HIGHLIGTHS FROM THE ROVER ENVIRONMENTAL MONITORING
STATION (REMS) ON BOARD THE MARS SCIENCE LABORATORY:
NEW WINDOWS FOR ATMOSPHERIC RESEARCH ON MARS

F. J. Martin-Torres' (javiermt@iact.ugr-csic.cs) , M.-P. Zorzanoz, C. Armiensz, I. Carrascoz, A. Delgado-
Bonal %, M. Genzer’, F. Gémez’, J. Gémez-Elvira®, R. Haberle®, V.E. Hamilton’, A.-M. Harri’, H. Ka-
hanpéiif’, 0. Kemppinen3, M. T. Lemmon', A. Lepinettez, J. Martin Soler’, J. Martinez-Frias®, M. Mis-
chna’, L. Mora?, S. Navarro’, C. Newman®, M. A. de Pablo’, J. Pla-Garcia, " >3, V. Peinado?, J. Polkko®,
S.C.R. Rafkin®, M. Ramos’, N.O. Renné'’, M. Richardson®, J.A. Rodriguez-ManfrediZ, J.J. Romeral
Planellé®, E. Sebastian®, M. de la Torre Juarez’, J. Torres’, A. Ullan?, R. Urqui“, P. Valentin-Serrano "2,
A. R. Vasavada7, and the MSL Science Team. 'Instituto Andaluz de Ciencias de la Tierra, Granada, Spain;
’Centro de Astrobiologia, Madrid, Spain; 3Finnish Meteorological Institute, Helsinki, Finland,; ‘NASA Ames
Research Center, Moffett Field, CA, USA; *Southwest Research Institute, Boulder, CO, USA; °Instituto Geo-
ciencias, Madrid, Spain; "Jet Propulsion Laboratory/California Institute of Technology, Pasadena, CA, USA;
%4shima Research, Pasadena, CA, USA; °Universidad de Alcald de Henares, Madrid, Spain; '*University of
Michigan, Ann Arbor, MI, USA; ! Ilngenierz'a de Sistemas para la Defensa de Esparia, Madrid,

Spain;’Department of Atmospheric Sciences, Texas A&M University, USA.

Introduction: The Rover Environmental
Monitoring Station (REMS) on the Mars Science
Laboratory (MSL) mission has sensors recording air
and ground temperature, pressure, relative humidity,
wind speed, as well as ultraviolet radiation in differ-
ent bands (between 280 and 400 nm). Since sol 9
after landing REMS has collected data from all sen-
sors simultaneously on an almost daily basis [1].

REMS measurements are being analysed
carefully since the beginning of operations on Mars,
and they are revealing a number of discoveries from
both technical and scientific sides that will mark a
before and after in Martian meteorology studies and
our understanding of Martian atmosphere, as well as
the use of meteorological stations in rover platforms
on Mars.

Some of the great advantages of REMS
with respect to previous meteorological stations are:

e It provides unprecedented simultaneous obser-
vations of environmental variables routinely for
at least a full Martian year (nominal MSL mis-
sion), including nighttime.

e It is mounted on a moving rover platform, so it
allows monitoring the diurnal evolution of the
ground temperature and other environmental
variables every day at the different sites visited
by the rover during its operation on Gale crater.

e It is providing the first measurement of surface
UV irradiation ever measured from the surface
of another planet.

Some of these advantages, like being
mounted on a moving platform or measuring at
night-time, imply a challenge for a correct interpreta-
tion of the data, as explained in [2], and it is teaching
us about technical details to be taken into account in

future designs in order to avoid or minimize these
challenges in the data interpretation from future me-
teorological stations in Mars.

The capability to measure consistent and
simultaneous data sets of multiple environmental
variables is essential for meaningful interpretation of
near-surface processes including the characterization
of soil thermal properties, and boundary-layer diur-
nal and annual behaviours.

We remark here the importance of including
the UV sensor in the REMS suite of instruments:
The Martian atmosphere is generally transparent to
solar radiation, but atmospheric dust absorbs solar
radiation and heats the atmosphere, while UV radia-
tion ionizes atmospheric gases and is harmful to any
potential Martian organisms (past or present). For
this reason, knowledge of the UV radiation flux at
the surface of Mars is important for understanding
habitability conditions, one of the main goals of the
MSL mission. Moreover UV radiation is a signifi-
cant driver in the photochemistry of the atmosphere
and surface.

In this paper we present the REMS science
findings that in our opinion will open a new window
for future studies of Mars atmosphere and environ-
ment. In particular, we present several phenomena
that have been either extensively observed by REMS
for the first time or that are adding critical new in-
formation that helps in understanding the Martian
atmosphere:

Diurnal pressure beat and topographic effects: A
common feature of all sites sampled by surface me-
teorology stations prior to the Mars Science Labora-
tory (MSL) has been the relatively flat terrain. With
MSL situated within a crater exhibiting significant



topographic variability, there is a substantial hydro-
static adjustment flow in response to the daily varia-
tions in air temperature. The augmented range of
daily pressure variation observed by REMS is due to
a process of hydrostatic adjustment in the presence
of slopes in response to the daily cycle of air tem-
perature [3]. The pressure diurnal beat is not only
amplified by this lateral mass transport associated to
the hydrostatic adjustment [3], but additionally, the
timings when the maximum and minimum of the
pressure are achieved are no longer synchronous
with the sunrise and sunset times (see Figure 1).
There is a systematic time shift difference, of about 1
and a half hour that is consistent along seasons. This
time difference appears to be the second footprint of
the existence of a lateral mass transport from and to
the crater rim at speeds of 3-5 m/s. Both features are
associated with the strong topographic variations of
Gale crater.

Boundary-Layer, air density and thermal tides:
Thermal tides are planetary-scale gravity waves with
periods that are harmonics of the solar day and are
caused by the interaction of the atmosphere on the
illuminated side of the planet with the solar radia-
tion. REMS (as both Viking landers did) senses, on a
daily base, the passage of the planetary sun-
synchronous thermal tide whose Ap/ p (p=surface air
density) amplitude depends on the latitude (because
of the angle of incidence of the solar illumination)
and season (Ls) (because of the Sun-Mars distance).
It increases towards the equator and decreases in
perihelion. The maximum observed relative varia-
tions of surface density are of the order of 40% and
the minimum of the order of 10% - expected to de-
crease towards zero at the polar regions- (see Fig. 2)

Atmospheric opacity and solar irradiance: The
atmospheric opacity has been monitored by the dedi-
cated Mastcam observations of the sky and by the
passive, daily observations of the REMS UV sensor,
their measurements showing a very good agreement.
The characteristic Martian known Ls-pattern of the
dust loading and settling processes has been ob-
served also at Gale landing site. The MSL rover, as
any other exploration platform, absorbs the solar
illumination and shows huge thermal contrasts from
illuminated to shadowed areas. This has been inves-
tigated in detail using the two REMS air temperature
sensors (ATS). The thermal contrast from the illu-
minated/shadowed areas correlates with the atmos-
pheric opacity; in fact this thermal contrast can be
used to retrieve the opacity. This unavoidable Sun-
related thermal contamination is inherent to any plat-
form on Mars and affects the temperature of the air
in the vicinity of the spacecraft, inducing daily varia-
tions in temperature of up to 20 K. This effect that
has been unveiled by REMS has implications on the
air temperature measurements of any environmental

monitoring instrument (including those past mis-
sions) for Mars. See Fig. 3 for the atmospheric opac-
ity evolution of the first 200 sols, obtained by the
Mastcam and UV measurements and the comparison
with the ATS-thermal contrast opacity retrieval.

Nighttime katabatic winds: REMS has observed
the existence of nighttime thermal fluctuations that
correlate with pressure drops and winds that affect
the ground skin-temperature (see Fig. 4) These
winds must be present at other sites with strong
topographic features and must have an impact on the
retrieval of ground temperature from orbiter meas-
urements.

Ultraviolet measurements (habitability, O;/H,0,
Solar events, radiative properties): The
downwelling UV irradiance has been measured
within 6 different integrating bandpass. The ABC
integrating channel has been used to monitor the
opacity. The other channels are used for habitability
assessment, and atmospheric ozone remote sensing.
The ozone cycle is a proxy for the atmospheric water
cycle. Furthermore the UV sensor has detected
nighttime solar activity-related events, and the day-
time eclipses of Phobos and Deimos. The UV sen-
sors can distinguish the direct and diffuse compo-
nent of downwelling irradiance, and their measure-
ments provide priceless information of the atmos-
pheric environment complementary to that obtained
by the usually used sensors for meteorological stud-
ies (pressure, temperature, relative humidity).

Future Exploration campaigns to the Martian
surface

Besides the interest of the analysis of REMS data
per se, the lessons learned from the analysis of
REMS data will be of utility for future projects of
meteorological stations in Mars. Future exploration
campaigns to the Martian surface will follow similar
designs (ExoMars, Insigth, NASA rover 2020, Met-
Net) and thus all the expertise acquired within the
MSL mission will also be essential for their design,
calibration and data exploitation. In particular, some
of the deliverables of REMS data analysis that will
be useful to future Mars exploration are: 1) Charac-
terization of environmental conditions and global
circulation patterns; 2) Information for Entry-
Descent-Landing; 3) Validation of satellite meas-
urements; 4) Validation of mesoscale and global
GCMs; and 5) Useful Information to redefine our
current Planetary Protection Policies. All these pro-
tocols are essential for mission instrumentation ster-
ilization and definition of landing sites targets.

Conclusions:
The REMS dataset is revealing a number of
discoveries from both technical and scientific sides
that will mark a before and after in Martian meteor-



ology studies and our understanding of Martian at-
mosphere, as well as the use of meteorological sta-
tions in rover platforms on Mars.

In this paper we present succinctly a number of
phenomena that have been either extensively ob-
served by REMS for the first time or that are adding
critical new information that helps in understanding
modeling of the Martian atmosphere.

The unprecedented simultaneous observations of
environmental variables routinely during at least one
Martian year are one of the great advantages of
REMS.

Of special interest is the UVS: our advice is that
every rover mission to Mars should include a set of
UV photodiodes that are small, lightweight, con-
sume no-power (SiC photodiodes are fed by solar
radiaton) and do not add electronic complications
but that provide an amazing, and unexpected, scien-

tific return.
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Figure 1: Sunset and sunrise times at the MSL landing
site and comparison with the timing of maximum and
minimum in the pressure diurnal wave. There is a system-
atic time shift that correlates with the sunset and sunrise
times. Ground thermal inertia, which has varied signifi-
cantly across the rover traverse, does not appear to be the
cause for the time shift.
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Figure 2: REMS (as both Viking landers did) senses, on a
daily base, the passage of the planetary sun-synchronous
thermal tide whose Ap/p amplitude depends on the latitude
(because of the angle of incidence of the solar illumina-
tion) and season (Ls)
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Figure 3: Evolution of the atmospheric opacity during the
first 200 sols, from UVS (200-380 nm), and Mastcam
(440- and 880-nm) measurements. Two opacity regimes
are clearly distinguished, before and after sol 100. Before
sol 100 the sky was relatively clear and more radiation
reached Mars surface. Another regime started in sol 100

after load of dust.
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Figure 4: Detection of nightime pressure wiggles in-
duced by slope-winds. These pressure variations are syn-
chronous with air and ground temperature oscillations.
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