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Abstract

Downward-looking spectra of the martian surface from the Miniature Thermal Emission spectrometer (Mini-TES), onboard each of the two
Mars Exploration Rovers, are modeled in order to retrieve surface and near-surface atmospheric temperatures. By fitting the observed radian
in the vicinity of the 15-um C@ absorption feature, the surface temperature and the near-surface atmospheric temperature, approximately 1.1 nr
above the surface, are determined. The temperatures from the first 180 sols (martian days) of each surface mission are used to characterize
diurnal dependence of temperatures. The near-surface atmospheric temperatures are consistently 20 K cooler than the surface temperatures ir
warmest part of each sol, which is 1300-1400 LTST (local true solar time) depending on the location. Seasonal cooling trends are seen in the da
by displaying the temperatures as a function of sol. Long ground stares, 8.5 min in duration, show as much as 8 K fluctuation in the near-surfac
atmospheric temperatures during the early afternoon hours when the near-surface atmosphere is unstable.
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1. Introduction looking MER Miniature Thermal Emission spectrometer (Mini-
TES) observations of the surface to retrieve the near-surface
Atmospheric temperatures within the lowest few metersatmospheric temperature at about 1.1 m above the surface.
above the martian surface are diagnostic of processes occuvhni-TES is the first infrared spectrometer to take observa-
ring within the planetary boundary layer that control the ex-tions from the surface of Mars, and here we demonstrate the
change of heat and momentum between the surface and aitlity of this method for obtaining near-surface atmospheric
mosphere. This region of the atmosphere is also the enviemperatures. These near-surface atmospheric temperatures are
ronment in which the rovers operate. The Mars Exploratiorcomplementary to the atmospheric temperatures retrieved from
Rovers (MER) Athena payloadSQuyres et al., 2003does  upward-looking observations, which are sensitive to tempera-
not contain a meteorology package (as did the Viking andures between 20 m and 2 km above the surf&mith et al.,
Pathfinder landers) that can measure near-surface atmosphez'(g04)_
temperature, pressure, and winds directly using in situ instru- previous observations of near-surface atmospheric tempera-
ments. However, here we describe a new algorithm that us§§res have been made by thermocouples mounted to masts on
the observed absorption in the 15-um £@and in downward-  he two Viking landers Hless et al., 19%7and the Pathfinder
lander Schofield et al., 1997at heights of 0.25 to 1.6 m above
"* Corresponding author. Fax: +1 818 393 2436. the surface. Those observations have shown the large diurnal
E-mail address: nicole.spanovich@ijpl.nasa.géM. Spanovich). and seasonal variations in near-surface atmospheric tempera-
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tures that occur on Mars, as well as the fluctuations on shortestares, “short” and “long,” were taken at a pointing of 2i-

time scales that are caused by convective turbulence. low the horizon. To ensure accurate calculation of path lengths,
angles translated into the local coordinate system of the rover
2. Dataset and retrieval algorithm were used in the retrieval process. The short ground stares,

10-20 s in duration, collect 5-10 spectra and are used to mon-
itor the diurnal and seasonal variation of temperatures. Typi-
cally, one to four short ground stares were collected between
0800 and 1800 LTST (local true solar time). The long ground
tares, 8.5 min in duration, collect 255 spectra and are used to
ook for any short time scale variations in the near-surface at-
mospheric temperature. Fourteen long ground stares have been
. . ' . collected on Opportunity and five on Spirit through sol 180
(Christensen et al., 203The nominal angular field-of-view between 1000 :Er?d 1730yLTST A total of 26 overnigght observa-
is 20 mrad, which at an angle of 2elow the horizon ‘
: . tions, between 1800 and 0530 LTST, were taken by both rovers
covers an area on the surface approximately 25 cm in di: o .
L and usually had a pointing of 4tbelow the horizon to ac-
ameter. Each Mini-TES spectrum takes two seconds to ac- d llel eff derive th | inertia of rock
uire with 1.8 s spent integrating. The combination of un_commq ate paratie’ orts 1o gnvet ermal inertia of rocks
quire w ) . . o - and soil. No Mini-TES observations were collected between
certainties associated with radiometric precision and randorB600 and 0750 LTST, when data from previous missions and
noise result in an expected radiance uncertainty of about 3 models show the coléest temperaturgst{ofield et al., 1997;
10-8 Wem=2sterl/em=1, which corresponds to an equiva- N ’

. Martin et al., 200
lent temperature uncertainty of less than 0.3 K at 15 pym at a I 3

typical surface temperature of 250 K. 2.3. Retrieval algorithm

2.1. Instrument

The Miniature Thermal Emission spectrometer (Mini-TES)
is a Michelson interferometer operating in the thermal infrare
with a spectral range from 340 to 1997 th(5-29 um) in
167 spectral channels with a spectral resolution of 10tm

2.2. Data set Near-surface atmospheric temperature is derived by model-
ing the observed radiance within the 15-um4{and. Gaseous
The data used for the retrieval of surface and near-surfacabsorption by C@is modeled using the correlatédapproxi-
atmospheric temperatures are “ground stares” taken by Minimation (acis and Oinas, 1991Although not opaque at the
TES in which spectra are continuously taken of a single spo$pectral resolution of Mini-TES over the short path lengths ob-
on the ground for a period of time. In this paper we examineserved, the 15-um C{absorption is strong enough to produce a
the more than 800 ground stares observed during the first 18pectral feature that is well above the level of instrument noise.
sols of each of the two rover missions. Two types of groundrig. 1 shows three examples from different local times of the
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Fig. 1. Mini-TES ground spectra: Compilation of Mini-TES spectra for three different local times that show an absorption, isothermal, and esgssion ¢
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spectra that make up a short ground stare. The red lines showtemperatures peak at about 1430 LTST. Opportunity experi-
set of five absorption spectra, taken at 1253 LTST with a surfacenced a maximum daily surface temperature of 295 K and
temperature 29 K warmer than the near-surface temperaturgear-surface atmospheric temperature of 265 K at the begin-
The blue lines show a set of five spectra that are almost isothefiing of the missionLs = 339, southern hemisphere summer).
mal, which were taken in the late afternoon with temperatureNear-surface atmospheric temperatures at Meridiani were ob-
differences of 1 K. The purple lines show a set of ten emissiorerved to rise more slowly than the surface temperature dur-
spectra, taken at 1833 LTST, where the near-surface tempergyy the morning hours, but to fall off in the evening at a
ture was 6 K warmer than the surface temperature. These shajiiilar rate. Surface temperature remained warmer than the
ground stares have a smooth, nearly-blackbody shape that dgaar-surface atmospheric temperature until 1630 LTST. At that
fines the surface temperature, while the L&bsorption cen-  time, the surface temperatures fell below the near-surface at-
tered at 667 cm? (15 um) is used to retrieve near-surface at-mgspheric temperatures and stayed that way throughout the
mospheric temperature. We model the observed radiance Witie evening and overnight. The lack of pre-dawn observations
a surface tempera_ture and a single atmosphen_c temperatun&'y allows us to determine that the surface temperatures be-
Therefore, the retrieved near-surface atmospheric temperatuge - \varmer than the near-surface atmosphere again sometime

is an average representative temperafure along the path betwet?&ween 0500 and 0750 LTST. The coldest overnight surface

the Mml_TES m.ast heightof 1.5m anq the surface. To eSt'mat?emperature observed by Opportunity was 175 K, and occurred
the effective height of the representative temperature, synthetic
at 0415 LTST on sol 137. Somewhat lower temperatures were
spectra were computed from several assumed temperature pro- :
. . : undoubtedly experienced by the rover but were not recorded by
files. The synthetic spectrum was run through the retrieval al- .. TES b f the limited ber of nightti b
gorithm and the effective height was obtained by matching thg./“m' ecause ot the limited number ot nightlime observa-
retrieved near-surface temperature to the assumed temperatlﬂ'l%ns'

profile. The resulting effective height is 1.1 m about the sur- emperatures retrieved from the Spirit rover at Gusev crater
face. The effective height is relatively insensitive to changes if/oughly 15 S, 185 W) are similar to those at Meridiani,

the elevation angle of the observation and the assumed tempd}t there are differences caused by the difference in latitude,
ature profile (e.g., superadiabatic vs inverted), varying by om);urface visible a_llbedo, and thermal |nert|a. The surface temper-
about 1 cm. The surface temperature is derived simultaneousffure at Gusev increases more slowly in the morning and early
by matching the observed radiance of the spectral region imméifternoon hours than it does at Meridiani, with peak temper-

diately surrounding the C£band. atures occurring at 1400 LTST. The near-surface atmospheric
temperature variation mirrors that of the surface temperatures,
2 4. Uncertainties but peaks at 1500 LTST. Spirit experienced a maximum surface

temperature shortly after landing of 280 K and a near-surface

Uncertainties in the retrieved temperatures come from rar@tmospheric temperature of 260 K. The minimum observed

dom noise and systematic calibration uncertainties in the Mini®Vernight surface temperature at Gusev crater was 183 K at
TES instrument, and from approximations and assumption€040 LTST on sol 180.

made in the retrieval algorithm. The instrumental uncertainty Since there were not enough short ground stares collected
can be estimated directly from the data by calculating theover any single sol to effectively produce a curve showing the
root-mean-square (rms) spectrum-to-spectrum variation of sufliurnal variation of temperaturé&igs. 2 and 3show a combi-
face temperature in the |ong ground stares. While atmospherr@tion of all of the short ground stares taken during the first 65
turbulence can cause the near-surface atmospheric temperat@ﬁés of each surface mission. The data are constrained to the first
to vary on short time scales (see Sect3o8), we expect surface 65 sols to adequately show the shape of the diurnal curve with-
temperature to vary only slowly and systematically. The ob-out introducing seasonal effects (see Sec8d). Opportunity
served rms surface temperature variations are 1-2 K. The syf~ig. 2) data show well-defined curves with little scatter for both
tematic uncertainty introduced by the retrieval algorithm (e.g.surface and near-surface atmospheric temperatures, while Spirit
use of the correlated-approximation) is small compared to the data Fig. 3) show significant scatter. Since the seasonal effects
instrumental uncertainty, and so we estimate the uncertainty iwere reduced by constraining the dataset, the majority of this
the retrieved surface and near-surface atmospheric temperatuggsatter can be attributed small-scale variations in surface albedo

as 1-2 K. and thermal inertia (i.e. rocks vs soil) at different rover loca-
tions, causing real changes in surface temperature. The ground

3. Results stare observations were usually taken with no specific surface
target selected, so the chances of having a mixed surface, in-

3.1. Diurnal variations cluding both rocks and soll, in the Mini-TES field of view are

high. It is this rock/soil mixture that accounts for a large part of
Surface temperatures retrieved from Mini-TES spectra takethe dispersion seen in the Spirit dataset. The Meridiani site has
by Opportunity at Meridiani Planum (roughly &, 6 W) fol- a more homogeneous surface with a smaller chance of rocks be-
low a well-defined diurnal curve with peak temperatures occuring present in the field of view, and therefore produces a dataset
ring at about 1300 LTST, while the near-surface atmospherigvith less dispersion.
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Opportunity Diurnal Curve
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Fig. 2. Opportunity diurnal curve: Surface (black) temperature and near-surface (red) atmospheric temperature (1.1 m) retrieved from the &f$¢1BB-$&S
spectra as a function of local time. The data are constrained to the first 65 sols to reduce scatter due to the seasonal cooling. The estimayeith @acértaint
retrieved temperature is 1-2 K. Notice that the surface temperature drops below the near-surface atmospheric temperature in the eveninigtdrodiszernig
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Fig. 3. Spirit diurnal curve: Surface (black) temperature and near-surface (red) atmospheric temperature (1.1 m) retrieved from the first @5-9dSafpdctra
as a function of local time. The data are constrained to the first 65 sols to reduce the scatter that is due to the seasonal cooling. The estinmieih eacbrtai
retrieved temperature is 1-2 K.
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Fig. 4. Opportunity seasonal plot: Surface (black) temperature and near-surface (red) atmospheric temperature (1.1 m) retrieved from ths foSMLBOTES
spectra as a function of sol. To reduce the scatter from diurnal variations, the data are constrained to local times between 1030 and 1230 tTh&nDesdtite
the surface temperatures can be linked to specific events during the Opportunity traverse. Opportunity began ingress into Endurance crdtéB8arandden
parameters of all atmospheric Mini-TES observations were changed.

3.2. Seasonal variations look at the diurnal variation of temperature fluctuations. The

same retrieval process that is used for the short ground stares,

The data presented here, spanning from the middle of mais also used for the long ground stares, but with the slight

tian southern hemisphere summés & 327°) to the end of adjustment that the temperatures are retrieved for each indi-
southern-hemisphere falL§ ~ 60°), show the expected cool- vidual spectrum instead of for the average of all spectra in a
ing trend experienced by the two rovers as the seasons changatare. This provides an independent measure of the surface and
Figs. 4 and 5show the seasonal curve spanning all 180 solsear-surface atmospheric temperatures every two seconds for a
for the Meridiani and Gusev sites, respectively. Each datasgteriod of 8.5 min.Fig. 6 shows the near-surface atmospheric
has been constrained to a certain local time range to redugemperatures from these long ground stares, taken on Oppor-
the scatter from changes over a diurnal cyétg. 4, show- tunity, at different local times. Morning and late afternoon ob-
ing Opportunity data, has been constrained to local times beservations have little to no temperature fluctuations as is seen
tween 1030 and 1230 LTST aidg. 5 showing Spirit data, has in the green curve taken at 1714 LTST. The combined noise
been constrained to local times between 1200 and 1500 LTSTevel, approximately 1 to 2 K, in the observations and retrieval
These local times were chosen because they contain the greate illustrated in the late afternoon green curve and the red sur-
est number of observations that best represent the seasonal ffee temperature curve. The larger fluctuations, up to 8 K, seen
fect on the temperatures. The Spirit and Opportunity landingn the other curves are caused by real temperature variations
sites experienced similar rates of cooling for both surface andithin the lowest 1.5 m of the atmosphere. The fluctuations
near-surface temperatures. Afternoon near-surface atmosphehiave maximum amplitude and occur most often during the af-
temperatures decreased by 0.14 Kdoht Meridiani, and by  ternoon between 1200 and 1500 LTST, when the atmosphere is
0.17 Ksof ! at Gusev. The surface temperature decreased hynstable due to convective motior&nfith et al., 200%
about 0.21 K sot! at both sites.

4. Discussion
3.3. Short time scale variations

4.1. Comparison with Viking Lander and Pathfinder

Long ground stares were designed to look at variations in thebservations

near-surface atmospheric temperatures on time scales ranging
from two seconds to several minutes. Long ground stares were Direct comparison of the near-surface atmospheric temper-
taken at different local times throughout the daytime hours tatures derived from Mini-TES observations with those from
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Fig. 5. Spirit seasonal plot: Surface (black) temperature and near-surface (red) atmospheric temperature (1.1 m) retrieved from the firsMiBREBS gpectra
as a function of sol. To reduce the scatter from diurnal variations, the data are constrained to local times between 1200 and 1500 LTST. Codia@ trands o
0.17 K sol~1 are observed for surface and near-surface atmospheric temperatures, respectively. The estimated uncertainty in each retrieved tempkrature is 1—
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hours are the most convectively active and have the largest temperature fluctuations. The 1-2 K fluctuation apparent in the red curve, colleciSTatfth86
surface temperature, is representative of the uncertainty in both the observation and retrieval.



320 N. Spanovich et al. / Icarus 180 (2006) 314-320

Viking (Tillman, 1988 and PathfinderSchofield et al., 1997 modeled and observed temperatuidartin et al. (2003used

measurements is complicated by differences in landing site Iahe models to predict that Spirit would have a 3% chance of en-

cations (22 N for Viking Lander 1 and Pathfinder, 48\ for ~ countering temperatures below 176 K at 1 m, and Opportunity

Viking Lander 2) and thermal characteristics. However, the gena 7% chance. Based on the Mini-TES data collected, retrieved

eral trends observed at the two MER sites are consistent wittemperatures at 1.1 m from Spirit never fell below 183 K, but

those of previous missions. Specifically, the near-surface atio observations were taken during the very coldest (predawn)

mospheric temperatures peak near 1500 local time, with mirtimes. Likewise, retrieved temperatures at 1.1 m from Opportu-

ima located in the 0500—0800 local time interval (exact timenity were also never as cold as 176 K, but very few overnight

of minimum varies with season). The seasonal trend of atebservations were taken in the season when temperatures are

mospheric temperature for a given local time also possesses tigenerally coldestgmith, 2003.

same gross behavior among the landing sites, but the large vari-

ations in solar insolation (approximately 40% from perihelion

to aphelion) for the same season in the northern and southepmeferences

hemispheres can produce distinct differences in the cooling and

warming rates. Christensen, P.R., and 19 colleagues, 2003. Miniature Thermal Emission Spec-
trometer for the Mars Exploration Rovers. J. Geophys. Res. 108 (E12),
doi:10.1029/2003JE002117

Golombek, M.P., Arvidson, R.E., Bell Ill, J.F., Christensen, P.R., Crisp, J.A.,
Crumpler, L.S., Ehlmann, B.L., Fergason, R.L., Grant, J.A., Greeley, R.,
Near-surface atmospheric temperatures retrieved from down- Haldemann, A.F.C., Kass, D.M., Parker, T.J., Schofield, J.T., Squyres, S.W.,

ward-looking Mini-TES spectra extend the range of retrievals Zurek, R.W., 2005. Assessment of Mars Exploration Rover landing site pre-

from upward-looking Mini-TES spectra, which are sensitive to dictions and implications for climate change. Nature. In press.

B10 Hess, S.L., Henry, R.M., Leovy, C.B., Ryan, J.A., Tillman, J.E., 1977. Mete-
temperatures between 20 m and 2 km above the su Eﬂ( orological results from the surface of Mars: Viking 1 and 2. J. Geophys.

etal., 2004. The peak diurnal temperature at 1.1 m occurs later Res g2 4559-4574.

than that for the surface, but earlier than that at 20 m. Overnightacis, A.A., Oinas, V., 1991. A description of the correlatediistributed

temperatures at 1.1 m are warmer than the surface, but cooler method for modeling nongray gaseous absorption, thermal emission, and

than those at 20 m indicating that the nighttime inversion |a_yer multiple scattering in vertically inhomogeneous atmospheres. J. Geophys.
. Res. 96, 9027-9063.

extends dQW” toatleastthe 1.1 m level. The Iarge daytlme tenblartin, T.Z., Bridges, N.T., Murphy, J.R., 2003. Near-surface temperatures

perature difference between 1.1 and 20 m, and the even larger 4 proposed Mars Exploration Rover landing sites. J. Geophys. Res. 108

difference between the surface and 1.1 m, shows that the day- (E12),doi:10.1029/2003JE002068089.

time superadiabatic layer becomes even more unstable closerohofield, J.T., Barnes, J.R., Crisp, D., Haberle, R.M., Larsen, S., Magal-
the surface. hées, J.A., Murphy, J.R., Seiff, A., Wilson, G., 1997. The Mars Pathfinder
atmospheric structure investigation/meteorology (ASI/MET) experiment.
. . Science 278, 1752-1757.
4.3. Comparison with modeled temperatures Smith, M.D., 2004. Interannual variability in TES atmospheric observations of
Mars during 1999-2003. Icarus 167, 148-165.
Comparisons with model predictions of near-surface tempersmith, M.D., Wolff, M.J., Lemmon, M.T., Spanovich, N., Banfield, D., Budney,

atures at the MER landing sitelslértin et al., 2003show gen- C.J., Clancy, R-T., Ghosh, A, Landis, G.A., Smith, P., Whitney, B., Chris-
N . tensen, P.R., Squyres, S.W., 2004. First atmospheric science results from

erglly good agr_eement' but also some S'gmflca_‘m d'ﬁer?nces' the Mars Exploration Rovers Mini-TES. Science 306, 1750-1753.
Mid-afternoon times generally have the poorest fit, but residualgquyres, s.w., Arvidson, R.E., Baumgartner, E.T., Bell lll, J.F., Christensen,
rarely exceed 15 K. Th#¥lartin et al. (2003model uses ther- P.R., Gorevan, S., Herkenhoff, K.E., Klingelhdfer, G., Bo Madsen, M.,
mal inertia and albedo estimates based on orbital data, which Morris, R.V., Rieder, R., Romero, R.A., 2003. Athena Mars Rover science
are somewhat different than the values derived directly from_ investigation. J. Geophys. Res. 108 (E1i),:10.1029/2003JE002121

. . . illman, J.E., 1988. Mars global atmospheric oscillations—Annually synchro-
rover data GOIOmbek et al, 2005 This difference in para- nized, transient normal-mode oscillations and the triggering of global dust
meters can account for much of the discrepancy between the storms. J. Geophys. Res. 93, 9433-9451.

4.2. Comparison with upward-looking Mini-TES observations
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