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Abstract
  The Martian polar winter clouds were examined using both Mars Orbiter Laser

Altimeter (MOLA) data and Thermal Emission Spectrometer (TES) data, with the hope
that the chemical composition of the clouds could be determined.  I begin by replicating

some of the results of Ivanov and Muhleman (2001) by locating some south polar winter

clouds of Mars. Locations, altitudes and brightness temperatures of the clouds suggest
that they could be CO2 clouds.  The spectral brightness temperature data also showed

that over a cloudy region there was an odd emission centered at approx. 703 cm-1, and
some unexplained apparent periodicity in the spectral Tb as well.  Two possible

explanations for these odd results are then proposed: CO2 ice and/or mineral dust, as well

as instrumental sources of error (systemic).

Introduction
  The composition of the Martian clouds has been intensely debated ever since the

Mariner missions provided copious amounts of atmospheric data.  Previous observations

of the Martian atmosphere were limited to telescopic observations, which were often
obscured by the sand storms which have been known to at times cover most of the planet.

With the Mariner missions, however, atmospheric pressure estimates and more precise
spectrographic data provided us with a good idea of the atmospheric composition of

Mars.

  Subsequent missions, such as Viking and Mars Global Surveyor, have given us even
more precise data on the Martian atmosphere as well as stunning imagery of the surface.

The Viking missions have told us that the seasonal pressure cycle of CO2 in the Martian

atmosphere can vary widely, and temperature estimates support the hypothesis that a
large amount of CO2 condenses on the poles during the Martian winter.  In the spring the

polar ice caps sublime , increasing the atmospheric pressure.  During this seasonal cycle
the formation of clouds is evident.  The clouds are thought to be of varying mixtures of

CO2 and water ice.



  The goal of this study is to attempt to verify the existence of such a CO2 cloud.

Numerous papers assume the existence of such clouds (Ivanov and Muhleman 2001, Bell,
et. al, 1996) but the direct observation of CO2 clouds has been very difficult, due mostly

to the fact that the thermodynamics of the Martian atmosphere dictates that the CO2
clouds should form mostly during the polar winter nights (Ivanov and Muhleman, 2001).

  If, in fact the CO2 clouds tend to form during the polar nights, the direct observation of

such clouds would be very difficult since they could not be seen. It is, however,  possible
to examine MOLA data to find a cloudy area, and then to examine TES spectra of that

area to determine mean brightness temperatures. However, to make a truly compelling
argument it would be necessary to find spectral evidence of CO2 ice in the cloudy area,

and show that over a directly adjoining area that there is less of a CO2 ice signature.  In

this study I attempt to do just that; I first verify the general results of Ivanov and
Muhleman (2001) by finding dense polar winter clouds and verifying their brightness

temperatures are in the solid phase for CO2. I then examine the TES spectra of known

cloudy areas and try to see if I can find any differences that would suggest more CO2 in
the cloudy area than in the clear area. I begin with a brief description of the satellite

platform which houses both MOLA and TES:  the Mars Global Surveyor.

MGS, TES and MOLA

   The Mars Global Surveyor (MGS) mission is a spectacular success.  Launched on Nov

7,1996, it has operated successfully for the past 2310 days.   It officially began mapping
the surface of Mars on April 1, 1999 and has (so far) achieved 17,834 mapping orbits.

The MGS spacecraft contains an impressive array of instruments.  The three most

important instruments are the Mars Orbiter Camera (MOC), the Thermal Emission
Spectrometer (TES), and the Mars Orbiter Laser Altimeter (MOLA).  The MGS also has

a magnetometer, various radio relay equipment (to provide a radio relay for future Mars
missions) as well as an Ultra Stable Oscillator (USO) used in support of various

atmospheric and gravitational measurements.  There are two power sources on the

spacecraft, an on-board solar panel array (for powering the instruments) as well as



propulsion tanks used to orient the spacecraft. The MGS spacecraft is shown below in fig.

1.

Fig. 1. The MGS spacecraft.  From JPL MGS website.

 The MGS spacecraft was one of the very first spacecraft to achieve the target orbit by
utilizing aerobraking.  Aerobraking is a means by which satellites achieve the desired

orbit (from their initial trajectory) by scraping the upper atmosphere in order to slow

down.  Typically the initial orbit is highly elliptical, but after repeated scraping the orbits
become more circular.  MGS spent approximately 6 months (March to September 1998)

in the elliptical holding orbit around Mars (called the Science Phasing Orbit, or SPO).
Data was collected during this time, even though the target orbit was not yet achieved.

Much of the SPO was spent waiting for the correct orientation of the orbital plane with

respect to the sun.
  Mapping began after the SPO had completed.  There was an initial “premapping” phase

from approximately 2/28/99 to 3/26/99 (Ls=103-107; 1st southern-hemisphere winter).
The official mapping phase began in 4/2/99 (Ls=107, 1st southern winter).



TES
  The Thermal Emission Spectrometer (TES) instrument is designed to study the surface
and atmosphere of Mars using thermal infrared spectroscopy (Christensen, 2001).  The

TES instrument uses a Michelson Interferometer that examines the spectrum from
approx. 200cm-1 to 1700cm-1 in either  5 or 10cm-1 intervals.  The instrument cycle

time can be set to either 2sec for the 10cm-1 interval spacing (so-called single scan

mode) or 4 sec for the 5cm-1 mode (double scan). The TES instrument is detailed in
(Christensen et al, 1992).

  TES produces 143 points in single-scan mode or 286 in double-scan mode.  These
points are each essentially in bins with 5 or 10cm-1 spacing.  For the purposes of my

study I have taken only a subset of the double-scanned spectrum, centered around the

well-known 667cm-1 CO2 band.
  The TES instrument has a primary purpose, namely to conduct mineralogical surveys of

the surface of Mars.  The spectrographic data are “deconvolved” against a mineralogical

library of spectra, and an atmospheric correction is applied.  Fortunately, however, TES
produces calibrated radiances which may also be used (assuming a “ground “correction”

in this case) to make inferences about the atmosphere. My study utilizes TES in this way.

MOLA
  The primary objective of the Mars Orbiter Laser Altimeter (MOLA) instrument is to
map the topography of Mars.  MOLA works as a simple LIDAR, utilizing a laser with a

frequency of 1.064um. Since the MOLA instrument is in large part a LIDAR, it is
concerned with measuring the timing, return pulse width and reflected energy of the

return signal.  The laser power is approximately 20-50 mj (time dependent) and given

timing requirements of the pulse return yielded a shot-to-shot spacing of approx. 330m
during the mapping orbits and 65-300m during SPO (given the pulse repetition rate of 10

HZ). The MGS spacecraft orbital parameters are taken into account during the operation
of MOLA, since the orbit characteristics (e.g. range to surface) were substantially

different between the SPO and mapping phases.  During the SPO phase the range to

surface varied from 173-800 km, and during the mapping phase the range varied between
370-420km (Ivanov 2001). The MOLA footprint (spot size) varied from 140-160 m.



  MOLA’s primary mission was to map the surface, but it is also meant to measure

returns from clouds. Given that MOLA was measuring returns from “objects” with
varying scattering depths, several low-pass filters are used to separate the signals.

Specifically, four filters with parameters meant to optimize returns from different
“gradients” are used:  1.7, 5, 15, and 39 degrees.

  With knowledge of the footprint and these gradient filters it is possible to detect

topography with varying relative “heights” of 3, 9, 27, and 81m. Each of these four
“channels” is given a number 1-4.  Hence channel 1 is used to measure relatively smooth

topography, and channel 4 would be used to measure very rough terrain (canyons, etc.).
Since I am interested in cloud returns, a strong channel 1 return (from a height far above

the known topography) would indicate an optically thick return , probably from a dense

cloud top.  On the other hand, a return in channel 4 under similar circumstances would
probably indicate a relatively diffuse cloud top. It is worthwhile noting that the cloud

returns so far detected over the polar regions of mars have been in all channels; many are

channel 1 returns, and there are also many channel 4 clouds as well.

Previous work
  As mentioned previously, MOLA is primarily an instrument for mapping topography,

but has successfully been used to map clouds as well (Ivanov, 2001, PettenGill and Ford,

2000).  Pettengill and Ford (2000) used MOLA data to map cloud fronts with the purpose
of mapping wave fronts of gravity waves over the Martian poles.  The wavefronts were

found to extend from the surface up to approx. 10km at a time when CO2 is known to be
condensing on the surface of the poles, and hence it was inferred that the clouds were

comprised of CO2 ice.

  In (Bell, et. al 1996) the authors develop an observational scheme for the detection of
atmospheric H2O and CO2 clouds using ground-based instruments in the near IR bands.

Both CO2 and H2O were identified using a combination of the 2.0, 2.3, 3.0 and 3.33um
bands.  Unfortunately the authors were unable to conclusively identify CO2 clouds in the

atmosphere since it was difficult to distinguish the CO2 in the atmosphere from the CO2

which may have condensed on the ground (this is especially a problem near the poles
during winter).  The authors were, however, fairly confident that they could infer



approximate sizes of particles from the spectra, which they used to then infer whether the

observed ices were more likely airborne or from the surface.
  In Ivanov and Muhleman (2001) CO2 polar clouds on Mars were indirectly observed by

a combination of MOLA data and brightness temperatures from TES.  These data, along
with the channel (optical depth) of the cloud returns were used to infer the presence of

CO2 clouds.  Some of the orbits they examined in particular (orbits 10075,10076) are the

same orbits which I have chosen to study in this paper.

Research Problem

  In a nutshell, my research problem is to attempt to verify the existence of CO2 clouds

over the south pole of Mars during the southern winter.  In particular,  I will first attempt
to reproduce the results of Ivanov and Muhleman (2001).  I then examine the TES

spectral brightness temperature over a known cloud and the TES spectrum over an area

where there is no cloud (but directly next to the cloud), and try to discern spectral
differences near the CO2 band.  Assuming the surface composition is the same in the two

areas, a higher CO2 signature over the cloud should provide strong evidence that the
cloud is composed of CO2.  It will be shown later in this paper that small spectral

discrepancies between the cloudy and clear regions prove to be difficult to explain.

  I begin describing my research by referring to the Ivanov and Muheleman (2001) paper.
One of the orbits examined in their paper was #10075, which corresponded to Ls=110.0

(south polar winter).  In particular, Orbit 10075 indicated strong channel 1 cloud returns
between lat –87 and –75 degrees. In order to delineate the strong cloud returns, Ivanov

and Muhleman chose to refilter the MOLA data by first selecting only the returns above a

certain altitude (-8-40km relative to the Mars geoid). The second stage consisted of
selecting areas where six or more returns occurred within 2s of data.  The explanation

was that clouds usually come in groups of 6 or more within 0.6-1km along the ground
track (Ivanov and Muhleman, 2001 p. 193).

  It was not obvious at all why the authors claimed that cloud returns occurred in groups

of 6 or more, (unless they were able to correlate visual imagery of clouds with the mola
data,) and therefore I decided not to filter my cloud returns.  The result was that my plots



indicate clouds with less sharply-defined boundaries.

  The cloud returns are examined along a “single” track, by which I mean that I have not
zonally averaged the returns. In particular I looked at a portion of the orbit as the track

went from approx. (lat –85 long. 208 deg.) up to (lat –65 long. 178 deg.).

Orbit #10075

  As mentioned above, orbit #10075 was examined over the south polar area.  The cloud

returns were examined for dense areas with a well-defined boundary bordering an area of
sparse returns.  Such an area was located between –75 and –80 degrees (Figure 2 below).

Cloud returns along single track of orbit #10075
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Fig. 2. Cloud returns from orbit #10075.  Echoes are over the south polar region
during the winter.

  This region is in almost exact agreement with the returns reported in Ivanov and
Muhleman, despite the fact that I didn’t “filter” my data.  Next, I examined the

bolometric brightness temperatures over the cloudy area and over the “clear” area.  In fig.



3 below I show the result. Note that all temperatures are well below 150k, which is well

within the solid-phase region for CO2 at those altitudes.

Bolometric Brightness Temps. vs. latitude for orbit #10075
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Fig 3.  Bolometric Brightness Temperature  vs. latitude. For orbit #10075.

Orbit #10076

  I next chose a similar cloudy/clear location for the very next orbit, namely orbit #10076.
I examined a portion of the orbit from approx.( –85 lat 166 long.) to (-66 lat to 150long.).
At this portion of the orbit there was a large cloud bank , albeit not quite as dense as the
one studied in orbit #10075, and a relatively clear patch directly next to it.  The plot of
the cloudy area and clear spot is shown in fig. 5 below.



cloud returns for orbit #10076
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Figure 5.  Cloud returns for a portion of orbit #10076.

  The area I chose to examine was between latitudes –77 to –70.  I then plotted the TES
spectral brightness Temps for this area, and obtained the following graph (fig 6 below).



Bolometric Brightness Temp. vs. latitude for orbit #10076

141

142

143

144

145

146

147

148

-83 -81 -79 -77 -75 -73 -71 -69 -67 -65

latitude

B
o

lo
m

e
tr

ic
 B

ri
g

h
tn

e
ss

 T
e
m

p
. 

(K
)

Bolometric Brightness Temp.

Figure 6.  Bolometric Brightness Temperatures vs. latitude for orbit #10076.

   Again the brightness temps are well below the required 190k or so necessary (at
pressure order 1mbar) for CO2 to be in solid phase. Given the low brightness temps, the
fact that the clouds are in the south polar winter it seems likely that these are CO2 clouds.
The mixing ratio of water in the polar winter atmospheres is so small that it seems likely
that the water has precipitated out of the atmosphere long before the air has reached the
polar regions.
  However, to be certain that the clouds are CO2 (ice) it would be necessary to see
spectral differences between the cloudy and clear areas.  In order to examine the spectral
Tb in greater detail I split the region from –70 to –77 into two regions.  From –65 to
–72.5 I designate the “clear” region, and from –72.5 down to –77 I designate the
“cloudy” region.
  I first plotted temperature profiles for each of these two areas. In Fig 7. and Fig 8 I show
the Temperature soundings for both the clear and cloudy areas.  Note that in both areas
there appears to be a temperature inversion, which apparently is not uncommon in the
beginning polar winters on Mars.



Temperature vs. Height for orbit #10076, clear skies
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Fig. 7.  Temperature sounding averaged over the Clear area.



Temperature vs, Height for orbit #10076, cloudy skies
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Fig. 8.  Temperature sounding averaged over the Cloudy area.

  The two temperature soundings were primarily a type of “sanity check” used to make
sure surface temperatures were in a reasonable range for the polar winters.  In this case
they are, since polar winter surface temps are often approx. 140-150k.

  As mentioned previously, it seems prudent to examine the spectral Tb for both Clear
and Cloudy regions of the plot in order to see if there are any differences.  I therefore
examined the average spectral brightness temperatures ,averaged over both the clear and
cloudy areas.  The plot for the average spectral Tb is given below in Fig 9.



Average Tb vs. Wave#, orbit #10076
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Fig. 9.  Average spectral Tb vs. wave # for both Clear and Cloudy areas.

  The plots of the spectral Tb appeared at first glance to be ordinary, at least in the sense
that there was the expected CO2 bands on the right (centered at 667cm-1).  There are,
however, several odd aspects to these plots, and the remainder of this paper is devoted to
examining them.
  The first oddity in Fig. 9 is that there is an odd “spike” appearing centered at approx.
711cm-1 in the cloudy plot, but only a very muted version of it exists in the Clear plot. It
is possible that this peak is the result of minerals (or at least partly the result of minerals).
It is also possible that this peak is due to CO2 ice.  Spectral absorptivity tables for CO2
ice suggest a twin-peak of absorptivityon either side of the 667cm-1 band. There might
be a temperature/pressure dependence of these CO2 ice peaks which might shift them
higher (say to center near the 703cm-1 band?)
  The peak could also be due to minerals. Various terrestrial Clays as well as high-silica
glass have strong emissivity peaks at approx. 667cm-1 (Fig. 10). Terrestrial hematite and
various high-silica glasses have relatively lowerer emissivity at approx. 500cm-1 as well,
which might correspond to the small dip at that location in Fig 9.  In addition hematite
has an emissivity peak very close to the 667cm-1 CO2 band. It seems possible that the
convolution of these or similar minerals could result in the features seen in Fig 9.



Fig 10. Emissivity spectra for Clays and high-silica glass.
            Source: Wyatt and McSween, 2002.

  The second odd issue with Fig. 9 is that there appears to be a rough oscillation or wave
in the spectral data.  After consulting the mission data manuals, it seems that the spectral
radiances (which I used to compute spectral Tb) are sometimes susceptible to a systemic
condition called “spectral ringing”. Spectral ringing results in a oscillatory variation of
the amplitude of the spectrum (10-100 Hz). Apparently the analog electronics of TES
require a short time interval in order to reset themselves after each sweep, and if TES
examines two successive areas which have a high thermal contrast with each other, then
the lag can become appreciable and “spectral ringing” can occur.
  If the spectral variation is real rather than an artifact of the instrument then the variation
could be that the ground composition tainted the radiances so that I was actually seeing a
combination of dusty ice (perhaps airborne, but probably on the surface) which may have
had strong emissivity in and near the 667cm-1 band.  MOC imagery of a nearby area of
the surface for very late winter (which very likely has a similar ground/melt pattern to the
very beginning of winter) suggests a lot of dust ice and a few melted parts (It is difficult



to discern the completey melted portions of the ground from those which are mostly very
dirty ice).

Discussion and Conclusion

  In this study I attempted to observe Martian CO2 clouds using the TES and MOLA
instruments. The results were ambiguous but nevertheless interesting in that they
suggested that the remote sensing of atmospheric constituents (and the formation of
clouds of such constituents) may be a poorly constrained problem without additional
channels of information.  Without being able to control for the surface conditions, it
appears to be not possible to decisively determine whether a cloud is mostly CO2 or not.
Given that 95% of the Martian atmosphere is comprised of CO2, it is very difficult to
determine whether the CO2 signature from an apparent cloud is due to the cloud or
whether it is an atmospheric signature between the cloud and the observer. In addition, it
is hoped that in the future another study could be done which would precisely control for
ground conditions as well as filter the ground contribution in a manner that would correct
for mineralogical contributions.
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