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Introduction:  Dust in the Martian atmosphere is 

ubiquitous.  It is always present in some amount, at 
least in the lowest ~30 km of the atmosphere.  Howev-
er, it is not uniformly distributed in time or space.  The 
dust plays a key role in the weather and climate of 
Mars (in some ways similar to water in the terrestrial 
atmosphere) [1].  Dust storms are the most noticeable 
expression of the atmospheric dust.  They range in size 
from small, short lived local ones to global storms that 
envelop the entire planet.   

Here we describe the Mars Climate Sounder (MCS) 
observations of atmospheric dust.  The instrument has 
used infrared observations to produce an extensive 
climatology global of dust, including its vertical distri-
bution.  This provides a complementary dataset to visi-
ble imagery of dust storms. 

Mars Climate Sounder (MCS): MCS is a passive 
9-channel radiometer on the Mars Reconnaissance 
Orbiter (MRO) that is optimized for atmospheric ob-
servations [2]. It uses limb staring to obtain atmospher-
ic profiles from the surface to ~80 km.  The instrument 
consists of two telescopes that are slewed in azimuth 
and elevation to view the martian atmosphere in limb, 
nadir, and on-planet geometries (Figure 1). Each chan-
nel consists of 21 detectors, which observe the atmos-
phere simultaneously. Their angular separation pro-
vides an altitude resolution of ~5 km (half a scale 
height) at the Mars limb. 

 
Figure 1: Mars Climate Sounder Flight Instrument 
 
MCS has 8 mid- and far-infrared (IR) channels and 

one visible/near-IR channel, ranging from 0.3 to 45 
µm.  Three channels cover frequencies around the 15 
µm CO2 absorption band (A1, A2 and A3) and are 
used for pressure and temperature sounding. A channel 
centered around 22 µm (A5) gives information about 
dust opacity while a channel centered at 12 µm (A4) 

covers an absorption feature of water ice. In the far-IR 
three channels (B1, B2, and B3) are designed to give 
information about surface temperature, water vapor 
abundance and dust and condensate opacities.  IR ob-
servations have a significant advantage when looking 
at the dust.  It allows observations of the dust to occur 
in both the daytime and the nighttime.  Dust is also 
significantly less opaque at these wavelengths than at 
visible wavelengths.  This is particularly important for 
the very long path lengths used in limb views. 

MRO is in a sun-synchronous polar orbit [3] and 
provides global observations at 3 AM and 3 PM.    In 
addition, MCS uses azimuth scanning to observe at 
four additional local times: 1:30 AM, 4:30 AM, 1:30 
PM and 4:30 PM [4].  The polar MRO orbit covers all 
longitudes in 13 orbits (each separated by ~27°) over 
24 hours 20 minutes.  Each day, the ground track 
"walks" ~5° to the east. 

The MCS retrieval algorithm [5, 6, 7] produces 
vertical profiles of temperature, dust and water ice 
extinction versus pressure (Figure 2).  It also produces 
surface brightness temperatures.  The retrievals are 
based on a modified Chahine method [8].  This is an 
iterative technique that simultaneously solves for all 
fields by minimizing the radiance residuals. The algo-
rithm uses both limb observations and (where availa-
ble) nearby on-planet or nadir observations.  The on-
planet observations are used for the surface tempera-
ture retrieval and to retrieve the temperature in the 
lower atmosphere when the limb is too opaque due to 

aerosols. 
Figure 2: MCS re-
trieved profile of 
temperature (black), 
dust (red), water ice 
(blue) and surface 
temperature (*). 
 

Aerosol radia-
tive transfer is per-
formed using both 
absorption and sin-
gle scattering.  The 
dust and water ice 
properties are de-

termined with Mie calculations using a gamma distri-
bution with an reff  = 1.06 µm for dust and an reff = 1.4 
µm for water ice.  
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All MCS profiles are publicly archived on PDS 
(http://atmos.nmsu.edu/data_and_services/atmospheres
_data/MARS/aerosols.html). 

Seasonal & Spatial Behavior of Dust: The MCS 
observations cover ~5.75 complete Mars Years (Figure 
3).  MCS has been collecting data since Ls 110° of MY 
28 (September, 2006).  The extended record provides a 
continuous and self-consistent climatology of tempera-
ture and dust (Figures 3 & 4). The dataset also pro-
vides the ability to investigate interannual similarities 
and differences. 

 
Figure 3: MCS zonal mean daytime temperature 

climatology at 50 Pa (~25 km) for the full MCS mis-
sion to date. 

 
Figure 4: MCS zonal mean dust column at 22 µm 

(nighttime) for the full MCS mission to date. 
 
Annual Dust and Temperature Trends. The Martian 

atmosphere exhibits two major seasons with regards to 
dust [1]. The first is northern spring and summer when 
the atmosphere is relatively clear and cold (Ls 0° to 
180°).  While there is less dust in the atmosphere, there 
is always some suspended dust. The other is the dusty 
or dust-storm season during southern spring and sum-
mer (Ls 180° to 360°) where the atmosphere is much 
warmer and all of the largest of dust storms occur. 

The MCS observations clearly show the significant 
differences between the seasons in the temperature 

structure (Figure 5) as well as the dust (Figure 6).  The 
two are linked due to the dust heating the atmosphere, 
although the temperatures also respond to the eccen-
tricity of the orbit and distance to the sun.  The winter 
polar regions, with their extremely cold temperatures 
and extremely low dust amounts are apparent in both 
the temperature and dust fields. 

 
Figure 5: MCS zonal mean daytime temperature 

structure at 50 Pa (~25 km) for MY 30 (October 2009 
to September 2011). 

 
Figure 6: MCS zonal mean dust column at 22 µm 

for MY 30. 
 
Large Dust Storms in MCS Data.  Large regional 

and global dust storms show up in the MCS data in 
several ways.  They produce a warming of the middle 
atmosphere as dust is lofted from the boundary layer (< 
10 km) upwards [9].  The dust then absorbs sunlight 
and rapidly warms the relatively cool middle atmos-
phere.  In addition to the direct warming from the dust, 
the atmosphere usually globally responds to the change 
in heating resulting in a modified global circulation.  
This results in changes to the temperature structure.  
MCS also directly observes the dust, either as a col-
umn amount [10] or at specific pressure levels/altitudes 
[9].   
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Figure 7 [9] shows a pattern of three large-scale re-
gional dust events that the MCS data have revealed 
occur every Mars Year without a global dust storm 
during the dusty season. They are called the A storm, 
B storm and the C storm.  The starting and ending 
dates, specific regions and peak heating of the storms 
vary somewhat from year to year.  However, they al-
ways occur in the same order and at similar seasons.  
The dust field indicates that the southern hemisphere 
warming is due to direct dust heating while the warm-
ing in the northern hemisphere high latitudes associat-
ed with the A and C storms is not due to dust, but in-
stead is a primarily a dynamical response to the south-
ern hemisphere dust heating.  The onset of these types 
of events is very rapid (often a few days) and the initial 
growth can be spectacular. 

 
Figure 7: MCS zonal mean temperature structure 

at 50 Pa of the dusty season of MY 31. (a) Daytime and 
(b) Nighttime.  The three large-scale regional dust 
storms are labeled along with the northern response. 

 
In MY 29, but not in other years seen by MCS, a 

large-scale regional dust event also occurred starting 
around Ls 146°, although there are some earlier pertur-
bations in the southern hemisphere.  The strongest 
warming was in the northern hemisphere (the summer 
hemisphere), with peak temperatures of below those in 
the dusty season, although the increase is of a similar 
magnitude.  The duration, ~25° of Ls, is similar to oth-
er large-scale regional events.  The difference in tem-
perature is probably due to the reduced insolation.  
Likewise, the stronger northern hemisphere warming is 
due to the season, with the sub-solar point in the north-
ern hemisphere. 

Global Dust Storms in MCS Observations.  During 
the MCS observations, there is one example of a global 
dust storm, the most extreme of dust storm phenomena 
on Mars.  The global dust storm of Mars Year 28 start-
ed in the second half of June 2007. Dust was lifted into 
the middle atmosphere and the atmospheric dust load-

ing increased on a planet encircling scale. By mid-July 
2007 the dust storm was in full force, although dust 
was still not distributed homogeneously around the 
planet. 

The Figure 8 shows a transect of retrievals of tem-
perature (top) and dust extinction (bottom) along the 
dayside part of an orbit on July 12, 2007. Retrievals in 
high-dust conditions are possible between altitudes of 
30-40 km, below which the atmosphere is nearly 
opaque in the limb, and ~80 km, which corresponds to 
the top of the MCS detector array. High dust opacities 
are found from the south pole to the northern mid-
latitudes. Only beyond ~50°N the dust opacity de-
creases significantly. 
 

 
Figure 8: Temperature (top panel) and dust opacity 

(lower panel) vs. pressure as measured by MCS on the 
dayside part of one orbit on July 12, 2007 (Ls = 
274.7°, MY 28). 

 
In the southern high latitudes dust is nearly homo-

geneously mixed throughout the altitude range in 
which retrievals can  be performed. Even at 80 km the 
retrieved dust extinction is still ~10-4 km-1, and no fall-
off of the dust profile below homogeneously mixed is 
discernible.  The maximum altitudes at which signifi-
cant dust opacities are observed to exceed the maxi-
mum altitudes at which TES limb observations detect-
ed dust in the global dust storm of 2001 [11]. Around 
the north pole the observed dust opacity is significantly 
lower than elsewhere on the planet.  This is the region 
where the highest temperatures in the middle atmos-
phere are observed (~240 K). The absence of high dust 
opacities and solar heating suggests that the tempera-
tures in this region result from adiabatic heating in the 
downwelling part of the overturning meridional circu-
lation, which is strongly enhanced in global dust storm 
conditions. 

Dust Vertical Profile: Systematic global daily pro-
files of dust are one of the key aspects of the MCS 
dataset.  Comparisons with visible imagery reveal a 
complex relations between the visible appearance of 
dust storms,  and the resulting vertical mixing of dust. 
In general, the MCS observations show that the dust is 
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not well mixed in the atmosphere [12], nor does it fol-
low the classical Conrath profile [13].   

Instead MCS showed that in many regions there is 
a relatively sharp upper boundary to the dust with es-
sentially no dust above [14].  The boundary varies sea-
sonally, but is only above 60 km during the largest dust 
storms. A second general feature of many dust profiles 
is a peak in the dust profile well above the surface 
[15].  The location and altitude of the elevated peak 
varies seasonally, however it is quite persistent.  Dur-
ing most of northern spring and summer, the dust mass 
mixing ratio in the tropics has a maximum at 15–25 
km above the local surface (Figure 9).  While slightly 
more complex than the Conrath profile, it is possible to 
reasonably fit the MCS dust profiles with a combina-
tion of two distributions [15]. 

 
Figure 9: Log10 zonal average dust density-scaled 

opacity (m2 kg−1) as labeled. Contours are every 0.1 
log units. White space below the colors indicates no 
data. White space above the colors and the darkest 
blue indicates density-scaled opacity below 10−6 m2 
kg−1 (from [15]). 

 
There are also extremely thick dust detached dust 

layers at quite high altitudes on rare occasions [12, 16].  
These features have horizontal dimensions exceeding 
1000 km, are at altitudes above 50 km (some extend to 
almost 80 km) and have mass mixing ratios exceeding 
47 ppm (some exceed 100 ppm).  Many of the events 
are associated with large dust storms [12].  This is not 
surprising since the circulation generated by the storm 
as well as the buoyancy from the local dust heating can 
loft dust to high altitudes.  The layers are eventually 
spread in longitude into a thin haze (leading to the 
global middle atmosphere heating [9]).  However, 
some of the events are instead associated with the larg-
est volcanoes at seasons when dust storms are modest 
[16].  In this case they are presumably due to topo-
graphically driven flows that entrain dust and extend 
well beyond the tops of the volcanoes themselves. 

Dust Particle Sizes: MCS is sensitive to the size of 
the dust particles in the atmosphere due to the broad 
range of wavelengths of its channels.  Due to the limb 
geometry of the observations, it is most sensitive to the 

particle sizes in the middle atmosphere (~15 km to the 
top of the detectable dust layer).  The dust size distri-
bution is described by the modified Γ distribution: 

𝑛 𝑟 ~  𝑟!𝑒!!!! 
where a (2.24), b (8.04) and c (0.647) are parame-

ters describing the distribution of particle sizes (Figure 
10) [6].  For the MCS parameters, the effective radius 
is ~1.06 microns and the effective variance is ~0.3.  
The MCS observations have not revealed significant 
variations in the dust size with season or location [17]. 

 
Figure 10: Particle size distribution with radius for 

the middle atmosphere dust (reff ~ 1.06 µm). 
 
The MCS retrieval algorithm derives extinction (or 

opacity) per km-1 (dzτ) at 22 µm (463 cm-1).  It can be 
converted to opacity at visible wavelengths by multi-
plying by a factor of ~7.3 (depends on the dust spectral 
model) [6].  For the same assumptions of the size dis-
tribution and spectral properties, the MCS opacity per 
km can be converted into volumetric number density 
by Nν [m-3] = 2.3 x 109 dzτ [km-1] [15].  The mass mix-
ing ratio is given by q [ppm] = 1.2 x 104 dzτ/ρ [m2 kg-1] 
(where ρ is the density) [15]. 

Conclusions: Mars Climate Sounder has produced 
and is continuing to extend an almost six Mars year 
record of the atmosphere and atmospheric dust.  MCS 
acquires daily global observations of dust profiles, thus 
providing a full and rich climatology of the dust for the 
entire planet. 
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