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Introduction: Spectra returned by the Miniature 

Thermal Emission Spectrometer (Mini-TES) on-board 
the Spirit and Opportunity Mars Exploration Rovers 
give the first view of the Martian surface and atmos-
phere in the thermal infrared from the surface of Mars 
[1,2]. Upward-looking observations by Mini-TES al-
low the temperature profile within the lowest 2 km of 
the planetary boundary layer (PBL) to be retrieved [3]. 
The PBL is the portion of the atmosphere that directly 
interacts with the surface, responding to forcings such 
as frictional drag and surface heating. Mini-TES ob-
servations are important because they provide a 
glimpse of the convective and turbulent behavior of 
the temperature perturbations in the PBL, and these 
processes control the transfer of heat, momentum, and 
molecular species across the surface-atmosphere inter-
face. Retrieved PBL temperature profiles also provide 
valuable constraints for the validation of boundary 
layer schemes used in both global and mesoscale Mar-
tian atmospheric models. 

Data Set: Two main types of upward-looking (at-
mospheric) Mini-TES observations were obtained on a 
regular basis. The first, called an ``elevation scan,'' 
took three consecutive sets of 100 spectra at three dif-
ferent elevations angles, which were typically chosen 
to be 10, 20, and 30 degrees above the plane of the 
rover deck. Obtaining spectra at three different eleva-
tion angles gives three different airmasses, which both 
extends slightly the range in height of sensitivity for 
the temperature profile retrieval and allows for a more 
accurate estimation of aerosol and water vapor abun-
dance. Variations of the standard elevation scan in-
cluded observations with five, seven, or more eleva-
tion angles with a smaller spacing between the differ-
ent angles. The second type of observation, called a 
``stare,'' observed the atmosphere at a fixed elevation 
angle, typically chosen to be as high above the horizon 
as possible. The duration of these stares ranged from 
100 to 1275 consecutive spectra (about 3 to 42 min-
utes), depending on the resources available.  Short-
duration stares (e.g. 100 spectra) were taken when only 
a limited amount of time was available for an observa-
tion. Long-duration stares were taken to study the tem-
poral variations of atmospheric temperatures on scales 
from 2 seconds (i.e. from spectrum to spectrum) to 
about an hour. Along with most of the above upward-
looking Mini-TES observations, a short (10 spectra) 

downward-looking Mini-TES observation was also 
obtained. The downward-looking observations allow 
the retrieval of surface temperature and the near-
surface atmospheric temperature roughly 1 m above 
the surface [4]. 

Calibration and Retrieval: The accurate retrieval 
of atmospheric parameters from upward-looking Mini-
TES observations requires very well-calibrated spec-
tra. Beyond the standard calibration steps [5], we find 
that there is an additional systematic effect caused by 
the accumulation of dust on the instrument optics that 
must be considered to accurately model Mini-TES 
spectra. Dust can be deposited on the optics as it falls 
out of the atmosphere or is blown by winds. Winds can 
also potentially remove dust, although unlike the ob-
served removal of dust from the solar panels [6], that 
appears not to have occurred in any significant amount 
for the Mini-TES optics. 

The retrieval of atmospheric temperatures uses a 
constrained, linear least-squares inversion of observed 
radiance in the CO2 absorption feature at a wavelength 
near 15 microns [3,7]. The vertical range covered by 
retrieval of the upward-looking observations is 
roughly 15–2000 m above the surface. The downward-
looking observations provide another atmospheric 
temperature 1 m above the surface. 

Aerosol optical depth is retrieved by minimizing 
the least-squares difference between the observed 
Mini-TES spectrum outside the 15-micron CO2 band 
and a synthetic spectrum. The synthetic spectrum is 
computed using a two-stream radiative transfer code 
that includes aerosol scattering [8,9]. It is important to 
include scattering for the upward-looking geometry 
because the wide range of surface temperatures en-
countered (even within the nominal ``daytime'' Mini-
TES coverage) provides an important and variable 
source for scattered radiation. We have estimated the 
spectral dependence of the extinction cross-section and 
the single-scattering albedo for dust using the Mini-
TES observations themselves by performing a least-
squares fit to Mini-TES observations taken early in the 
mission. 

Results: Here we present results taken during the 
more than 1.5 Martian years since Spirit and Opportu-
nity landed in January 2004. Roughly 3000 upward-
looking Mini-TES observations have been taken by 
each rover. 
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The diurnal cycle of atmospheric temperature. Fig-
ure 1 shows a typical sample of temperature profiles 
retrieved from Spirit. Upward-looking Mini-TES spec-
tra provide useful information on atmospheric tem-
peratures between about 15 and 2000 m above the sur-
face. The vertical resolution of the retrievals is better 
than 100 m near the surface, decreasing rapidly to 
about 1 km at the top of the domain. The temperature 
profiles shown in Fig. 1, which were all taken within 4 
days of each other, show the wide range of conditions 
experienced by the rovers during the course of a day. 
At night (black and red lines), a strong inversion layer 
develops, extending to more than 1 km in height with 
an amplitude of tens of degrees. Soon after sunrise, the 
inversion layer disappears, and by 10:05 (blue line) is 
replaced by the beginnings of a superadiabatic lapse 
rate near the surface. By mid-day (green line), the su-
peradiabatic layer is well-formed, reaching 100--200 m 
above the surface with gradients well in excess of the 
adiabatic lapse rate. This persists until early evening 
(purple line), when the superadiabatic layer is once 
again replaced by an inversion layer after the sun sets 
(brown line). 

 

 
Figure 1. Typical temperature profiles retrieved 

from upward-looking observations made over the 
course of four days by Spirit near Ls=5°. 

 
The main feature of the daytime temperature pro-

files is the strong gradient of temperature near the sur-
face. In this layer, which extends to 100--200 m above 
the surface, convective motions within the thin Mar-
tian atmosphere can not transport sufficient heat from 
the surface layer to maintain an adiabatic lapse rate. 
An unstable, superadiabatic layer results, which devel-
ops mid-morning and persists until late afternoon. Su-
peradiabatic lapse rates have previously been observed 
near the surface by Pathfinder [10] and have been 
modeled [e.g. 11,12]. 

Seasoal trends in atmospheric temperature. Figure 
2 shows the variation in atmospheric temperatures at 

the Spirit landing site as a function of season (Ls) for 
three different heights above the surface (top panel) 
and three different times of day (bottom panel). Be-
cause both rovers are located near the equator, PBL 
temperatures are driven more by solar insolation dif-
ferences between aphelion (Ls=71°) and perihelion 
(Ls=251°) than differences between summer and win-
ter. At the Spirit landing site, the maximum annual 
atmospheric temperature was recorded at roughly 
Ls=220° for all heights and times of day. Minimum 
annual atmospheric temperatures were reached near 
Ls=85°. The annual cycle of temperatures is not sym-
metrical, with a relatively rapid increase in tempera-
tures between Ls=120° and 180° followed by a rela-
tively slow decrease in temperatures between Ls=240° 
and 360° and a more rapid decrease between Ls=0° 
and 60°.  

 

 
 
Figure 2. The seasonal dependence of temperature 

observed by Spirit. The top panel shows atmospheric 
temperature at three different heights. The 1 m tem-
peratures are retrieved from downward-looking obser-
vations. The 100 and 1000 m observations are re-
trieved from upward-looking observations. The bottom 
panel shows temperatures 30 m above the surface at 
three different local times, 
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The amplitude of the temperature difference be-

tween 100 and 1000 m height mirrors the temperatures 
themselves, with a minimum value of about 4 K near 
Ls=80° and a broad maximum of about 7 K during the 
entire period between Ls=140° and 340°.  

There is no obvious seasonal trend to the difference 
between 30-m temperatures at different times of day. 
All of variations seen in the bottom panel of Fig. 2 can 
be explained by systematic changes in the local time of 
observations within the 90-minute windows shown.  

Seasonal trends in aerosol optical depth. Figure 3 
shows the seasonal variation of dust optical depth at 
the Spirit and Opportunity landing sites. All dust opti-
cal depth values quoted here and shown in the figures 
are the normal-incidence column dust optical depth 
from the surface to infinity at 1075 cm-1 Dust optical 
depth at the rover sites has also been retrieved using 
direct imaging of the Sun by the Pancam instrument 
[13]. 

 
Figure 3. Dust optical depth as a function of sea-

son for Spirit (top) and Opportunity (bottom). Shown 
is the normal-incidence dust optical depth at 1075 cm-1 
from the surface to infinity. 

 
The two rovers landed during the decay of a large 

regional dust storm that began in mid-December 2003, 

which was observed by TES and Mars Odyssey 
THEMIS [14,15]. Both rovers recorded the decay of 
the regional dust storm and general clearing associated 
with the transition to the aphelion season. Minimum 
annual dust optical depth of roughly 0.25 was reached 
at Ls=30° at Opportunity, while the dust optical depth 
at Spirit continued to drop to about 0.1 at Ls=50°. In 
the first year, the low dust optical depth values per-
sisted throughout the aphelion season until Ls=140° 
when dust activity dramatically returned at both sites at 
a seasonal date earlier than expected from observations 
from previous years. Between Ls=140° and Ls=330° a 
series of dust storms periodically raised dust optical 
depth at each site to near (or even above) unity for 
short periods of time. Between dust storms, the dust 
optical depth retained a high ``background'' value of 
about 0.25–0.3, typical of the perihelion season at 
these locations. Overall, the first dust storm season 
observed by the rovers was quite moderate, with no 
global-scale planet-encircling dust storms of the mag-
nitude of the 2001 storm [16]. 

Short timescale variations. One of the more in-
triguing results from the Mini-TES atmospheric obser-
vations becomes apparent when the temperature pro-
files are retrieved on a spectrum-by-spectrum basis 
rather than averaging all spectra for a given observa-
tion as reported above. Turbulent motions associated 
with convection are observed in the upward-looking 
Mini-TES retrievals to create large (up to 5 K) tem-
perature fluctuations on time scales of 15–60 seconds. 
Similar temperature fluctuations with even greater 
amplitude (up to 8 K) are observed at 1 m above the 
surface in the downward-looking Mini-TES retrievals 
[4]. Large-amplitude, short time scale temperature 
fluctuations have previously been observed by the 
Pathfinder and Viking landers during daytime hours 
[10,17]. 

Summary: With more than a full Martian year of 
observations at two different locations on the surface 
of Mars, the Mini-TES instruments on-board the Spirit 
and Opportunity rovers have provided a rich atmos-
pheric dataset that can be used to study the diurnal, 
seasonal, and even spatial dependence of column-
integrated dust optical depth and water vapor abun-
dance, and temperatures in the lowest 2 km of the at-
mosphere. 

The two Mini-TES instruments continue to operate 
and to extend the existing dataset of atmospheric ob-
servations. Although calibration is increasingly chal-
lenging given the accumulation of dust on the instru-
ment optics and secular drift in the instrument re-
sponse function, new observations will provide impor-
tant new information about interannual variation in the 
planetary boundary layer. 
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