimated to be +0.25–1 K for day and night observations
at wavelengths corresponding to MCS channels B1–3 and A4
(>20 lm). Larger errors are present at wavelengths corresponding
to MCS channel A5 (�11–12 lm), ranging from +0.5–0.75 K at
240 K to +1.5–2 K at 180 K.
3. Methods

3.1. Comparison of thermal infrared measurements

3.1.1. Convolution of TES data with MCS band passes
Comparison of the measured radiance is the most direct means

of determining the extent of interannual climate variability. Subse-
quent processing to derive surface kinetic temperatures, atmo-
spheric temperature profiles, or other properties will typically be
performed via slightly different methods depending on the proper-
ties of the dataset. These methods are likely to interfere with the



Table 1
Effects of uncertainties in surface thermal inertia (TI) and atmospheric opacity (svis)
on the modeled surface temperature change between 2 and 3 AM/PM.

Starting conditions: svis = 0.15, TI = 200 DT 0�N DT 60�N

Change svis to 0.30 (LT 0200–0300) 0.06 K 0.01 K
TI to 250 (LT 0200–0300) 0.001 0.27
svis to 0.30 (LT 1400–1500) 0.19 0.07
TI to 250 (LT 1400–1500) 0.94 0.48
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comparison between datasets. The MCS and TES datasets used here
were limited to a Ls range of 105–145 because of the limited period
of MCS nadir observations and because the seasonal range is gen-
erally free of highly variable dust events. The isolation of the data
from limited duration weather events makes it simpler to identify
any longer-term variability or systematic differences between the
two datasets.

We convolved the TES radiance data using the MCS band pass
filter functions (available at the Planetary Data System) to produce
the most direct comparison of TES and MCS data possible. Slight
variations exist in the TES wavenumber scale for each of the six
detectors due to self-apodization. To match the filter functions to
the TES spectral sampling, we performed a spline fitting of each
MCS filter function to the center wavenumber sampling for TES
detector 2. The wavenumber scale of TES detector 2 reasonably
approximates the scale for all six detectors and the difference be-
tween the wavenumber samples of the 6 detectors is <2 cm�1 at
1000 cm�1 and progressively diminishes to <0.5 cm�1 at
200 cm�1. In addition, the 3 average MCS B channel band passes
(Fig. 1) were used for convolution rather than individually compar-
ing the 63 separate detectors within the three channels.

These approximations have little effect when comparing rela-
tively broad wavelength spectral observations. However, complica-
tions can occur when determining properties from narrow spectral
absorptions. For example narrow water vapor lines require wave-
number scale characteristics to be accurately defined beyond the
levels used here (Smith, 2002). In order to accurately compare
water vapor measurements between MCS and TES, it is necessary
to account for the individual wavenumber scales of all TES and
MCS detectors and is beyond the scope of this work.

After convolution, all TES and MCS measurements were aver-
aged into separate ascending and descending (day and night) orbit
bins of 5� latitude, 10� longitude, and 5� of Ls. All data were re-
stricted to emission angles of <30� and the TES data were also re-
stricted based on several quality flags. Comparisons were made
between Mars Years (MY) 24–26 (TES; MY 26 was limited to Ls

110–130) and 28 (MCS). Data from early in the MGS mission (MY
24–25) are more reliable because observations were more consis-
tent, free of known systematic errors, and the calibration was more
stable. For the comparisons discussed in this work, all longitudes
were averaged.

3.1.2. Accounting for local time differences
The largest potential discrepancy between the TES and MCS

measurements is due to the 1 h difference in the fixed local time
orbits of MGS (�2 AM/PM) and MRO (�3 AM/PM). The effect of this
difference is greatest for afternoon surface temperatures, but is
also potentially significant for atmospheric temperatures and
nighttime surface temperatures.

A relatively simple method for accounting for the difference in
the local time of the observations is to use a thermal model to pre-
dict the expected surface temperature differences. We use the krc
thermal model (Kieffer, 2013), which has been used for a variety of
martian thermophysical applications (e.g., Titus et al., 2003; Ferga-
son et al., 2006; Bandfield and Edwards, 2008; Bandfield and Feld-
man, 2008). In this application, longitudinally averaged surface
temperatures were modeled using local elevation, albedo, and
thermal inertia input along with assumed constant visible wave-
length dust opacity of 0.30.

There are many uncertainties associated with predicting mar-
tian surface temperatures, especially for daytime observations
where uncertainties in atmospheric properties have the greatest
effect on the energy balance (e.g., Bandfield and Edwards, 2008;
Bandfield and Feldman, 2008). The uncertainties associated with
modeling surface temperatures (especially when based on thermo-
physical properties derived from the models and measurements
themselves) are several degrees Kelvin and may be as large as 5–
10 K for daytime observations. These uncertainties would preclude
the accurate determination of any interannual variations, which
are likely to be significantly smaller.

The modeled changes in temperature with time of day are more
accurate than the absolute modeled temperatures (Bandfield and
Edwards, 2008), allowing for precise comparisons between the
2–3 AM/PM local times of the MCS and TES measurements. Table 1
provides examples of the effects of uncertainties in surface and
atmospheric properties on the modeled temperature changes.
The examples explore the effects of errors in surface thermal iner-
tia of 50 J m�2 K�1 s�½ and visible wavelength opacity of 0.15. Both
of these ranges are significant but not unreasonable uncertainties
in the various properties. The resulting differences in the predicted
2–3 AM/PM changes in surface temperatures vary by three orders
of magnitude depending on the local time and latitude, but all
are less than 1 K. Uncertainties in surface albedo affect modeled
daytime surface temperatures in a manner similar to uncertainties
in dust opacity. Surface temperature changes are generally more
stable when energy input conditions are not highly variable, such
as nighttime observations at the equator (Table 1).

Atmospheric temperatures and water ice aerosol abundances
may also have significant differences between the 2–3 AM/PM
observations. Accounting for these changes may be considerably
more difficult. For example, the diurnal variation of martian water
ice aerosols is still being documented (Curran et al., 1973; Petrova
et al., 1996; Zasova et al., 2001; Tamppari et al., 2003; Glenar et al.,
2003; Madeleine et al., 2012) and it is possible that changes may
occur that would significantly alter measured radiance at wave-
lengths where water ice absorptions occur (e.g., 11 and 40 lm;
Wilson et al., 2007). Even without any change in surface tempera-
ture, significant differences in brightness temperature could be
present. This effect can be detected by observing the behavior of
any differences in the comparisons within and outside of the
absorption wavelength regions. Regardless, there is potential for
the differences in the predicted 2–3 AM/PM temperatures to have
errors larger than indicated by the estimated uncertainties listed in
Table 1.

Atmospheric temperatures also change by up to ±1 K at alti-
tudes up to �35 km. This difference diminishes with increasing
distance from the equator for the period of comparisons shown
here (e.g., Wilson and Richardson, 2000). This effect is negligible
for MCS channels that fall outside the 15 lm CO2 absorption, but
will directly affect the brightness temperatures in MCS channels
A1–3.

3.2. Comparison of MCS and TES visible channel measurements

The wavelength dependent response of the MCS and TES visible
channels are similar, but not coincident (Fig. 2), and the variable lo-
cal times of the MGS and MRO orbits preclude direct comparison of
the TES and MCS measured radiance. A comparison may be made
by converting the measured radiance to Lambert albedo using
the following relationship:

A ¼ p � Rmeas=½ðRsolar=d2Þ � cos z�; ð1Þ
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where A is the Lambert albedo, Rmeas is the measured MCS or TES so-
lar band radiance, Rsolar is the solar irradiance at 1 AU convolved
using the MCS and TES filter functions (489.845 and
519.525 W m�2 lm�1, respectively), d is the solar distance in AU,
and z is the solar zenith angle.

Although no surface is perfectly Lambertian, the effect of this
assumption is comparable for both measurements because of the
similarity in observing phase angles (within �15�) between the
MGS and MRO orbits. Because the response function of the MCS
and TES visible channels are slightly different and martian reflec-
tance is wavelength dependent, there will also be differences in de-
rived albedo even under identical viewing conditions. The spectral
response of the TES visible bolometer has a greater relative weight
at shorter wavelengths compared to the MCS visible channel re-
sponse (Fig. 2). This difference results in shorter wavelengths hav-
Fig. 4. Longitudinally averaged (latitude zonal mean) daytime brightness temperatures f
(MY26 is limited to Ls 110–130). Significant differences between TES and MCS data in cha
ice clouds cause the slightly lower brightness temperatures between 5�S and 25�N in ch
ing a greater influence on the TES measurements. Because Mars
typically has a relatively low reflectivity at wavelengths less than
�0.9 lm, the TES derived albedos will be slightly lower than
MCS derived albedos for a given surface. Using CRISM scene
0000B141_07 as an example of known wavelength dependent
radiance and convolving this radiance with the TES and MCS visible
channel spectral responses, derived Lambert albedo values are
0.148 and 0.144 for MCS and TES respectively. The CRISM image
is centered near 341E, 24N with and is typical of moderate albedo
regions on Mars. This �3% (proportional) difference is expected to
be present for most martian surfaces.

The derived Lambert albedos were binned at 1 pixel per degree
and 15� of Ls from the same seasonal range as with the TIR compar-
isons. Data were restricted to solar incidences of <88� and emission
angles of <30�. Comparisons were made between MY 24–27 (TES)
or MCS data and TES data convolved to the MCS band-passes. Data cover Ls 105–145
nnels A4–5 and B1–3 are due to the later local time of MCS measurements. Water–
annels A4 and B2–3.
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and 28 (MCS) because the visible bolometer measurements appear
to have remained stable throughout the MGS mission.

3.3. Retrieval of limb aerosol abundances using MCS visible channel
measurements

As a proof of concept for studies of detached aerosol layers, we
retrieve the extinction profiles (optical depth per kilometer) from a
set of solar band observations where the apparent height of the
layer evolves with spacecraft motion. Using a Gauss-Seidel Limb
Scattering radiative transfer algorithm for a spherical shell geome-
try provided by D. Flittner (GSSRTM version 4.5, e.g., Herman et al.,
1994, 1995; Loughman et al., 2004), we calculate the observed
radiance using the geometry reconstructed for each observed pro-
file, smoothed to an effective resolution of 5 km. We assume a sin-
gle aerosol component whose scattering properties are
represented by a dust model with an average particle radius of
1.5 lm (Wolff et al., 2009). Finally, the surface albedo is taken from
Fig. 5. Longitudinally averaged nighttime brightness temperatures for MCS data and TES
110–130). Significant differences between TES and MCS data in channels A4–5 and B1–
an atmospherically-corrected TES solar band albedo map (Wolff
et al., 2006).

We obtain the extinction factors on a grid with 7-km spacing
using a non-linear fitting routine (MPFIT, an IDL version of the
MINPACK-1 routine; Moré, 1978; Markwardt, 2009) that makes
direct calls to the radiative transfer model described above. The
lowest fit point is 7 km, with values below this level being line-
arly-extrapolated with pressure. Given the artifice of assuming a
single aerosol composition and a fixed particle size, the resulting
profiles should be regarded as qualitative in nature.

4. Results

4.1. Thermal infrared measurements

Longitudinally averaged brightness temperatures are shown in
Figs. 4 and 5 and Table 2. Several bands have little variation be-
tween MY 24–28 MCS/TES measurements. For example, TES/MCS
data convolved to the MCS band-passes. Data cover Ls 105–145 (MY26 is limited to Ls

3 are due to the later local time of MCS measurements.



Table 2
Global average brightness temperatures equatorward of 60� latitude for the period of
Ls 105–145. Significant differences between MCS and TES measurements are largely
due to local time observational differences. TES measurements from Mars Year 26
(italicized) have increased calibration uncertainties and cover Ls 110–130 resulting in
relatively large temperature differences, especially at shorter wavelengths (channel
A4) and daytime temperatures (daytime channels A4–5 and B1–3). The MCS (LT
Adjusted) column accounts for modeled local time differences in surface temperature
between the MCS and TES observations.

MCS channel
(daytime)

TES MY
24

TES MY
25

TES MY
26

MCS MY
28

MCS (LT
adjusted)

A1 225.1 K 225.5 223.2 220.1
A2 201.2 201.6 200.2 201.4
A3 178.9 178.9 178.9 181.1
A4 246.9 247.2 244.9 236.0 245.0
A5 247.0 247.4 244.4 237.1 246.1
B1 244.2 244.6 241.2 235.2 244.2
B2 240.8 240.1 236.2 232.0 241.0
B3 242.1 242.1 238.2 231.8 240.8
MCS channel

(nighttime)
A1 181.9 181.6 182.0 179.5
A2 183.7 183.4 183.7 182.2
A3 176.5 176.3 176.7 176.0
A4 173.6 173.1 176.4 170.4 171.3
A5 170.9 170.5 170.4 168.2 169.1
B1 169.9 169.6 169.5 168.1 169.0
B2 170.0 169.8 171.4 168.5 169.4
B3 171.0 170.9 171.6 167.4 168.3
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channel A3 (near the center of the CO2 fundamental absorption)
nighttime measurements vary from 176.0 to 176.7 K. By contrast,
TES/MCS daytime channel A4 vary from 236.0 to 246.9 K, although
Fig. 6. (left) MCS and TES convolved channel A5 longitudinally averaged brightness temp
the MGS and MRO orbits, respectively. (right) Measured channel A5 brightness temperatu
measured and modeled temperatures near 50�S is due to uncertainty in the model of th
temperatures near 60–80�N in the nighttime data is due to a slight mismatch in the sea
most of this difference is due to the later local time of the MCS
observations relative to the TES observations. TES observations
from MY 24–25 are most similar with an average of 0.3 K bright-
ness temperature difference between channels for both day and
night measurements. These 2 years are most similar in terms of
instrument and observation characteristics. TES observations from
MY 26 and MCS observations from MY 28 are an average of 2.4 and
7.0 K difference for daytime TES MY 26 and MCS MY 28 observa-
tions respectively relative to TES MY24. These differences are low-
er (0.8 and 2.2 K) for nighttime measurements. Much of this
difference can be accounted for by the differences in local time
(MCS MY 28) and season (TES MY26) of the measurements relative
to the TES MY 24–25 observations.

Modeled temperatures closely match the global average MCS
and TES temperature measurements (Fig. 6). For measurements
equatorward of 60� latitude, the model predicts a cooling of 9.0
(daytime) and 0.9 K (nighttime) for the later local time MCS mea-
surements. After accounting for this modeled cooling, MCS MY
28 temperatures are an average of 0.9 (daytime) and 1.7 K (night-
time) cooler than TES MY 24 measurements (Table 2).

MCS channels A3 (15.4 lm) and A5 (22.2 lm) primarily isolate
atmospheric and surface sources of radiance respectively and can
be used for comparison between datasets and years. Nighttime
measurements between MY 24–28 and TES–MCS vary by 0.7 K
and 1.8 K for channels A3 and A5 respectively. This accounts for
a predicted cooling of 0.9 K for the MCS A5 surface measurements.
Daytime measurements vary by 1.2 K and 3.0 K for channels A3
and A5 respectively, once again accounting for 9 K of cooling for
the local time of MCS measurements. Much of this variation is
eratures with modeled surface temperatures for the 2–3 AM/PM fixed local time of
res minus the modeled temperatures shown in the left plots. The deviation between
e latitude of the perennial CO2 ice cap. Deviations between measured and modeled
sonal time of sunrise between measured and modeled data.
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due to TES MY 26 observations that are acquired over a more lim-
ited time period than the other TES and MCS measurements.
4.2. Visible channel measurements

4.2.1. Nadir TES and MCS observations
There are significant regional differences present in the derived

albedo between the TES and MCS measurements (Fig. 7). These
interannual variationscan be greater than 0.05 as has been noted
previously within individual datasets (e.g., Smith, 2004; Geissler,
2005). These regional differences are common and comparison of
MCS and TES derived Lambert albedos for any given location is
likely to show significant differences.

However, despite significant differences within regions, there
appears to be little systematic difference on a global level. The glo-
bal average albedos for MY 24–27 are similar to one another as
well as to the MCS derived albedos (Table 3). The global average al-
bedo from MY 24 is slightly lower than the other years and com-
pares most closely to the MCS data with a difference of 0.001 in
average albedo. MY 25–27 show albedos about 0.01 higher in
Fig. 7. (top) Global Lambert albedo difference maps between TES and MCS visible
channel measurements. The TES global albedo map is provided for spatial reference
(lower left). Significant differences in regional albedo are present and common from
year to year, though globally averaged albedos do not appear to be highly variable.
MCS data relative to the TES data. As mentioned above, because
of the differences in the MCS and TES solar channel response func-
tions and typical martian reflectance values as a function of wave-
length, MCS is expected to have a �3% higher albedo. The MY 25–
27 TES and MY 28 MCS data show a 3.9% difference (�0.23 for TES
versus �0.24 for MCS), which is close to what is expected.

Although MY 24 TES and MY 28 MCS average albedos have the
closest values, the MCS data are more consistent with MY 25–27
TES data because of the differences in the instrument response
functions (see Section 3). Without accounting for these differences,
it might be concluded that Mars may have returned to a global al-
bedo matching MY 24. Rather, it is probable that MY 28 was similar
to MY25–27.
4.2.2. Limb aerosol abundance retrievals
A series of three visible channel MCS limb measurements ac-

quired over a period of 178 s at Ls 165 were used to retrieve aerosol
abundances as a function of altitude (Figs. 8 and 9). The tangent
points for the limb measurements are near 353�E from 3�S to
6�N. Retrieved extinctions are elevated for the lower 20 km of
the atmosphere with extinctions P0.01 km�1. There is an addi-
tional persistent, but lower opacity (0.004–0.005 km�1) layer near
40 km altitude in all of the measurements. A much lower opacity
(0.0002–0.0003 km�1) layer is present at altitudes of �65–75 km.
The apparent height of this layer is variable, but systematically in-
creases and then decreases over the course of a series of limb mea-
surements. This indicates the presence of an aerosol layer of
limited lateral extent as its apparent height variability is due to
the curvature of the planet, where the maximum apparent height
indicates the actual altitude. This geometric effect is generally neg-
ligible for the lower altitude aerosol layers.
Table 3
Comparison of MCS and TES global average albedo values. MCS and TES data were
restricted to latitude/longitude/Ls bins where both instruments contain a measure-
ment (resulting in slightly different albedo values for MY 28 MCS data for comparison
to each TES year).

Martian year TES albedo MCS MY 28 albedo MCS–TES % Difference

MY 24 0.238 0.238 0.001 0.3
MY 25 0.232 0.241 0.009 3.7
MY 26 0.222 0.231 0.009 3.8
MY 27 0.235 0.246 0.010 4.2

Fig. 8. MCS visible channel limb measurements at Ls 165 (MY 28), 353�E, 3�S (red –
MRO SCLK 853046355), 0�N (green – SCLK 853046424), and 6�N (blue – SCLK
853046533). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



Fig. 9. Retrieved aerosol abundances (in extinction, or km�1) for the three MCS limb
measurements shown in Fig. 8 (red – SCLK 853046355; green – SCLK 853046424;
blue – SCLK 853046533). The left panel shows the full profile that shows the
presence of relatively high abundances of dust (<30 km height) and water–ice (near
40 km). The right panel shows detailed abundances retrieved above 40 km where
an aerosol layer of limited extent is present above 60 km heights. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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5. Implications for martian climate monitoring

5.1. Interpretation of thermal infrared differences

Although systematic differences of several Kelvin are present
between Mars Years in the TES and MCS datasets, these can all
be accounted for by systematic differences or calibration uncer-
tainties in the datasets themselves. Both MCS and TES have similar
stated absolute accuracies (�4 � 10�8 W cm�2 sr�1 cm�1 for TES;
Christensen et al., 2001; 0.5% for MCS; McCleese et al., 2007). This
results in uncertainties of 0.5–1.0 K for daytime measurements and
�1.0–1.5 K for nighttime and atmospheric measurements. Uncer-
tainties are somewhat higher at �2.0–2.5 K for channel A4
(11.8 lm) nighttime measurements because of the low radiance
at cold temperatures at these relatively short wavelengths. In addi-
tion, significantly larger, but poorly understood systematic uncer-
tainties are present in the MY 26 TES dataset.

Given these uncertainties, the differences in seasonal sampling
of TES MY 26 observations, and differences in the local time of MCS
observations, it is clear that no definitive trend is present in the
data. Between the two instrument datasets that cover identical
spectral regions and acquire systematic measurements from simi-
lar near-polar orbits, differences must be greater than �1–3 K to be
clearly attributed to natural variations in the martian climate.

Smith (2004) investigated global average surface and atmo-
spheric temperatures using TES data from MY 24–26, with a planet
encircling dust event occurring during MY 25 (Ls � 180–300).
Among the observations made was a �3 K decrease in day and
night atmospheric and surface temperatures between MY 25 and
MY 26, which was attributed to effects of the global dust event.
It is now known that this change coincided with an incorrect cali-
bration procedure (described above) that has since been corrected.
As shown in Table 2, there is no systematic difference in brightness
temperatures in MY 26 versus MY 25 or 24.

This result is somewhat surprising given the large regional albe-
do and surface temperature differences that remain valid despite
the calibration errors inherent in the data of Smith (2004) that
are common across the planet between MY25 and MY 26. It ap-
pears that the global redistribution of dust across martian surfaces
results in a close to zero net effect on global temperatures, at least
during the time periods investigated here. Spatial, diurnal, and sea-
sonal variations in surface and atmospheric temperatures are com-
mon and must be accounted for in order to identify any true global
trend.

5.2. Interpretation of albedo differences

The TES visible bolometer measurements are more stable than
the spectrometer measurements and there are no increased uncer-
tainties in the measurements for MY 26 and 27 relative to MY 24
and 25. Variations in lambert albedo of 0.015 (�6%) are present be-
tween the TES and MCS albedo measurements. This is significantly
greater than the uncertainties inherent in the measurements (1–2%
in TES; Christensen et al., 2001).

The systematically higher albedos derived from MCS measure-
ments relative to the TES data are consistent with the spectral re-
sponse of Mars and the slight differences in the shape of the
spectral response functions of the TES and MCS measurements.
This difference is despite the fact that both instruments have a
similar spectral range and shape of their respective response
functions.

Previous studies have compared TES and IRTM albedo measure-
ments (Szwast et al., 2006; Fenton et al., 2007; Geissler, 2005). As
also shown here, Szwast et al. (2006) noted that global albedo val-
ues are highly variable from year to year and they pointed out that
comparison of Viking and MGS era albedos using data acquired
from limited time periods is complicated by this short term vari-
ability. Although certain regions are known to have clearly bright-
ened or darkened, the net global trend in albedo remains unknown
over longer periods and has not been disentangled from short term
variability. In addition, previous studies have not considered the
effects of the spectral response function on the derived albedo val-
ues, which are shown here to be significant even for measurements
covering similar spectral ranges.

Regional variations in albedo (Fig. 7) are substantial. For exam-
ple, large portions of the southern hemisphere between �10–45�S
show a decrease in albedo of up to �0.05 between MY 27 and 28.
During the same period, equatorial and northern hemisphere sur-
faces show a moderate increase (less than �0.03) in albedo. These
variations in albedo are not restricted to any particular surface
type and both bright and dark regions can experience interannual
increases or decreases in albedo.

Local areas on Mars have been known to experience substantial
albedo changes (e.g., Geissler, 2005). For example, the Cerberus re-
gion centered near 205�E, 12�N was a typical dark region imaged
by the Viking spacecraft that is largely absent in MGS and MRO
images. These dynamic changes over large regions are caused by
deposition or scouring of thin (likely just a few microns thick)
mantles of dust. The albedo difference maps (Fig. 7) show that
these substantial changes in regional albedo continued in the time
between the acquisition of the TES and MCS visible bolometer
measurements. In particular, the Vastitas Borealis and Utopia
Planitia regions within the northern lowlands show distinct
changes in albedo that are similar in nature to those recorded be-
tween the Viking and MGS eras (Geissler, 2005). It appears that
certain regions of Mars are highly susceptible to large and frequent
changes in albedo. Collection of long-term, multiannual albedo
measurements can be used to reveal the potential frequency and
extent of these changes.

The measurements have inherent uncertainties, spatial and
temporal sampling biases, and variations in spectral sensitivity.
In order to glean any long term trend in global temperature or al-
bedo, it is necessary to acquire continuous and consistent mea-
surements, preferably with overlap between different
instruments to cross-calibrate the measurements. Fenton et al.
(2007) used a comparison of MGS and Viking era albedos as an in-
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put to global circulation model and concluded that the martian cli-
mate had warmed between the two eras. However, their study did
not take into account potential differences in the spectral response
or in the processing of the data (e.g., IRTM-based albedo maps do
not assume a Lambert phase function, while TES-based maps do).
In addition, only a single year of TES data and 2 years of IRTM data
were used in the comparison. The high interannual variability in
global albedo acquired during relatively quiet non-dusty periods
between MY 24–28 shows that long-term trends cannot be deter-
mined from a sampling period of 1–2 years.
5.3. Use of off-nadir observations

The vast majority of the MCS dataset is composed of limb and
high emission angle observations. These observations are relatively
unique because CRISM data is typically acquired from a nadir ori-
entation. Accurate radiance values determined for the MCS solar
channel data allow for more detailed studies to determine aerosol
properties (similar to the use of TES solar channel data described in
Clancy et al. (2003)). The MCS dataset is a systematic and stable
multi-annual dataset. Although nadir measurements unfortunately
cannot be systematically acquired, the atmospheric monitoring
capabilities remain possible with the off-nadir and limb
measurements.

Our example limb aerosol abundance retrievals using MCS vis-
ible channel measurements illustrate this potential well. Three
separate aerosol layers are apparent in the series of observations
(Fig. 9). A high opacity layer is concentrated in the lower 30 km
of the atmosphere that is likely due to the ubiquitous martian dust.
The relatively confined second layer present near 40 km altitude is
likely water–ice associated with the last stage of the so-called Aph-
elion Cloud Belt (e.g., Clancy et al., 1996; Wolff et al., 1999; Pearl
et al., 2001).

The third layer appears to be confined with respect to altitude
and occurs near the peak altitude observed in the sequence of mea-
surements (�75 km). The occurrence of this layer is similar in both
season (Ls 165) and location to equatorial CO2 ice clouds that have
been noted in previous studies (e.g., Clancy et al., 2007; Montmes-
sin et al., 2007; Scholten et al., 2010; Määttänen et al., 2010;
Vincendon et al., 2011). These studies used either TES limb mea-
surements, which have limited spatial (typically every 10� of lati-
tude) and vertical sampling (�10 km), or higher spatial
resolution, but more sporadically acquired CRISM and OMEGA
measurements. The nearly continuous MCS limb observations with
5 km vertical sampling provides a highly complementary dataset
that can be used to more fully characterize these aerosols.

It is clearly unrealistic to model limb dust, water ice, and CO2

aerosols from 0 to 80 km altitude assuming a single composition
and particle size distribution and a more sophisticated set of
parameters could be included in the retrievals. Nevertheless, given
that the results presented here were computed on a time scale of
minutes, such an approach could easily be used to map the basic
properties (location, height, approximate optical depth) in an effi-
cient and systematic manner.
6. Conclusions

MCS nadir oriented thermal infrared and solar channel mea-
surements have been compared with TES measurements across
multiple Mars Years. Day and night surface and atmospheric tem-
peratures are within 3 K over the course of 5 martian years after
accounting for the local time differences. Any potential interannual
variations in temperature are masked by calibration and modeling
uncertainties. Smith (2004) attributed interannual global surface
and atmospheric temperature variations to major dust storm activ-
ity; however, this variation has since been attributed to a calibra-
tion error in the TES dataset that has since been corrected.

The MCS solar channel measurements have been calibrated
using CRISM observations to provide a consistent gain factor. De-
rived Lambert albedos are slightly higher than TES measurements
acquired over the same season and locations. Most of this differ-
ence can be attributed to differences between the spectral re-
sponse functions of MCS and TES. Although the measurements
cover similar spectral ranges, differences in relative sensitivity at
various wavelengths and the spectral dependence of the reflec-
tance of Mars will result in 3% higher MCS albedo values. Consis-
tent with previous work, global albedo is highly variable (�6%)
from year to year. This variability must be taken into account when
determining long term global trends and the determination of any
potential climate trends requires careful analysis of consistent and
long term datasets.

Finally, we have demonstrated the potential of the MCS visible
channel limb measurements for the characterization of aerosol lay-
ers in the martian atmosphere. The MCS dataset represents a sys-
tematic set of well-calibrated visible through thermal infrared
wavelength measurements of the martian limb. The MCS experi-
ment extends the set of high-quality radiometric measurements
of Mars that have been collected nearly continuously from 1998
to the present day.

The MCS and TES measurements are a remarkable series of data
that have proven invaluable for studies of the martian climate.
However, as on Earth, it is likely that undetected subtle variations
in temperature and albedo may be associated with changes in mar-
tian weather and climate. In order to capture these variations,
long-term and systematic collection of well-calibrated measure-
ments by well-characterized radiometers is necessary. Although
the MCS and TES investigations were not designed for long-term
climate monitoring, they can serve as an initial study to help define
the requirements for future measurements. In particular, especially
with respect to MCS, measurement accuracy is not so much the
limiting factor as is the need for consistent observations with spa-
tial, temporal, and spectral overlap between spacecraft missions.
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