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Introduction: The global atmospheric circula-
tion of Mars is mainly regulated by the dust and CO,
cycles [1], which are triggered by strong seasonal
asymmetries in the solar insolation at the top of the
atmosphere between the aphelion and perihelion
seasons caused by the large eccentricity of Mars'
orbit. Dust is ubiquitous in the Martian atmosphere
and interacts strongly with solar and thermal radia-
tion, affecting weather and climate and playing a
major role on regional and global circulations [2]. In
combination with dust transport, the Martian atmos-
pheric circulation is affected strongly by the seasonal
deposition of about 30% of the mass of the atmos-
phere in the polar caps during the cold seasons and
its sublimation during the warm seasons [3]. The
H,O cycle is also important because it is related to
the stability of water ice deposits and formation of
water ice clouds [4].

Here, we present an overview of the complete set
of in-situ environmental data obtained from the Vi-
king landers in the 1970s to today’s Curiosity rover
[5] with focus on the dust, CO, and water cycles. In
particular, we analyze measurements of atmospheric
opacity, atmospheric pressure and near-surface rela-
tive humidity to characterize the variability of these
quantities at various time scales.

Environmental stations on Mars: In-situ meas-
urements at the surface of Mars have been conducted
by the Viking Lander 1 (VL1), Viking Lander 2
(VL2), Mars Pathfinder (MPF) Lander and Sojourner
rover, Mars Exploration Rover A (MER-A, Spirit)
and B (MER-B, Opportunity), Phoenix lander (PHX)
and Mars Science Laboratory (MSL, Curiosity)
rover.

Here we focus on in-situ measurements of at-

mospheric opacity, pressure and near-surface relative
humidity conducted by the Viking Meteorology
Instrument System (VMIS) and Viking lander cam-
era onboard the VL1 and VL2 landers, the Atmos-
pheric Structure Instrument/Meteorology (ASIMET)
package and the Imager for Mars Pathfinder (IMP)
onboard the MPF lander, the Pancam instruments
onboard the MER rovers, the Meteorological Station
(MET) and Phoenix Surface Stereo Imager (SSI)
onboard the PHX lander and the Rover Environmen-
tal Monitoring Station (REMS) and Mastcam in-
strument onboard the Curiosity rover.

Results: Next we show the seasonal and interan-
nual variability of atmospheric opacity, near-surface
atmospheric pressure and relative humidity using
measurements of the highest confidence possible
obtained from the Viking landers to the Curiosity
rover [5].

Atmospheric Opacity: Fig. 1 shows the seasonal
and interannual variability of the atmospheric opaci-
ty observed at the VL1, VL2, MPF, MER-A, MER-
B, PHX and MSL landing sites as a function of solar
longitude. We use measurements taken at 670 nm by
the VL cameras, 883 nm by the MPF/IMP, 880 nm
by the MER/Pancam cameras, 887 nm by the
PHX/SSI and 880 nm by the MSL/Mastcam. During
the aphelion season (Ly = 0° — 180°), atmospheric
opacity values are comparatively low and the in-
traseasonal and interannual variability is small at
each landing site. In contrast, during the perihelion
season (L = 180° — 360°) the opacity values and the
intraseasonal and interannual variability are larger,
regardless the hemispheric location.

Repeated regional dust storms during the perihe-
lion season between L, = 210° and 240° and between
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Figure 1. Interannual and seasonal evolution of the
atmospheric opacity at the VLs (a), MER-A (b),
MER-B (c¢) and MPF, PHX and MSL (d) landing
sites for each Martian year.

L = 320° and 340° produce seasonal increases in the
atmospheric opacity at each landing site every year
(Fig. 1), while sporadic global dust storms between
L; = 280° and 300° produce larger increases in at-
mospheric opacity every few years (see MY 12 and
MY28 in Figs. la-c). During global dust storms, dust
opacity values rapidly increase by a factor of up to
four and the surface environmental conditions are
significantly altered, with dramatic increases in the
diurnal amplitude of the surface pressure and de-
creases in the diurnal amplitude of the near-surface
air temperature. However, values of the daily mean
near-surface air temperature are not significantly
changed because colder daytime temperatures are
counterbalanced by warmer nighttime temperatures
[5].

A global dust storm has not occurred during the
first two Martian years of the MSL mission (Fig. 1d).
The MPF and PHX missions did not observe any
global dust storms because they were short and end-
ed prior to the beginning of the dusty season (Ls =
188° and 148°, respectively).

Atmospheric Pressure: Fig. 2 shows the daily
mean atmospheric surface pressure measured during
the VL1, VL2, MPF, PHX, and MSL missions as a
function of solar longitude.
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Figure 2. Interannual and seasonal evolution of the
daily mean atmospheric pressure at the VLI (green
colors), VL2 (gray colors), MPF (black), PHX (pur-
ple) and MSL (brown-red-orange) landing sites for
each Martian year.

At each landing site, the surface pressure shows
an absolute annual maximum at Ly ~ 260° (sublima-
tion of the southern polar cap) and an absolute annu-
al minimum at Lg ~ 150° (condensation onto the
southern polar cap). The annual amplitude of the
surface pressure increases with increasing latitude.
The relative minimum in late southern summer (Lg ~
345°) and relative maximum in late southern fall (L
~ 55°) at each landing site are caused by the deposi-
tion and sublimation of CO, into and from the north-
ern polar cap.



The interannual variability is extremely small at
the VL sites, with the exception of the major in-
crease in the pressure at the VL2 site (and to a lesser
degree at the VL1 site) during the northern winter
(Ls ~ 280°) in MY 12 (Fig. 2). This pressure increase
was caused by a global dust storm (Fig. 1a) [6]. The
interannual variability at the MSL landing site is also
weak (Fig. 2), although a small decrease in the mean
surface pressure is observed over the years. This
small annual pressure decrease (~8-10 Pa) is mostly
accounted for by the change in altitude as the Curios-
ity rover has been moving uphill, climbing ~100 m
(from -4520 to -4420 m) since the beginning of the
operations at the surface of Mars.

The sol-to-sol variability at each landing site is
relatively small during the aphelion season, increas-
ing significantly during the perihelion season partic-
ularly at the VL2 site (Fig. 2). The larger sol-to-sol
variations during the perihelion season are caused by
baroclinic instability during northern autumn and
winter, which strengthens towards the latitude of the
polar jet stream [7]. At the MSL site in the southern-
hemispheric [8], sol-to-sol variations are also larger
during northern autumn and winter. This is caused
by strong inter-hemispheric asymmetry in transient
eddy activity forced by topography [7], with low-
pressure cyclones occurring more often in northern
high latitudes during northern autumn and winter
than in southern high latitudes during southern au-
tumn and winter.

Near-surface relative humidity: Of all the mis-
sions landed on Mars, only the PHX and MSL car-
ried sensors to measure the near-surface relative
humidity [9].

Among the full set of REMS RH measurements,
only those taken during the first four seconds of
measurements after the RH sensor has been turned
on after ~5 min of inactivity are reliable. This is
because heating of the sensor by the REMS control
electronics causes an artificial decrease in the RH
values after the first four seconds of operations. Fig.
3 shows an example of the RH sensor measuring
strategy on sol 1137.

Using REMS RH measurements selected as de-
scribed above and obtained with the latest recalibra-
tion parameters (August, 2016), we show in Fig. 4
the interannual and seasonal variability of the daily
maximum RH value during the first 1258 sols of the
MSL mission, along with corresponding values of
the volume mixing ratio (VMR) derived from simul-
tanecous REMS measurements of temperature and
pressure as VMR = RH xe(T)/P, where e, is the
saturation vapor pressure over ice.

The strong seasonal variability of the daily max-
imum RH (Fig. 4, top) is mainly controlled by near-
surface temperatures and not by atmospheric water
content. The highest annual values of about 70%
occur in early winter (Lg = 93°), coinciding with the
minimum annual near-surface air temperatures,

while the lowest annual (daily maximum) RH values
of ~10% occur around late spring and early summer,
coinciding with the highest annual near-surface air
temperatures [10].
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Figure. 3. Example of MSL/REMS RH sensor meas-
urement strategy on sol 1137. The complete set of
RH measurements is shown in gray. Blue circles
represent measurements obtained in the nominal
mode (first five minutes of every hour) but only dur-
ing seconds 2, 3 and 4 after the RH sensor has been
turned on after ~5 min of inactivity. Green circles
represent measurements obtained during seconds 2,
3 and 4 in the so-called high-resolution interval
mode (HRIM), which consists of alternately switch-
ing on and off the sensor at periodic intervals to
minimize heating.
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Figure 4. (Top) Daily maximum RH during the first
1258 sols of the MSL mission. The daily maximum
RH is generally achieved between 4 and 6 am. (Bot-
tom) Most accurate VMR value per sol at the MSL
landing site obtained at the same time as the RH
shown above.



The seasonal evolution of the daily maximum
RH is anti-correlated with that of the near-surface
VMR shown in Fig. 4 (bottom). The lowest annual
values of VMR occur in late fall and winter, when
the daily maximum RH is the highest, while the
highest annual values of VMR occur in late winter,
spring and early summer, when the daily maximum
RH is the lowest.

Surface frost: The detection of surface frost is
important because it allows for an independent esti-
mation of water vapor content provided that the
temperature is measured. In addition, surface frost
formation provides clues to quantify the exchange of
water vapor between the regolith and the atmosphere
on Mars [11,12].

At the PHX site, nighttime frost was detected by
the Robotic Arm Camera from sol 80 (early summer,
Ls = 113°) until the end of the mission on sol 151
(late summer, L;=149°) [13]. Moreover, not only the
ground was saturated at the PHX landing site but
also the near-surface atmosphere, where nighttime
temperatures are higher than at the ground due to
strong thermal inversions [12,14,15]. Considering
typical nighttime temperatures of about 195 K at the
PHX landing site, an estimate for the near-surface
nighttime water vapor VMR of about 100 ppm is
obtained. Such an estimate is higher than the annual
maximum values at the MSL site (Fig. 4, bottom)
and is in agreement with satellite estimations of the
column water content showing greater values at the
PHX site [10].

At the Viking Lander 2 site, a thin layer of
frost was observed on the ground for about 250 sols,
from late fall (Ls = 230°) until early spring (L, = 16°)
in the first year of the mission [16]. At this location,
surface frost formed at night and persisted through-
out the day, whereas at lower latitudes such as those
of VL1, MPF, MER and MSL missions, ground frost
events have not been observed by landers or rovers.

Discussion: The characterization of dust-lifting
processes is of paramount importance for shedding
light on the dust cycle [17,18]. However, these pro-
cesses are poorly understood because of the lack of
measurements. Only the Dust Characterisation, Risk
Assessment and Environment Analyser on the Mar-
tian Surface (DREAMS) instrument onboard the
ExoMars 2016 lander will provide new insight into
dust lifting by measuring electric forces. Measure-
ments of the various components of the dust cycle,
including atmospheric opacity, saltation, and the
surface heat budget in combination with regolith
wetness can shed light on dust-lifting processes.

The exchange of water vapor between the rego-
lith and the atmosphere at different time scales is
important to understand the water cycle on Mars
[12]. Using MSL/REMS RH measurements, values
of the near-surface water vapor content can only be
accurately derived at nighttime when RH values are

sufficiently high and thus the resulting uncertainty in
VMR is low [10,11]. Therefore, measurements of
near-surface water vapor content throughout the
diurnal cycle and of vertical turbulent fluxes of water
vapor between the surface and the atmosphere are
important to shed light on the H,O cycle.
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