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ARTICLE INFO ABSTRACT

Keywords: The Mini-TES spectrometer carried by Spirit and Opportunity is a unique instrument that enabled vertical
Mars temperature profiles to be retrieved at high frequency (every 2 s, or “ICK”). Observations obtained from this
g\tm“phere instrument provide information on boundary layer activity. As an extension of previous work, we have retrieved
tructure

ICK-by-ICK vertical temperature profiles to characterize turbulent behavior at each rover site for up to two Mars

Years. We have also retrieved ICK-by-ICK near-surface (1.1 m) atmospheric temperatures and surface temper-
atures from dedicated atmospheric observations as well as geologic observations that extend the coverage of
near-surface observations. The extension and increased frequency of retrievals as well as the additional obser-
vations provide a more complete view of the vertical and temporal variation of temperature fluctuations within
the PBL. Temperature fluctuations are assessed using detrended temperature time-series data. The results show
fluctuations can be as large as 10 K at the surface and 8 K aloft with timescales on the order of minutes. We have
calculated the peak-to-peak amplitudes of temperature fluctuations and the corresponding timescales over which
they occur. Spirit and Opportunity temperature fluctuation amplitudes decrease in magnitude vertically, where
higher atmospheric levels show smaller fluctuations in amplitudes than at the surface. The magnitude of tem-
perature fluctuations changes with the difference in surface and air temperature. This difference varies little as a
function of season at both rover sites. Fluctuations are observed to quickly decrease in the late afternoon reaching
a minimum near 17:00 LTST followed by moderately increased activity near sunset caused by forced convection.
There is no significant change in the observed convective activity as a function of dust optical depth during
regional dust storms. The few large temperature fluctuations that are concurrent with dust events are likely the

result of large-scale systems.

1. Introduction

The Planetary Boundary Layer (PBL) is the layer of the atmosphere
that interacts directly with the surface. It controls the transfer of heat,
momentum, and mass to and from the free atmosphere and is strongly
influenced by surface properties and solar heating. This is especially true
on Mars, where the low atmospheric density enhances boundary layer
processes (see Read et al., 2017 for a comprehensive review).

Spacecraft missions that operate from the Martian surface are
capable of sampling the lowest portions of the PBL through measure-
ments of pressure, wind, and temperature. Viking Landers 1 and 2
recorded winds, pressure, and temperature throughout the mission
(Hess et al. 1977), and provided novel measurements that characterized
boundary layer behavior (Sutton et al. 1978; Tillman et al. 1994).
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Fluctuations in temperature data recorded with the Pathfinder Atmo-
spheric Structure and Meteorology instrument (ASI/MET) showed
nighttime mechanical forcing and strong daytime convective motions
(Schofield et al. 1997). In addition to pressure at a single level, the
Phoenix lander measured temperature with consistently high frequency
at three levels on the lander mast (Taylor et al., 2008). It also measured
winds using a telltale wind sensor at a frequency much less than that of
temperature or pressure (Gunnlaugsson et al., 2008). Monin-Obukhov
similarity theory parameters were derived and tested against this data-
set (Davy et al., 2010) as they were for the Viking and Pathfinder landers
(Larsen et al. 2002; Martinez et al. 2009).

Current in-situ data is available from both the Mars Science Labo-
ratory (MSL) Curiosity rover (Grotzinger et al., 2012) and the InSight
lander (Banerdt et al. 2020). For each sol, the Rover Environmental
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Monitoring Station (REMS) onboard MSL records temperature and
pressure every second at roughly 1.5 m above the surface for five mi-
nutes at the top of each hour (Gomez-Elvira et al., 2012). This cadence
provides exceptional coverage for boundary layer studies (Miller et al.
2018), but due to complications with the wind sensors, wind data is no
longer available (Newman et al. 2017). The Pressure Sensor (PS) and
Temperature and Wind Sensors for InSight (TWINS) (Banfield et al.
2020) onboard the InSight lander measure meteorological variables at a
higher frequency than that of REMS. The increased frequency and
continuous measurements allow for improved analysis of boundary
layer behavior compared to many previous missions. One thing that the
Viking, Pathfinder, Phoenix, Curiosity and InSight missions have in
common is that their in-situ temperature measurements are all confined
to the lowest two meters of the atmosphere. Although these near-surface
temperature observations have produced important results, they are not
able to characterize PBL processes occurring above this height.

The Miniature Thermal Emission Spectrometer (Mini-TES) onboard
the Mars Exploration Rovers (MER) Spirit and Opportunity measured
thermal emission from the atmosphere and surface enabling the
retrieval of near-surface atmospheric temperatures (Smith et al. 2006;
Spanovich et al. 2006) and the vertical temperature profiles up to two
kilometers (Smith et al., 2004, 2006). These profiles are available for
almost two Mars Years (MY) from the beginning of each mission. The
temperature profiles retrieved by Mini-TES are unique in their ability to
provide insight into the vertical structure of short-timescale convective
activity compared to other Mars surface missions.

Spirit (14.6°S, 175.5°E) landed in Gusev crater, a 160-km diameter
Noachian-age impact crater on January 4, 2004 (MY 26, Ly = 328°),
while Opportunity (1.9°S, 357.5°E) landed in Eagle crater on January
24, 2004 (MY 26, Ly = 339°), three weeks later (Squyres et al., 2003).
Both rovers operated over the same time frame, allowing measurements
of the PBL from two unique geographic locations at the same time.

Smith et al. (2006) and Spanovich et al. (2006) presented retrieval
results using upward and downward-looking Mini-TES observations,
respectively. The two types of observations were defined by their
viewing geometry and consisted of sets of spectra recorded every two
seconds at various local times throughout each sol. For the main results
presented in both Smith et al., (2006) and Spanovich et al., (2006), the
observed radiance spectra within a single observation were averaged
together to retrieve temperature, dust optical depth and water vapor
abundance in an iterative approach. Additionally, for a very limited
number of observations, they discussed the variations in temperature
when profiles were retrieved using individual spectra rather than
averaged over an entire observation. This analysis showed that varia-
tions in the temperature signal could be as large as 8 K occurring over
timescales of a minute or less. This work is an extension of the analysis of
individually retrieved temperature profiles in order to characterize near-
surface turbulence within the boundary layer on Mars.

A challenge for the characterization of the PBL using data from Spirit
and Opportunity is that the rovers did not contain dedicated meteoro-
logical packages, making the retrievals from Mini-TES the only frequent
measurement conducive to studying convective activity at those loca-
tions. 1-D model simulations of the vertical profiles from Mini-TES have
been performed (Savijarvi et al., 2012a, 2012b; Sorbjan et al. 2009), but
no full analysis of turbulence across each mission has been performed,
and comparisons of convective activity between the two rovers have
been limited.

Here we present work that utilizes temperature profile retrievals
from individual Mini-TES spectra and extends the retrieval coverage to
almost two MY for both downward and upward-looking observations.
We use these high-frequency temperature retrievals to characterize
boundary layer turbulence at the locations of Spirit and Opportunity
rovers as a function of both season and local time. Section 2 reviews the
retrieval algorithm. Section 3 presents retrieval results, including the
seasonal and diurnal variations of short-timescale temperature fluctua-
tions for Spirit and Opportunity. Finally, we discuss turbulence with
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respect to outside forcing such as dust and surface thermal inertia in
section 4.

2. Data

The Mini-TES instrument was a Fourier transform spectrometer
designed to obtain spectra between 339 and 1997 cm ! (5t0 29 pm) ata
spectral sampling of roughly 10 em™! (Christensen et al. 2003). Mini-
TES instrument data have been used for both atmospheric (e.g., Smith
et al. 2006; Spanovich et al. 2006) and geologic (e.g., Christensen et al.
2004a; Christensen et al. 2004b) investigations, which also provide in-
formation on near-surface atmospheric temperature. The acquisition
time for each spectrum is two seconds, which is defined as one “ICK”
(Integration Counter Keeper). Observations comprise sets of spectra
numbering between 100 and 1275. Each acquired spectrum constitutes
two seconds, so an observation can contain anywhere from about 3 to
42 min of continuous data. For the purposes of this paper, we define a
“long stare” as an observation containing more than 900 spectra
(approximately 30 min of data).

Individual Mini-TES observations are taken in either an upward or a
downward-looking geometry. The former, which views the atmosphere,
has been used to retrieve vertical temperature profiles from roughly 20
m to 2 km above the surface (Smith et al., 2004; Smith et al. 2006). The
latter points towards the ground and provides information on near-
surface atmospheric temperature and ground temperature (Spanovich
et al. 2006; Smith et al. 2006). Upward-looking observations provide
temperature profiles along a path determined by the line-of-sight. For
example, atmospheric temperature at 2 km in altitude for an upward
pointing observation at an elevation angle of 30° will provide infor-
mation 4 km away. The near-surface temperature retrieved from the
downward-looking geometry is representative of a height roughly 1.1 m
above the surface (Spanovich et al. 2006; Smith et al. 2006).

Two types of upward-looking observations are available in the Mini-
TES dataset. The first is an “elevation scan”, which consecutively takes
sets of 100 spectra at elevation angles 10°, 20° and 30° above the plane
of the rover deck (which may or may not be the same as the plane of
local level). The second is a “stare”, which records spectra at a single
elevation angle up to 42 min. The stare observations are used here to
characterize turbulent behavior on scales of two seconds to half an hour
(Smith et al. 2006).

Downward-looking observations were also obtained frequently
throughout the mission for each rover (Spanovich et al. 2006). Within
the CO, absorption band centered at 15 pm (667 cm’l), the atmosphere
between the sensor and the surface creates an absorption feature that is
strong enough to allow the retrieval of temperatures for both the surface
and the near-surface atmosphere 1.1 m above the surface within an area
of 25 cm in diameter (Spanovich et al. 2006). The retrieval algorithm for
these downward-looking observations is detailed in Spanovich et al.
(2006), which includes results that cover the first 180 sols for Spirit and
Opportunity. This work extends that of Spanovich et al. (2006) by pre-
senting ICK-by-ICK results and extending the temporal coverage to all
available observations for both rovers. Most downward-looking obser-
vations contain 5-10 spectra and last 10-20 s. A limited number of
longer stares are available at single elevation angles that contain as
many as 200 spectra (~8.5 min). These longer stares are included in the
analysis to assess boundary layer temperatures on scales of seconds to
minutes.

In our analysis we also include (downward-looking) geologic ob-
servations that are well-suited to provide near-surface atmospheric
temperatures. These observations are processed using the same algo-
rithm as the downward-looking observations that were intended spe-
cifically for determining near-surface atmospheric temperatures
(Spanovich et al. 2006; Smith et al. 2006). The criterion for selection is
that the observation has a single elevation angle pointed more than 10°
below the plane of the rover deck for all ICKS within the observation. No
raster scans are used.
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Fig. 1. (Left) Mini-TES radiances observed for downward and upward stares. Each spectrum shows a distinct emission/absorption feature from CO, gas for upward/
downward observations. (Right) The resulting temperature retrievals on an ICK-by-ICK basis. All colors correspond to Local True Solar Time (LTST). Nighttime
upward stares show an inversion layer, while daytime stares have a superadiabatic lapse rate near the surface.

2.1. Instrumentation and retrieval

The retrieval used in this work is the same as that described by Smith
etal. (2006) and Spanovich et al. (2006), with the additional corrections
described by Sorbjan et al. (2009). In this work, atmospheric tempera-
tures are retrieved from an individual spectrum without averaging.
Using a least-squares inversion, the vertical temperature profile is
retrieved from upward-looking observations, or upward stares, within
the CO, absorption band centered at 667 cm ! (15 pm) (e.g. Smith et al.
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2006). Gas absorptions observed in the spectra are modeled using the
correlated-k approach (Lacis and Oinas 1991) with inclusion of a two-
stream approximation to account for scattering from aerosols. The ver-
tical coordinate used in the retrieval algorithm is logarithmic in pressure
so that the vertical resolution increases near the surface and decreases at
higher altitudes. Spectra and retrieval results are filtered with quality
control criteria to remove data containing large systematic errors. This
includes spectra with consistently non-physical values (e.g., below zero
radiances) and retrieved temperatures that have unrealistic values.
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Fig. 2. (Top Left) The relative difference between best-fit model output and observational spectra for Spirit sol 56, (Top Right) and model/observation results.
(Bottom Left) Dust optical depth retrieved on an ICK-by-ICK basis, with red markers indicating relative differences greater than 10%. (Bottom Right) Water vapor
column values where red markers indicate relative differences greater than 10%.
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Fig. 3. Observations of Mini-TES atmospheric (top panels) and ground stares (bottom panels) for Spirit (left) and Opportunity (right). Red and blue triangles indicate
long duration stares of approximately 30 min for upward-viewing stares and approximately 7 min for downward-viewing stares. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 1 shows an example of calibrated upward and downward-
looking radiance spectra for Spirit, sol 102 (MY 27, Ly = 20°). The
downward and upward-looking spectra are labeled as “ground” and
“atmospheric” spectra, respectively. The spectral shape from downward-
looking observations, or ground stares, follows that of a black-body
curve except near 667 cm ™! (15 pm) where atmospheric CO5 strongly
absorbs. In contrast, upward-looking observations show a strong CO5
emission feature at 15 pm. The resulting individually retrieved upward-
looking temperature profiles for Spirit, sol 102, are shown on the right in
Fig. 1. Variations in the colour of spectra and retrievals are represen-
tative of Local True Solar Time (LTST). For sol 102, five upward-looking
observations were taken within the range of 02:00 LTST to 16:00 LTST.
The resulting temperature profile structures (right panel, Fig. 1) are
indicative of time of day. Early morning hours display an inversion layer
close to the surface, while daytime profiles remain superadiabatic in the
lowest 100 m above the surface well into late afternoon, as is discussed
in Smith et al. (2006).

Dust and water vapor are retrieved separately in an iterative
approach using upward-looking spectra for all ICKs in an observation.
The retrieved dust optical depth is the normal-incidence column optical
depth from the surface to infinity at 1075 cm ™" (9.3 pm). The column-
abundance of water vapor is retrieved using the weak emission fea-
tures observed between 380 cm ™! and 440 cm ™! (Smith et al. 2006). The
formal uncertainty calculated from propagation of instrument noise is
less than 1 K (Christensen et al. 2003; Smith et al. 2006). A conservative
estimate for uncertainty in the accuracy of absolute temperature results
is 2 K (Smith et al. 2006), which includes systematic uncertainties due to
calibration and retrieval. However, spread in the ICK-by-ICK retrieval is
in most cases less than the instrument noise. For this reason, we adopt a

temperature uncertainty of 1 K.

Due to the nature of the retrieval, a damping parameter is included
that controls how large changes in temperature can be within the al-
gorithm. This parameter is tuned to be the least restrictive without
introducing numerical instability and returning unphysical results
(Smith et al. 1996). The resulting retrieval algorithm is robust, and
systematic uncertainty within the retrieval is not expected to signifi-
cantly affect the resulting perturbations within individual profiles.

Although the noise level in individual spectra does not significantly
affect temperature retrievals, water vapor abundance cannot be reliably
retrieved without averaging spectra. For example, using individual
spectra obtained from the Spirit rover on sol 56, Fig. 2 top left panel
shows the percent difference between each individual spectrum and its
corresponding calculated spectrum following retrieval. Temperature
retrievals performed using the individual spectra show good fits to the
observed radiance. Within the range of 600 cm™' to 750 cm™, the
difference between the calculated and observed spectrum (AI/I,ps x 100)
for each ICK within the observation is below 10%. Outside of this
wavenumber range, percent difference increases. This is especially sig-
nificant near the edges of the observational spectrum at 400 cm ™~ where
water vapor absorbs (Fig. 2, top left panel). Red markers in the bottom
panels of Fig. 2 indicate individual retrievals where the relative differ-
ence between the calculated spectrum and observed spectrum is greater
than 10%. This is shown for dust optical depth retrieval (left) and water
vapor column abundance (right). Given the extremely low number of
individually retrieved values for water vapor column abundance that
produce fits to the model below a 10% difference, we choose not to
analyze water vapor abundance using individual retrievals.
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Fig. 4. Dust optical depth for Spirit (blue) and Opportunity (red) retrieved on an ICK-by-ICK basis. Results are plotted with respect to Spirit mission sols, when Spirit
landed and began operations, with Ls values beginning in Mars Year 26 and ending in Mars Year 28. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Individual temperature retrieval results for Spirit (top panels) and Opportunity (bottom panels) as a function of season (left panels) and local time (middle
panels). Seasonal variations are shown for observations between the local times of 12:00 and 14:00 LTST while diurnal variations are shown for sols 0-600.
Additional diurnal behavior for sols 0-600 are shown as binned means every 10 min (right panels).

2.2. Availability

Individual spectra for Spirit and Opportunity have been processed in
both the upward and downward-looking geometries up to sol 1200 (MY
28, Lg = 241°). Fig. 3 shows the distribution in sol number (season) and
local time of upward and downward-looking stares, defined as obser-
vations taken at a single pointing elevation. The local times of stares
mostly range from 10:00 LTST to 16:00 LTST for the first 400 sols for
Spirit and Opportunity. Local time coverage is limited to late morning
and noon hours following sol 600. Due to constraints on power usage
overnight, early morning and late evening observations are infrequent.
The few nighttime observations fall before sol 700. Long stares con-
sisting of more than 900 spectra are denoted with red triangles.

Coverage for downward-viewing observations is more consistent
across the dataset with local times ranging from 10:00 LTST to 18:00
LTST. This coverage extends fully to sol 1200 with a few minor gaps in
data coverage due to operational constraints. The downward-looking
observations in Fig. 3 represent both atmospheric and geologic obser-
vations. Long stares consisting of more than 200 spectra are denoted
with blue triangles.

3. Results
3.1. Temperature and dust optical depth retrievals

The seasonal dependence of the individually retrieved dust optical
depth shown in Fig. 4 follows the same pattern as the dust optical depth
retrieved from direct imaging of the Sun by Pancam (Lemmon et al.
2015) as well as those retrieved up to 1.5 MY using full averaging (Smith
et al. 2006). After sol 1200 of each mission, dust accumulation on the
Mini-TES optics from the MY 28 global dust storm rendered the data
unusable. The seasonal pattern is consistent with that observed from
orbit (e.g., Smith et al., 2004), with higher dust optical depths recorded
during the perihelion season (Ls = 180°-360°) and minimum values
during the aphelion season (Ls = 0°-180°). There are no discernable
diurnal patterns to the dust optical depth values retrieved by Mini-TES.

The rovers landed during the decay of a large regional dust storm,
during which time Spirit recorded optical depths up to 0.6. Values
reached minima near sols 200 and 900 (Ls ~ 70° for MY 27 and 28) for
both Spirit and Opportunity. Maximum dust optical depth for Spirit and
Opportunity prior to the MY 28 global dust storm reached values of 1.4
and 1.2, respectively. These values occurred near Spirit sol 400 (MY 27,
Ls = 161°), when dust activity increased near each rover (Lemmon et al.
2015).
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Fig. 6. Near-surface (top panel) and surface (bottom panel) temperature retrieval results for Spirit (left) and Opportunity (right). Air temperatures are representative
of a height 1.1 m above the surface. Purple markers correspond to temperatures between 09:00 LTST and 11:00 LTST, orange markers correspond to temperatures
between 12:00 LTST and 14:00 LTST, and red markers correspond to temperatures between 15:00 LTST and 17:00 LTST. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 shows the individual (ICK-by-ICK) temperature retrieval re-
sults for Opportunity (bottom panels) and Spirit (top panels). These
results are an extension of those reported in Smith et al. (2006) but
contain the ICK-by-ICK retrievals and extend past sol 600. The diurnal
variations (middle and right panels) are shown for the first MY of op-
erations (sols 1-600; MY 26, Ly = 330° to MY 27, Ly = 286°), but the
results shown in Fig. 5 are consistent with retrievals from the next MY as
well. The seasonal variation of atmospheric temperatures shown in the
top panels are given for retrievals during the local times of 12:00 LTST to
14:00 LTST, since observations are more frequent during those local
times. Atmospheric temperatures between 12:00 and 14:00 LTST range
between 200 K and 260 K for both rovers. Including other local times,
the full range of temperatures for both rovers fall between 180 K and
270 K at a height of 30 m above the surface, while the temperatures at a
height of 1000 m fall between 200 K and 250 K. The seasonal patterns
for Spirit and Opportunity are similar, but atmospheric temperatures at
the location of the Spirit rover are mostly lower than those from Op-
portunity due to the higher latitude of the Spirit site.

The right panels of Fig. 5 show the 10-min mean temperatures for the
first 600 sols. For both rovers, diurnal temperatures display a distinct
inversion over nighttime hours, where air temperature increases with
increasing height above the surface. During the day, the diurnal varia-
tion of atmospheric temperatures differs between Opportunity and
Spirit, with Spirit showing greater variability in temperatures between
the hours of 12:00 and 18:00 LTST. However, the nighttime temperature
inversion is present in the right panels Fig. 5 for all three heights above
the surface for both rovers. This inversion begins between the hours of
15:00 and 19:00 LTST. For Spirit and Opportunity, the nighttime tem-
perature inversion is still present well after sunrise (06:00 LTST). This
inversion does not completely disappear until ~09:00 LTST when
convective activity sharply increases. This is expected, as convection,

which drives fluctuations in temperature, is initiated from warming
below.

The seasonal variation of near-surface atmospheric and surface
temperatures retrieved from downward-viewing spectra are shown in
Fig. 6. The results contain ICK-by-ICK retrievals, extended past sol 600 of
the mission, and include dedicated geologic observations. These results
are consistent with the fully-averaged results presented in Spanovich
et al. (2006). Including morning observations, near-surface atmospheric
temperatures at the Opportunity site fall within the range of 180 K to
280 K. Spirit near-surface atmospheric temperatures mainly fall within
the range of 188 K to 280 K. The seasonal patterns between Spirit and
Opportunity are similar, following the amount of solar insolation
available at the surface.

Fig. 7 shows the diurnal variation in near-surface atmospheric and
surface temperatures for three MY. The diurnal variation of atmospheric
temperatures shown in the top panels of Fig. 7 peaks near 15:00 LTST for
Spirit and 14:00 LTST for Opportunity in response to surface heating
from below. Atmospheric temperatures are determined by the balance
between radiative cooling and surface heating, causing a delay in the
peak of near-surface atmospheric temperatures relative to surface tem-
peratures. The diurnal pattern for both rovers follows a similar trend
when compared to temperature measurements from other missions
(Martinez et al. 2017) with morning temperatures between the hours
09:00 LTST and 11:00 LTST much lower than afternoon temperatures
between the hours of 12:00 LTST and 17:00 LTST. Surface temperatures
closely follow solar heating and are highest near noon, while air tem-
peratures, which increase due to heating from surface emission, are
highest near 15:00 LTST.

Spirit near-surface atmospheric temperatures show more variability,
which is consistent with variable surface temperatures as the near-
surface air is expected to respond to local changes in surface
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properties. Opportunity maximum diurnal surface temperatures can
peak just over 300 K, and the minimum recorded for morning obser-
vations is near 175 K. The difference between the diurnal maximum and
minimum surface temperatures is larger at Opportunity than at Spirit.
Year-to-year variability in near-surface atmospheric and surface tem-
peratures for MY 27 and 28 is relatively low for both rovers outside of
the strongest dust storms. There is repeatability even during the dustier
perihelion season. Despite having fewer observations for MY 26, there is
a discernable diurnal pattern similar to that of MY 27 and 28.

While the two rovers show similar seasonal behavior, the diurnal
surface temperature patterns between Spirit and Opportunity differ
significantly. Opportunity shows a very well-defined diurnal pattern,
with large differences between the minimum and maximum tempera-
tures. Surface temperatures peak at noon for both rovers, fall off quickly
after noon, and reach minimums between the hours of 04:00 LTST and
06:00 LTST. On the other hand, Spirit surface temperatures are much

more variable. This is consistent with previous work (Spanovich et al.
2006). There is no discernable seasonal pattern to surface temperature
variability, and the variability is likely due to changes in the local sur-
face properties. Surface temperature in part is affected by visible albedo
and thermal inertia, and the terrain in Gusev Crater (Spirit rover site) is
less homogeneous than at Meridiani Planum (Opportunity rover site) (e.
g., Bell et al., 2004a,b; Christensen et al. 2004a, 2004b).

The temperature difference between the surface and atmosphere
drives turbulent responses during the day. Fig. 8 shows the mean hourly
surface-atmosphere temperature differences for Spirit (left) and Op-
portunity (right). Sunset (18:00 LTST), sunrise (06:00 LTST), and noon
are marked by dotted horizontal lines. Near-surface atmospheric tem-
peratures for both rovers are colder than the surface during daytime
hours and become warmer than the surface after about 16:00 LTST when
surface temperatures quickly drop due to a reduction in solar insolation
as the Sun sets. The local time of this change is much more consistent at
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Opportunity than at Spirit. Between the hours of 10:00 LTST and 12:00
LTST, the surface-atmosphere absolute temperature differences at Op-
portunity mostly fall between 20 and 40 K. This difference is reduced
between the hours of 13:00 LTST and 15:00 LTST to O to 20 K. Spirit
shows similar patterns after MY 27, Ly = 286°, where absolute

Spirit Sol 425

temperature differences between 20 and 40 K are achieved between
10:00 LTST and 13:00 LTST. Prior to this, the temperature difference is

more variable.

Opportunity Sol 295

15.25 15.30 15.35 15.40 15.45 15.50 15.55 15.60
LTST

13.80 13.85 13.90 13.95 14.00 14.05 14.10 14.15

LTST

Fig. 11. Examples of temperature time series for Spirit and Opportunity at 30 m (blue or bottom curves), 100 m (red or middle curves), and 1000 m (black or top
curves). Linearly detrended temperature data points are plotted as dots and the low pass filtered signal is plotted as a solid line. Temperature deviations for each
height are offset to show the general shape and appearance of the fluctuations. Typical amplitude of the fluctuations at 30 m is between 1 and 2 K. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Temperature fluctuations

The ICK-by-ICK fluctuations in retrieved atmospheric temperatures
provide information on atmospheric turbulence. For each Mini-TES
observation, a linear trend is fit to the retrieved temperatures and is
then subtracted from the observation to remove the effect of the diurnal
temperature change. This detrending is completed for each observation
at each height for upward stares. For downward stares, the surface
temperature does not vary outside of +1 K, so only near-surface atmo-
spheric temperature is detrended. Resulting temperature deviations are
shown in Fig. 9 and Fig. 10. Results are shown up to the MY 28 global
dust storm (sol 1200). The distribution of resulting deviations is skewed
towards positive values. This skew decreases with increasing altitude,
but holds up to 1 km. This is consistent with upwelling convective
behavior (Tillman et al., 1972).

An example of the ICK-by-ICK detrended temperature retrievals is
shown in Fig. 11. The resulting time series are non-periodic and sto-
chastic but are embedded with regular patterns. The ICK-to-ICK noise
level (~0.2 K) is much smaller than the estimated uncertainty in abso-
lute temperature. The temperature fluctuations that are evident in the
detrended signal are larger than the noise level and are real temperature
changes over short timescales indicative of convective activity. These
temperature fluctuations last anywhere from about 10 s to several
minutes.

3.2.1. Seasonal variation of fluctuations

As shown in Fig. 9, near-surface atmospheric temperature fluctua-
tions at a height of 1.1 m for Spirit are mostly between 1 and 7 K, with
occasional fluctuations greater than 10 K. There is a seasonal trend to
near-surface temperature fluctuations seen at the Spirit rover location,
where minima occur when solar insolation is at a minimum (Lg = 71°,
sols ~250 and ~ 925). The apparent minimum for Spirit near MY 27, Ly
= 220° (sol 500), during the dusty season is not due to an actual mini-
mum in the deviations but instead is a result of a lack of midday ob-
servations where the largest deviations regularly occur. Opportunity
temperature fluctuation are larger in magnitude than those of Spirit
above 30 m, but seasonal trends are less evident. At the surface, the
fluctuation magnitude is similar for the two rovers.

The seasonal trend in temperature fluctuations is less noticeable in
the retrievals at 30 m and 100 m than in the near-surface atmospheric
temperature retrievals and is almost non-existent at 1000 m. For tem-
peratures at 1000 m, only large spikes are present and are coincident
with a large increase in dust optical depth that occurred shortly after MY
27, Ls = 160° (sol 400, see Fig. 4). This increase is also noticeable in the
100 m temperature results. Opportunity shows similar trends, with
seasonal trends less noticeable at 30 m and 100 m than near the surface.
For Opportunity, large changes in the amplitude of fluctuations are
coincident with increases in dust optical depth and are noticeable as

high as 1000 m.

Between sol 1000 and sol 1200 (MY 28, Ls ~ 125°-240°), increases in
fluctuation amplitude can be seen in Spirit temperature data up to 100
m. This increase, which is not present at 1000 m, is especially apparent
at 100 m. Changes in fluctuation magnitude at 1.1 and 30 m are within
the normal range. Atmospheric temperatures are increasing during this
season (see Fig. 5 and Fig. 6). Observations during this time are
concentrated near noon, and fluctuations are indicative of peak midday
activity. Increases in the amplitude of temperature fluctuations at Op-
portunity before sol 1200 are noticeable at 30 m, 100 m, and 1000 m,
but an increase in near-surface fluctuations is not evident. Where Spirit
shows no increase in fluctuation amplitude at 1000 m during this time,
the increase at Opportunity is as large as those seen near sol 400 and sol
600 (MY 27, Lg ~ 160°-290°).

3.2.2. Diurnal variation of fluctuations

A defining characteristic of the boundary layer compared to the free
atmosphere is that it undergoes diurnal changes due to solar forcing
(Stull 1988). The absolute temperatures in Fig. 7 and Fig. 5 all show
diurnal variations with clearly defined maxima and minima. The diurnal
variation of absolute temperature is less pronounced at higher altitudes,
especially for Spirit. Temperature fluctuations also exhibit a diurnal
trend for both rovers. Fig. 10 shows the fluctuations as a function of
LTST. The 1 K level is shaded to indicate the uncertainty we have
adopted for our results (section 2.1). Results include those up to MY 28,
Ls = 180° (sol 1100) to exclude fluctuations caused prior to the MY 28
global dust storm.

For both rovers, temperature fluctuations increase throughout the
morning hours, reach a maximum near noon, and then come to an
abrupt cessation between 16:00 and 17:00 LTST as solar insolation de-
creases. The large drop in the magnitude of temperature fluctuations is
concurrent with the surface temperature becoming cooler than atmo-
spheric temperatures. At this point, the atmospheric temperature ver-
tical profile begins developing an inversion from the surface up.
Increases in the magnitude of fluctuations after this point are evident at
the 30 m height level for both Opportunity and Spirit, consistent with
what is likely forced convection. Opportunity shows large deviations
near noon at z = 100 m that are also evident at z = 1000 m. From Fig. 9,
it is clear that these large increases are associated with perihelion and
could be a result of forcing from larger dynamic systems.

4. Discussion
4.1. Time-series analysis
To characterize the fluctuations like those shown in Fig. 11, we

calculate the peak-to-peak amplitudes of the positive increases in
detrended retrieved temperatures for both downward and upward long



E.L. Mason and M.D. Smith

Spirit, Sol 352, LT = 14.37, T = 0.21

Icarus 360 (2021) 114350

z=100m Zz =1000m
105 105 105
7 090 7 090 7 090
g 6 075 g 6 075 g 6 075
35 DD 35
£ 060 c 060 £ 060
z4 T =4 v 4 v
045 045 045
23 83 83
= 030 = 030 = 030
&2 &2 &2
1 015 1 015 1 015
0 000 0 0.00 0 000
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time [Minutes] Time [Minutes] Time [Minutes]
Fig. 13. Spirit time series correlation example.
Opportunity, Sol 544, LT = 16.71, T = 0.53
z=30m z=100m z =1000m
105 105 105
090 3.5 090 3.5 090
075 v 3.0 075 e 3.0 075
525 525
060 £ 060 £ 060
w =20 +w =20 ol
045 oy 045 = 045
g 15 S 15
030 c 030 c 030
310 g 10
015 0.5 015 0.5 015
000 000 0.0 000

0.0 T T
0 1 2 3

3 4 5 6 7
Time [Minutes]

4

Time [Minutes]

1 2 3 4 5 6 17
Time [Minutes]

5 6 7
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stares under the assumption that these increases are associated with
turbulent structures. Long stares are defined as those lasting 30 min or
more in upward-viewing mode and three minutes or more in downward-
viewing mode. In addition, for each temperature fluctuation, we also
calculate the width, or timescale, defined as the time difference between
the minima that occur just before and after each fluctuation. For
example, if the fluctuations are cosine in shape, then the peak-to-peak
amplitude we compute would correspond to the full peak-to-peak
amplitude of the cosine and the width would correspond to the full
period of a wave.

The Cumulative Distribution Functions (CDF) of temperature fluc-
tuation amplitudes (left panel) and widths (right panel) across all long
stares are shown in Fig. 12. The CDF indicates the distribution of am-
plitudes and widths for a given atmospheric level. For example, the 100
m level at Spirit indicated by a dashed red line shows that 80% (P(n) =
0.8) of temperature fluctuations fall within an amplitude of 2 K. In this
way, curves with steeper slopes contain fewer large-amplitude fluctua-
tions. Spirit and Opportunity show similar patterns for amplitudes (left
panel of Fig. 12), which decrease consistently with height for values
derived from upward stares. For upward stares, fluctuation amplitudes
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(%) 2]
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o o
c S
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E E 0.6
0= 0.4
0.2 o
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are larger for Opportunity than for Spirit at each atmospheric level. The
CDF for near-surface amplitudes retrieved from downward-looking
stares are plotted as solid lines. The larger slopes of both near-surface
distributions indicate a relative lack of large amplitude fluctuations.
However observation periods are shorter for downward-viewing stares
compared to upward-viewing stares. Shorter observation periods mean
that larger, longer structures are not captured in the temperature ob-
servations. The CDF for the full width timescales of the fluctuations are
similar for Spirit and Opportunity and show less vertical variation than
amplitudes.

In addition to calculating timescales and amplitudes, we also
perform a frequency analysis. The signatures in the temperature time
series are distinctly non-periodic, so we avoid the use of Fourier analysis,
which assumes periodicity. Instead, for each ICK in a single observation,
we calculate the correlation between the linearly detrended temperature
and a cosine curve with a known period. We do this over a range of
periods to determine the correlation of the signal to different timescales.
The higher correlation values are associated with convective structures
and provide insight into turbulent activity at each site. In this way, it is
similar to a Fourier analysis. Figs. 13 and 14 show correlation values, r2,

Opportunity
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Fig. 15. Mean binned RMS amplitude of temperature fluctuations during late afternoon local times showing the distinctive quiet period near 17:00 LTST observed
for both Spirit and Opportunity. The mean RMS amplitude of fluctuations decreases as a function of height for both rovers.
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Fig. 17. Averaged time series correlation for Opportunity.

to different periods for each time step within an observation. For the
Spirit observation shown in Fig. 13, there exist correlations with long-
period fluctuations of a few minutes superimposed on short-period
correlations that are present at every level. Long-period correlations
are likely consistent with larger turbulent structures. These large
structures are even more evident in Fig. 14 for Opportunity but decrease
quickly with height.

4.2. Diurnal variations

While Mini-TES did not observe early morning hours as often as it
observed afternoon hours, observations in the evening were frequent
enough to capture the effects of surface forcing. Air-surface temperature
differences consistently change sign from negative (atmosphere cooler
than the surface) to positive (surface cooler than the atmosphere) be-
tween the hours of 15:00 LTST and 18:00 LTST for both Spirit and Op-
portunity. During this change in near-surface air and surface
temperature difference, the observed temperature fluctuations decrease
significantly.

Fig. 15 shows the binned, root mean square of temperature fluctu-
ations at heights from 30 m (purple) up to 1000 m (red) above the
surface. For Opportunity, the amplitude of temperature fluctuations
systematically decreases at all heights, with a quiet period at 17:00 LTST
for all sols. There is an increase in the fluctuations again near sunset
when mechanical shear is expected to dominate turbulent behavior. The
temperature fluctuations observed by Spirit show more variation, but
the same decrease in activity is still evident in the late afternoon, and a
quiet period near 17:00 LTST is visible for the lowest levels (purple).

We can also evaluate the amount of turbulent behavior for each
observation longer than 10 min by averaging the time series correlations
shown in Figs. 13 and 14 across local times in order to compare the
variation of turbulent behavior for different periods. For this analysis,
we calculated the mean r? value across a single observation for each
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period. The results show which periods are more frequently correlated
with large fluctuations. This was done for multiple observations to assess
differences in local time and between the two rovers. Fig. 16 and Fig. 17
show that there are lower average values, which correspond to fewer
convective events for observations near sunset (orange lines) than for
daytime observations (green lines). This is more pronounced at lower
heights and is likely a result of the change from free convection earlier
during the afternoon to turbulent forcing from the surface during the
evening. This decrease at sunset is a consistent atmospheric phenome-
non that is observed at both rover sites across all seasons and in more
recent work from InSight (Banfield et al. 2020).

4.3. Comparison of surface properties at each site

Convective activity is a response to radiative forcing from solar
insolation, topography and large-scale atmospheric dynamics. The size
of the response is dependent on surface properties such as thermal
inertia and, to a lesser extent, albedo (Martinez et al. 2014). Thermal
inertia is a metric for how much energy the surface can absorb without
changing temperature. Surfaces with low thermal inertia tend to have
large diurnal range in temperatures, whereas high thermal inertia sur-
faces have a smaller diurnal range of temperature.

Spirit and Opportunity landed in regions with distinct differences in
terrain and surface properties. Within Gusev crater, the terrain
encountered by the Spirit rover is a generally flat area where small rocks
cover about 5% of the surface (Bell et al., 2004a). Optically thick coat-
ings of fine-grained, bright dust cover most rocks and surfaces while
exposed surfaces are darker (Bell et al., 2004a). Thermal inertia in Gusev
Crater is highly variable, ranging from 150 to 450 J m~2 55 K1
(Christensen et al. 2004a). The Panoramic Camera (Pancam) calibrated
broadband filter L1 739-nm estimates of albedo are 0.25, but the rover
traversed through higher albedo regions up to 0.3 (Bell et al., 2004a).

Opportunity landed in a much darker region, dominated by dry,
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Fig. 19. Opportunity time-averaged correlations as a function of cosine period. The colors are indicative of optical depth.

loose, poorly sorted sand (Bell et al., 2004b). Pancam albedo estimates
are 0.14 with some wind streaks as high as 0.25 (Bell et al., 2004b). The
terrain was selected for its flat, safe topography (Squyres et al., 2004).
Measurements from the THEMIS instrument on Mars Odyssey give a
thermal inertia value for Meridiani Planum of 190 J m 2 %5 K1
(Golombek et al. 2005) while the estimates from Mini-TES are closer to
100 Jm2s0° K! (Fergason et al., 2006).

Surface temperatures retrieved from Spirit observations show a
smaller difference between maximum and minimum values each sol,
whereas Opportunity surface temperatures show a large diurnal tem-
perature difference (Fig. 7). The near-surface atmospheric temperatures
also show differences in their diurnal fluctuations between Spirit and
Opportunity. The fluctuations seen in Gusev Crater (Spirit) are more
indicative of varied terrain as opposed to fluctuations at Opportunity,
which are less variable and indicative of a homogenous, darker surface
with lower thermal inertia.

Recent work by Newman et al. (2019) has shown that surface-to-air
temperature differences inside Gale Crater do not follow the thermal
inertia patterns associated with the terrain and are instead dominated by
topography. While topography in Meridiani Planum is mostly flat and
homogeneous, Mini-TES measurements from Spirit were made in Gusev
Crater. Within this crater, Spirit traversed over highly variable terrain as
well as topography, arriving at Columbia Hills near sol 400 of the
mission. While there is a topographical difference between Spirit and
Opportunity, there is little discernable change to Spirit temperature
fluctuations in Gusev Crater along the traverse path. This would suggest
that the impact of topography at Spirit and Opportunity sites on tem-
perature fluctuations is less than that of surface properties and solar
heating.

4.4. Dust and turbulent behavior

Atmospheric temperature is linked to the dust cycle through
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radiative feedback. During the daytime, suspended dust tends to warm
the atmosphere while cooling the surface (e.g., Smith 2004). Although
we expect a large impact in the thermal state from dust lifting events at
both rover sites, we observe no major changes in turbulent behavior for
Mini-TES observations. Fig. 18 and Fig. 19 show the time-averaged
correlation values for temperature fluctuations at Spirit and Opportu-
nity, respectively. These correlation values are indicative of the rate of
convective events with a given timescale (or period). The curves show
fewer convective events (with large scatter) at longer periods and more
convective events (higher correlation values) with short periods at all
heights. The colors indicate optical depth and cover the timeframe of the
first major increase in optical depth at Spirit and Opportunity near sol
350 (MY 26, Lg ~ 135°).

The correlation values for times with high values of dust optical
depth are not distinct from those with lower optical depth. While large-
period fluctuations are present in some of the observations, there is no
clear pattern associated with dust optical depth. The observed changes
in correlation are more a function of height above the surface, with a
higher number of longer-period fluctuations at lower heights. This is
especially true for Spirit, which shows a considerable drop with height
in the average correlation at longer periods for all optical depths.

While there is some evidence of increased fluctuation amplitudes
with sudden increases in optical depth (see Fig. 9), these could also
correspond to increased large-scale dynamics. Following increases in
dust optical depth, cooling at the surface is observed to occur in the
Mini-TES observations, but changes in the turbulent behavior, whether a
decrease or increase, are not evident. The lack of a discernable response
in convective activity with respect to optical depth is likely due to
limited long duration coverage from Mini-TES observations and the
relatively small amount of seasonal variation in the difference between
surface temperatures and near-surface atmospheric temperatures, which
can be a principal driver of convection.
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5. Summary

The Mini-TES spectrometer carried by Spirit and Opportunity was a
unique instrument that enabled vertical temperature profiles to be
retrieved at high frequency (every 2 s). We have retrieved the ICK-by-
ICK temperature profiles to characterize turbulent behavior at each
rover site. In addition, we have retrieved ICK-by-ICK near-surface at-
mospheric and surface temperatures for a more complete view of the
vertical and temporal variation of temperature fluctuations within the
PBL.

There is a strong vertical variation in the amplitude and frequency of
temperature fluctuations observed by both Spirit and Opportunity and
there are large differences between their vertical structures. Although
the diurnal variation in temperature fluctuations is almost non-existent
for Spirit at 1000 m, a small diurnal variation in fluctuations is observed
in observations from Opportunity at 1000 m, suggesting that the most
active region of the boundary layer is deeper at Opportunity than at
Spirit.

The high thermal inertia at the Spirit site is consistent with the ob-
servations that show a smaller diurnal temperature variation, shallower
boundary layer height, and decreased turbulent activity at higher at-
mospheric levels observed by Mini-TES than at the Opportunity site.
Temperature fluctuations are observed to be strongly controlled by the
surface-air temperature difference, which varies little as a function of
season at both rover sites. Fluctuations are observed to quickly diminish
in the late afternoon reaching a minimum near 17:00 LTST followed by
moderately increased activity near sunset caused by forced convection.
There is no significant change in the observed convective activity as a
function of dust optical depth during regional dust storms. The few large
temperature fluctuations that are concurrent with dust events are likely
the result of large-scale systems.
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