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NASA’s Perseverance rover’s Mars Environmental Dynamics Analyzer is
collecting data at Jezero crater, characterizing the physical processesinthe
lowest layer of the Martian atmosphere. Here we present measurements
from the instrument’s first 250 sols of operation, revealing a spatially

and temporally variable meteorology at Jezero. We find that temperature
measurements at four heights capture the response of the atmospheric
surface layer to multiple phenomena. We observe the transition from
astable night-time thermal inversion to a daytime, highly turbulent
convective regime, with large vertical thermal gradients. Measurement
of multiple daily optical depths suggests aerosol concentrations are
higher in the morning thanin the afternoon. Measured wind patterns

are driven mainly by local topography, with a small contribution from
regional winds. Daily and seasonal variability of relative humidity shows

acomplex hydrologic cycle. These observations suggest that changesin
some local surface properties, such as surface albedo and thermal inertia,
play aninfluential role. On alarger scale, surface pressure measurements
show typical signatures of gravity waves and baroclinic eddies in a part

of the seasonal cycle previously characterized as low wave activity. These

observations, both combined and simultaneous, unveil the diversity of
processes driving change on today’s Martian surface at Jezero crater.

The Perseveranceroverlanded on18 February 2021 at 18.44° N 77.45°E,
nearthe northwest rim of Jezero crater, on theinner northwest slopes of
Isidis Planitia’. On board the rover is the most complete environmental
station sent to date to another planet: the Mars Environmental Dynam-
ics Analyzer (MEDA) instrument’. Itincludes new capabilities, compared
with previous missions®®, that enable better characterization of the
diversity of physical processes driving near-surface environmental
changesinjezero. MEDA acquires dataautonomously, onaregular and
configurable basis, in sessions that typically cover more than 50% of
asol. Sampling sessions, typically one hour long, alternate every sol
between even and odd hours, allowing for a complete characteriza-
tion of daily and seasonal cycles every other sol (Extended Data Fig. 1
shows the temporal coverage of the measurements made). MEDA also

provides context for the investigations that other rover instruments
and systems are conducting and supports the planning of Ingenuity
flights, as well aslanding of a possible future mission to return samples
collected by Perseverance.

In this Article, we present results for the first 250 sols of the mis-
sion (solar longitudes L, = 6°~121°), northern hemisphere spring to
early summer.

The active atmospheric surface layer

The atmospheric surface layer (ASL) is the lower part of the atmosphere
indirectinteractionwith the surface, having adepththat varies on Mars
from a few metres during daytime to tens of metres at night®'°. In the
ASL, energy and mass exchanges between surface and atmosphere
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Fig.1|SEB components measured in situin Jezero. a, Diurnal variation of the
SEB on sol 30 obtained from MEDA (symbols) and simulated with single-column
models (solid lines; for further details, see Methods and Extended Data Fig. 2).
b, Ground temperature measured by MEDA (black symbols) and obtained by
solving the heat conduction equation (solid red line) using MEDA's net heat flux,
G.Thebest fitis obtained for TI=230) m2K's™2 ¢, Footprint (green shade) of
the ground temperature sensor on sol 30. For horizontal terrains, this footprint
covers an area of a few square metres. d, Diurnal evolution of broadband albedo
onsols125 (blue) and 209 (red). The albedo shows a minimum close to noon,

withincreasing values as the solar zenith angle increases. This non-Lambertian
behaviouris similar in other sols, regardless of the type of terrain and geometry
oftherover.e,f, Asinc, for sols 125 (e) and 209 (f), with MEDA-derived Tl values
of 605and290) m2K™ s respectively. Shown data result from the mean of
300 samples at the beginning and half of each hour, plus or minus the standard
deviation. LMST, Local Mean Solar Time; SW,, downwelling solar flux; SW,, solar
flux reflected by the surface; LW,, downwelling long-wave atmospheric flux; LW,,
upwelling long-wave flux emitted by the surface; T;, turbulent heat flux. Credit:
panels c,e,ffrom NASA/JPL-Caltech.

occur, and its hydrological cycle provides constraints on the photo-
chemistry of surface and near-surface air. Most of the atmospheric
dynamics in this layer are driven by radiative processes'®. Albedo, net
radiative flux and thermal inertia (TI) are key elements of that forcing
andresultintheradiative surface energy budget (SEB). MEDA’s thermal
infrared sensor (TIRS) and radiation and dust sensor (RDS) enable
quantification of all SEB terms (see Methods for a detailed descrip-
tionof eachterm) onthe surface of Mars (Fig.1a), animportant stepin
improving the predictive capabilities of numerical models.

When Perseverance is parked every sol, Tl is obtained by mini-
mizing the difference between measured and numerically simulated
values of the diurnal amplitude of ground temperature (Fig. 1b). The
MEDA-derived Tl values range from 180 to 605) m2K*'s™, asin Gale,
ref.11. The surface albedo (Fig. 1d) is obtained around the clock, using
downwelling (0.2-1.2 um) and reflected (0.3-3.0 pm) solar flux meas-
urements (Fig. 1c,e,f). Aradiative transfer model, COMIMART", is used
to convert both fluxes to 0.2-5.0 um. The SEB is then measured and
used as an upper boundary condition to solve the heat conduction
equation forhomogeneous terrainsin models™". Figure 1a,b shows the
diurnal cycle of retrieved fluxes and surface temperature, respectively.

Figure 1d shows the diurnal evolution of measured albedo on
the sols with the highest (sol 125) and lowest (sol 209) values of the
studied period. Onbothsols, the minimum valueis reached near noon
andincreasesas solar zenith angle (SZA) approaches 90°. The relative
maximum at~8:00 and ~-17:00 occurs when SZA = -55° and the specular
reflection is within TIRS field of view (FoV). This behaviour points to
non-Lambertian albedo at the surface, not observable from surface
satellites in nadir pointing.

Importantly, modelling of the thermal and radiative environment
shows that the effect of the radioisotope thermoelectric generator
(RTG) on TIRS FoV ground heating is negligible. This fact has been

verified by careful analysis of the ground temperature in consideration
of the winds, which indicate that the effects are <0.5 K.

Near-surface thermal profile
Another new feature enabled by MEDA is the simultaneous tracking
of temperatures at four heights—surface, 0.85m, 1.45 m and about
40 m—around the clock (Fig. 2a). The variation of these temperatures
along a sol reflects the four main regimes of the ASL: (1) daytime con-
vection, (2) aneveningtransition where the convective boundary layer
collapses, (3) a night-time steady regime and (4) a morning transition
where the inversion fades and a convective boundary layer grows.
Figure 2b-d shows an example of the daily evolution of the thermal
gradient. Daytime convection peaks at noon with the maximum of the
derivative of the temperature (7, inKelvin) with the height (z,in meters)
(d7/d2);ma = —35 Km™ while night-time stable stratification peaks at
20:00 with (d7/dz)max = +8 Km™in the first metre from the surface,
reaching values well above the adiabatic gradient g/C, = 0.0045Km™.
Figure 2e shows the seasonal evolution of mean temperatures, where the
daily average thermal gradient is dominated by the daytime convective
period. In most sols, night-time thermal stability weakens as the night
progresses, and unstable conditions often develop from2:00 onward.
A similar observation was reported for InSight™ and attributed
to the radiative influence of the hardware. In addition, Curiosity’s
Rover Environmental Monitoring Station instrument, measuring on
the deeper Gale crater, has seen thisinversion broken only during the
global dust storm'®. With MEDA, we observe that the night-time inver-
siondependsonthelocalterrain properties. Measurements over high
Tl terrain result in the break-up of the night-time thermal inversion
due to warm night-time surfaces (Extended Data Fig. 3). However,
air temperatures at different levels are not sensitive to the Tl of the
specific terrain, and the influence of the terrain on air temperatures
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Fig. 2| Daily cycle of temperatures under typical values of TI. a, Temperature
atthe surface (7, red), atz= 0.85m (blue), z=1.45m (green) and z= 40 m
(greenyellow). b, Thermal gradients from the surface to the near surface at

0.85 m (blue) and1.45 m (green). ¢, Thermal gradient from the surfaceto40 m
(greenyellow) and from 1.45 m to 40 m (grey). The adiabatic thermal gradient,
dT/dz=-0.0047 K m™, is showninband c with a horizontal light-blue line (a
horizontal line that is partially covered by the curve (T,,;— T,=40 m)/Az, which
can be seen quite wellin the center of the figure (LTST from 10 to 15 h)). Shown
dataina-cresult from the mean on12 minintervals (740 samples), plus or minus
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the standard deviation. d, Seasonal evolution of mean daily air temperatures.
TIRS and atmospheric temperature sensor temperatures (solid lines) at the
surface (red), z= 0.85m (blue), z=1.45 m (green) and z = 40 m (green yellow) are
compared with predictions from the Mars Climate Database? (dashed lines).
Yellow line shows the maximum irradiance measured by RDS. e, Statistical analysis
of power spectra of temperature fluctuations at 0.85 m (blue), 1.45 m (green) and
40 m (yellow) between 10:00 and 15:00 h. Lines show the fit to the datain each
frequency range. Figures reflect the estimated exponential indices. TI=330 Jm"
2K's2, Dots are averages over a12 min window. LTST, local true solar time.

decreases progressively from 0.85 to 40.00 m (Fig. 2d and Extended
Data Fig. 3). Winds driven by horizontal gradients of surface thermal
properties”” may be the origin of the discrepancies we observe from
measurements with respect to the predictions from one-dimensional
radiative equilibrium models.

Temperature fluctuations are common throughout the sol; these
rise after sunrise, peaking near noon (amplitudes AT, =10 K),and are
convective in nature. These subside before sunset and increase again
during the break-up of the night-time inversion, suggesting strong noc-
turnal fluctuations (Extended DataFig.4). The oscillations are created
by turbulent processesin the atmosphere whose characteristics canbe
investigated by analysing the spectral power density of temperatures,
pressures and winds'*2°. Figure 2e shows the power spectral densities
of temperatures during the convective period, averaged over 250
sols. The results show typical slopes of turbulence in daytime hours,
with changes at other times of the sol; these will be analysed in later
works. MEDA enables theidentification of different dynamical regimes,
forced, inertial and dissipative, more clearly than with previousinstru-
ments'*?° and at different altitudes.

Pressure fluctuations
Turbulence is also present in pressure and horizontal wind measure-
ments. Figure 3a shows examples of the daily pressure cycle on different

sols; this cycle has the contribution of different dynamic phenomena,
asdiscussedinthe following. Analysis of the rapid pressure fluctuations
shows a power spectrum similar to that of temperature (Extended Data
Fig.5), different from that expected from Kolmogorov turbulence but
similar to that measured by InSight”. During the stable night-time
period, the pressure fluctuations are at the detector noise level.
Convection generates transient events detectable through several
MEDA sensors, especially in temperature and pressure data (Extended
DataFig. 6). Some events are dust devils (DDs), also detected as slight
drops (~0.4-26.0%) in radiation sensor readings or imaged with Per-
severance cameras®. Jezero exhibits the highest abundance of DDs
so far detected by a mission on the surface of Mars*?*, The pressure
drops detected in this period range from ~0.3 to 6.5 Pa in intensity
andlastfrom1to 200 s. DDs where simultaneous MEDA wind dataare
available have estimated diameters from 5to 135 m (ref. 23), with vor-
tices having rotational speeds of ~4-24 m s, A small number of these
produced measurable albedo changes on the surface as they removed
dust, observed through variations in the upward/downward radiation
ratio measured with TIRS and RDS sensors (Extended Data Fig. 7)>.
Wind speeds show a daily cycle, with maximum values of 7ms™
inthe afternoon and near null between4:00 and 6:00 (Fig. 3b). Strong
gusts are detected with maximum speeds of 25 m s at midday. Turbu-
lence creates fluctuating winds of about 2-4 m s at night, where they

Nature Geoscience | Volume 16 | January 2023 | 19-28

21


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-022-01084-0

a 775 b
9 i
770 — 8 i
7 i o
! It
Il I {
6 1 I ! I
= 765 i I i
< — i [ t
o w5 I ol f |
2 E X o N
A [ I
2 760 - F ol i
3 Iy i I‘ j
sol101 . :
755 —| Sol 102 h !
Sol 103 ] |
Sol 104 :
Sol 105 !
0 T T t T T 1
750 ‘ ‘ ‘ ‘ ‘ 0 4 8 12 16 20 24
0 4 8 12 16 20 24 u1sT (h)
mst (h)
c 4 d
Daytime
360° (NO) 1
30° '
315° (NW) - i
300° 60° 1 "
w E o | A
270° 90° 270° (W) i |
bl H ||
240° 1o/ 1200 240° & 225°(sw) 1 |# : !
210° 7 150° 210° 3 1 I : t
180 2 ‘ |
: LARCCRORH | 1 (0 | H
T Gl | ]
0.25 = 135°(SE) 1 I \‘|\|||:| i e Y g
‘ oL \
0.20 i o il '!‘
L 90° (E) f il orl
__ o :
= 45° (NE) 1 :
0.10 !
0°(N) ; ; f ; ;
0.05 0 4 8 12 16 20 24
0 Ltst (h)

0 5 10 15 0 5 10 15 0 5 10
Wind speed (m s™) Wind speed (m s™)

Fig.3|Fluctuationsin the daily pressure cycle and wind patterns. a, Daily
pressure cycles for sols 101-105, showing deviations from the mean values (in

10 sintervals) caused by different dynamic phenomena. b, Mean values of wind
intensity, averaged inintervals of 5 min. Error bars show the standard deviations.
¢, Wind azimuths in different time slots (dotted lines, ~120° azimuth, show the
regional slope directionin the Isidis basin). We observe that upward winds

15

Wind speed (ms™)

predominate during the day and downward winds during the night, a trend
attributable to local flows acting inJezero and the interaction with other scales
(top). Histogram of wind speed at those hours, that is, the frequency distribution
ofthe occurrence of each speed, f(v) (bottom). d, Mean directions from which
the winds blow, averaged in intervals of 5 min. Error bars show the standard
deviations.

are probably responses to horizontal shear flows®, and 5-7 m s during
the convective hours (Fig. 3¢). Pre-landing atmospheric modelling
predicted that daytime upflows and night-time downflows on the Isidis
basin slopes would dominate the overall wind pattern, withJezero local
topography causing a relatively small but measurable effect”"*. Wind
datasupport the dominance of daytime upslope currents from roughly
southeast, with a reversal of winds at night'* (Fig. 3c,d). These diurnal
wind patterns drive aeolian erosion at Jezero? and show a variety of
behaviours resulting from a complex interaction among regional cir-
culation, slope winds and interaction with the general circulation and
the large-scale Hadley cell flow.

Atmospheric dust properties

SkyCamis tracking the regular morning-evening opacity cycle in the
600-800 nmwavelength range as a function of time (Fig. 4a)” During
the clear season covered by this study, persistently higher opacity is
observedinthe morning (optical depth (OD) ~0.5) thanin the afternoon

(OD ~0.4) (refs. 26,27). Analysis of RDS data at different wavelengths
and observation geometries allows determination of the optical prop-
erties of the dust, and derivation of the OD variation at high tempo-
ral resolution, similar to the more sparsely sampled Viking record®
(Fig. 4b). The dust optical properties and OD are estimated by com-
paring the temporal variation of the measured sky spectral intensity
with radiative transfer simulations (Fig. 4c shows an example). Most
of the particle-size information is obtained when the Sun trajectory
is near one of the RDS lateral sensor’s FoV. From these observations,
we found particle sizes ranging from ~1.2 to 1.4 um, consistent with
previous studies® ', with corrections suggested by refs. 32-34. To
estimate the non-sphericity of those particles, the T-matrix approach
was used to compute the phase function, single-scattering albedo and
extension cross section.

These first sols of the mission fell within the aphelion cloud belt
season and near the peak latitude for water-ice clouds®. It is there-
fore likely that some of the afternoon opacity in Fig. 4a, including the
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Fig. 4| Daily monitoring of atmospheric opacity and characterization of dust
particles and clouds. a, OD derived from SkyCam images to follow the day-
night cycle in the visual range (550 nm). Values are observed to be higherin the
morning thaninthe afternoon, consistent with measurements made occasionally
with MastCam-Z*. b, RDS observations also allow the derivation of the OD at
atemporal resolution of 1s, enabling the study of short-duration events,

suchas DD. Anexample of atemporalincrease in opacity due to a nearby DD
occurred on sol 21 around 15:11. ¢, An example of dust particle radius and OD

estimation using RDS observations at different wavelengths and radiative
transfer simulations. The best fit is obtained for an effective radius r=1.4 pm.
d, Variation of the colour index (Cl), defined as the ratio between RDS
observations at zeniths at 450 and 950 nm (ref. 41) to the SZA measured on
s01296. The SZA of maximum Clindicates that this cloud layer is above 45 km.
e, Aerosol OD (AOD) at 9 um retrieved from TIRS observations for sols 30 and
200.TIRS observations enable AOD to be retrieved at all local times. The large
diurnal variation for sol 200 is probably caused by water-ice clouds.

increase around sol 70 and most of the morning-afternoon difference,
is due to water-ice hazes***. Clouds were observed around sols 70 and
180, but discrete clouds were not typically present during daytime®.
During this season, a low dust OD (0.3-0.6), with low variability, is
typical of other sites®®*. We have also found cloud signatures during
daytime and twilight. In the latter cases (Fig. 4d)*°, we could constrain

the cloud altitudes using radiative transfer simulations*. In most cases,
we found cloud altitudes around or above 40 km and particle sizes
larger than1 pum (indicative of water-ice particles).

The daily OD evolution was alsoretrieved from TIRS infrared meas-
urements, strengthening the case for night-time clouds. Figure 4e
shows the diurnal variation of thermalinfrared aerosol OD, contributed
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Fig. 5| Daily and seasonal cycles of RH and VMR observed at Jezero. a, Daily
and seasonal evolution of RH for sols 80-250, L;44-122°. The uncertainty in
the estimation of this magnitude, which is temperature dependent, is <3.5% in
the temperature range recorded by HS. b, Seasonal evolution of the maximum
RH values observed, reaching an absolute maximum of 29% RH, referring to
the temperature recorded by HS itself, for sols 80-250, L,44-122°. ¢, Seasonal

behaviour of the night-time VRM derived from RH for sols 64-250, averaging
seconds 2-5 from the beginning of each acquisition session. The uncertainty in
the estimation of this magnitude, for the temperatures and the RH range shown
ina, is <20%. Maintenance regeneration heatings of the sensor heads are marked
asblue bars (these data should not be taken into consideration).

by both dust and water-ice clouds, as a function of local time for two
representative sols. Because TIRS observes thermal infrared radia-
tion, this retrieval is possible for all local times, including during the
night, a capability not available on previous rovers except by Mini-TES
on board Mars Exploration Rover, which could make only limited and
occasional night-time observations*. The OD observed by TIRS dur-
ingsol30 (L,=20°) shows amoderate variation with greater opacity at
night than during the day. By sol 200, the aphelion season cloud belt*
was near its peak annual amplitude, and data reveal a notable diurnal
variation in OD with maximum clouds shortly after dawn. This ability
to track OD throughout each sol is a powerful tool that leads to new
insights about how dust and water-ice clouds interact with the surface
and the rest of the atmosphere.

A complex humidity cycle

Measuring the relative humidity (RH) in the ASL on diurnal and sea-
sonal timescales is a key element in understanding hydrological
processes in the Martian atmosphere**. MEDA’s humidity sensor
(HS) often finds a nocturnal hydrological cycle more complex than
anticipated in numerical predictions®. Figure 5a shows the daily
and seasonal behaviour of RH, while Fig. 5b shows the daily maxima
recordedinthe period studied. Likewise, Fig. 5c shows the seasonal
variations of night-time water-vapour volume mixing ratio (VMR).
Within the diurnal cycle, the maximum, typically in the range 15-30%
in RH (referring to HS temperature), occurs in the early morning,
with maximum VMR being reached around midnight. Nocturnal
water-vapour amounts at Jezero during the seasons are lower than
those at Gale and model predictions®.

MEDA measured a seasonal minimum in night-time VMR near
L,=70°,with higher abundance and greater variability at the end of the
season (Fig.5¢).Inaddition, alargeincreasein VMR was observed on the
evening of sol 104 (see Extended Data Fig. 8 for details of the evolution
of VMR and RH on those sols), accompanied by cooling atmospheric
temperatures. The increase in RH slowly returned to typical values,
while the temperature continued dropping. This behaviour may be
due toasingledry air mass advected over the rover bringing cold, dry
air, which then remains in the area. An alternative explanation is that
itis related to the local surface and possible exchange processes. In
the early morning of sol 105, frost conditions were possible as seen by
comparing the calculated frost point (at 1.45 m) with the TIRS ground
temperature. A resulting hypothesisis that, if subsurface exchange is
occurring, the actual frost point at the atmosphere-surface interface
may be lower owing to less vapour presentin the atmosphere.

Non-local dynamical phenomena

Thedaily pressure cycles atJezero showed arich variability, reflecting
the action of different dynamical mechanismsinthe atmosphere under
avariety of spatial and temporal scales (Fig. 3a). On the seasonal scale,
asthenorthernpolar cap sublimated, the daily mean pressure increased
from 735 Paonsols15-20 (L, = 13°-16°) to amaximum of 761 Paon sols
99-110 (L, =52°-57°). It then gradually decreased to 650 Pain sol 250
(L,=125°) asthe southern polar cap grew (Fig. 6a).

Extended Data Fig. 9a shows the deviations of the daily pres-
sure averages of Fig. 6a from a polynomial fit of degree 5, observing
oscillations with periodsin the range of 3-5 sols and amplitudes vary-
ing between 1and 3 Pa, a signature of what could be high-frequency
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Sol

to pressure variability occurs during the hours with strong convection and after a
calm period. ¢, The first three components of the Fourier analysis of the pressure
cycle: diurnal (24 h period; black), semidiurnal (12 h period; blue) and terdiurnal
(6 hperiod; red) components. d, Equivalent Fourier analysis of the temperature
dataatz=1.45 m:diurnal (blue) and semidiurnal (red) components.

travelling waves arising from baroclinic instabilities also reported
elsewhere®. Inaddition, Extended Data Fig. 9b shows the regular oscil-
lations of the residuals resulting from a fit to the approximately 1 h
measurement series that, on average, have a peak-to-peak amplitude
of 0.2-0.4 Pa and periods between 12 and 20 min. The properties of
these oscillations are similar to those reported in Gale, observed by the
Rover Environmental Monitoring Station instrument on the Curiosity
rover® and in Elysium Planitia by the InSight mission®, which have
beeninterpreted as produced by the passage of gravity waves. Figure
6b shows the seasonal and diurnal pressure variability where the daily
patterns of pressure changes are observed.

Thermal tides cause the large modulation of the daily pressure
(P) cycle*. A Fourier analysis of that cycle shows that up to six com-
ponents are present, with maximum amplitudes ranging from 0.2 to
10.0 Pa. Figure 6¢ shows the wide variability of the normalized ampli-
tude of diurnal and semidiurnal tides. The maximum relative change
observedin the studied period is (6P/(P))max = 0.013. Smaller changes
alsooccurredintidal components 3 and 4. The semidiurnal component
showed avery strong drop between sols 20 and 50; although stillunder
investigation, it may suggest arelation to the dust loading present on
those sols or the development of disturbances at the polar cap edge*.
Tidesarealso detectedin the Fourier analysis of the temperature data
with half amplitudes of 26 K (diurnal), 2-6 K (semidiurnal) and 2-4 K
(terdiurnal), asshownin Fig. 6d. The tidal variability is related mainly to

changesin atmospheric opacity produced by clouds and dust loading
atdifferent altitudes™. The period studied is the non-dusty seasonon
Mars, which makes the variability relatively low.

Arichand dynamic near-surface environment
Mars 2020 mission includes a payload to monitor an environment
thatexhibitsarichdiversity of behaviours. Many of the measurements
made by MEDA so far are the first time they have been obtained on Mars,
revealing interesting surprisesin Jezero’s atmosphere.

The SEBis measured for the first timein situ. The design of future
engineeringsystems, the understanding and modelling of photochemi-
calreactions at the surface and the interpretation of satellite measure-
ments benefit from these results. An exampleis the characterization of
thenon-Lambertian reflection of the surface that must be consideredin
theinterpretation of orbital observations of variationsin albedo when
trying tounderstand changesin the physical properties of the surface.

Globally, the measured daily temperature cycle agrees with model
predictions (although withsome deviationsinthe vertical temperature
gradient), expected magnitude of thermal oscillations and the seasonal
evolution. Inaddition, the observed vortex convective activity matches
the predictions of large eddy simulation using the MarsWRF model*.
However, when analysing vertical temperature profiles, we find a diver-
sity of nocturnal responses that raise intriguing questions about what
is happening at the different locations traversed by the rover.
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Several independent radiation sensors and methods have meas-
ured the occurrence and even development of night-time clouds long
beforethe peak of the cloud season. The ability to track OD throughout
eachsolisapowerful tool that has shown the prevalence of clouds near
dawn and willlead to new insights about how dust and water-ice clouds
interact with the surface and the rest of the atmosphere.

The observed nocturnal hydrologic cycle is more complex than
anticipated by the models and is also observed in Gale. This unpre-
dicted behaviour can be due to a variety of causes yet to be explored
indetail.

Thermal tides show smaller pressure amplitudes at Jezero when
compared with Curiosity’s observations* or Viking*s. While the general
behaviour at Jezero was predicted by the models"™, there are differ-
ences inits amplitude and timing probably due to the interaction of
local topography with the air mass exchanges between the interior
and exterior of the basin. Another interesting result is the existence
of multisol waves at a time of the season when baroclinic waves have
been observed to have very limited activity*.

Overall, MEDA observations show a dynamic environment rich
in atmospheric phenomena that is different from other locations on
Mars studied by previous missions. The characterization of Jezero’s
atmosphere plays an important role in the development of the Mars
Sample Return mission and in the exposure of the samples being col-
lected by Perseverance.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41561-022-01084-0.
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Methods

MEDA operational strategy

MEDA can operate continuously and independently of the rover’s
battery charge cycles, 24 hours a day and subject to a measurement
programme sent from Earth (Extended Data Fig. 1). The observation
sessions are subject to power availability and, eventually, to incompat-
ibility with other activities to be performed by the rover.

Due to these restrictions, the usual sequence of measurements
that MEDA is carrying out consists of the acquisition of all the magni-
tudes that the instrument records every other hour. On the following
sol, themeasurement hours are reversed so that every two sols, a total
coverage of all daily magnitudes is made.

TIRS measurements and analysis

The TIRS is an infrared radiometer with five channels that measure
downward radiation (IR1), air temperature (IR2), reflected short-wave
radiation (IR3), upward long-wave radiation (IR4) and ground tempera-
ture (IR5)%. We use the ratio between TIRS IR3 and the ‘total light’ Top7
detector of the RDS (description follows) measurements as a proxy
for surface albedo. Since TIRS and RDS measure in different bands, a
correction is made using the COMIMART radiative transfer model®.

Tl can be straightforwardly derived across Perseverance’s trav-
erse by using MEDA values of the net heat flux into the ground as the
upper boundary condition to solve the heat conduction equation for
homogeneous terrains. This quantity governs the thermal amplitude
in the shallow subsurface from diurnal to seasonal timescales, and
therefore accurate estimations of Tl can be useful to constrain the
thermal environment of the samples collected by the Mars 2020 mis-
sion. For this estimation, numerical models need to simulate the SEB
(see paragraphs that follow in this section). MEDA measures the SEB,
allowing for amore in situ-based estimation of the TI.

Concerning TIRS infrared fluxes, the two upward-viewing sensors
of TIRS (IR1and IR2) enable the total column optical depth of aerosol
above the rover to be retrieved. The observed signal in TIRS IR1 is
sensitive to a combination of atmospheric temperatures and total
aerosol optical depth (dust plus water-ice cloud). The atmospheric
temperature profile is taken from concurrent observations by the
interferometric thermalinfrared spectrometer (EMIRS) instrument on
board the Emirates Mars Mission*’ with temperatures near the surface
modified to match the observed TIRS IR2 signal. A radiative transfer
model including aerosol scattering is then used to find the aerosol
optical depth that would produce the observed TIRS IR1 signal. The
estimated uncertainty in these retrievalsis £0.03.

RDS measurements and analysis

The RDS comprises two sets of eight photodiodes (RDS-DP) and acamera
(SkyCam)>*°, One set of photodiodes is pointed upward, with each one
covering a different wavelength range between 190 and 1,200 nm. The
other setis pointed sideways, 20° above the horizon, and they are spaced
45° apartinazimuth to sample all directions at a single wavelength.

HS measurements and analysis

The HS provides directly the local RH and local sensor temperature.
Combined with the pressure data provided by the MEDA pressure
sensor (PS), water-vapour VMR can be calculated, too. The HS has two
measurement modes: continuous measurement and high-resolution
interval mode (HRIM). In HRIM, the HS is powered on for only 10 s
and then powered off to avoid self-heating. HRIM provides the meas-
urements with the best accuracy, but continuous measurements are
beneficial for monitoring changes in RH during short periods.

PS measurements and analysis

The PSis actually a set of two capacitive transducers that provide the
hydrostatic pressure as afunction of the local temperature, for which
the sensor also provides its own temperature.

They are the Barocaps RSP2M and NGM (due to the internal opera-
tion of the sensor, only one or the other can work, not both simultane-
ously), which can be operated at 0.5 or 1 Hz; the RSP2M has a worse
resolution and worse stability than the NGM, but the RSP2M’s warm-up
timeisshorter.

Atmospheric temperature sensor measurements and analysis
Atmospheric temperature sensors (ATSs) are thin thermocou-
ple sensors with three sensors distributed azimuthally around the
remote-sensing mast (RSM) at an altitude of1.45 mand two sensorson
the front sides of the rover at an altitude of 0.85 m, which can provide
local temperature measurements at a configurable rate. The location
of three sensors around the RSM ensures that at least one of them is
located downwind during most of the time, producing a clean measure-
ment of air temperature. The two sensors at 0.85 mare more shielded
from the environment.

A systematic comparison of ATS data and wind measurements,
including the rover orientation on each individual sol, guided us to
use the following rules to select the appropriate ATS to character-
ize the unperturbed atmosphere. During daylight hours, the sensor
at z=1.45 m measuring the lowest temperature is generally the one
located downwind. In certain wind conditions, two sensors can be
located downwind, and they show very similar temperatures (within
0.1K) and equivalent oscillations. Atz = 0.85 m during daylight hours,
weselectthe sensor with the lowest temperature. To take into account
changes in wind direction that modify the selected ATS, we consider
slow transitions from one sensor to another at each level when the sen-
sor measuring the lowest temperature changes. During night-time, the
smaller values of the winds and the sheltered location of the two ATSs at
z=0.85mtypically resultin one sensor generally much warmer thanthe
other. Comparison with environment winds indicates that the lowest
temperature sensor is always the most exposed to environment winds
with the lowest thermal perturbations from the rover. In the RSM, all
three ATSs can experience radiative cooling effects from the rover deck.
Thus, when two ATSs have highly correlated values and thermal oscil-
lations, we use the average of them instead of the ATS with the lowest
temperature. Thermal perturbations from the radioisotope thermal
generator are easily observed at night at z=1.45 mand identified from
the wind data and rover orientation and do not have any noticeable
effectontheresults here presented. The radioisotope thermal genera-
tor, located at the back of the rover, does not generally cause detections
inthe sheltered detectorsin the front of the roveratz=0.85m.

Wind measurements and analysis

The wind sensor consists of two horizontal booms placed on the RSM
1.5 m above the rover base and rotated in azimuth 120° with respect
toeach other.

This placement allows at least one of them to be out of thermal
disturbance and out of the rover geometry for any wind direction.
Therefore, the level of confidence and the analysis of the perturbing
effect that the rover causes on the measurements made will properly
depend on the wind direction and speed.

Thus, the data retrieval procedure implemented on the ground
consists of the weighted combination of the local wind-speed retriev-
als from each individual sensor, thereby obtaining the free-flow wind
estimate. The weighting of each contributionis established on the basis
oftheresults of the computational fluid dynamic models developed to
evaluate how the free wind flow is affected by the rover hardware, thus
allowinginterpretation of thelocal wind measurements ateachboom
location. More details of this process are provided inref. 2.

SkyCamimage analysis

The SkyCam imager is integrated inside the RDS sensor (described
in the preceding) and permanently pointed at the Martian sky. The
orientation of the camerais not motorized, and its optics are fixed.
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SkyCam optical depths were measured via extinction determined
through direct solar imaging”. The image field of view includes an
annular ND-5 coating: when the Sunis within that coated region twice
each sol, it appears comparable in brightness to the sky outside the
annulus. Flux from the Sunwasintegrated after removal of background
signal (mostly dark current). From the flux and atmospheric path at the
time of eachimage, optical depthis calculated as = [n(F/F0)/n, where
Tis normal optical depth, Fis observed solar flux, FO is a calibration
parameter representing solar flux in the absence of an atmosphere
and nis air mass, which is the ratio of atmospheric column mass on
the observed ray to normal column mass. Because SkyCam cannot
be calibrated by observing a wide range of air masses or changing the
cameraversus atmosphere geometry*’, it was calibrated by comparison
with MastCam-Z-derived optical depths®.

The current estimates of SkyCam opacity uncertainties are 0.07,
while those for AM-PM differences are 0.08, and neither varies much
among points. The variation among AM-PM differences is not substan-
tial for sols 50-250. However, the population average is 0.10 + 0.01 for
sols 50-250 and -0.01 + 0.04 before sol 50.

Derivation and importance of SEB

MEDA enables in situ quantification of the SEB on Mars. To this end,
conservation of energy at the surface-atmosphere interface of Mars
requires that

G = (SWq — SWy) + (LW4 — LW,) + T} — L o)

where Grepresents the net heat flux into the ground, SW, is the down-
welling solar flux, SW, is the solar flux reflected by the surface, LW, is
the downwelling long-wave atmospheric flux, LW, is the upwelling
long-wave flux emitted by the surface, T;is the turbulent heat flux
and L, is the latent heat flux. By convention, radiative fluxes directed
towards the surface (warming) and nonradiative fluxes (T, L;, and
G) directed away from the surface (cooling) are taken as positive in
equation (1). Moreover, the radiative fluxes are plugged into equation
(1) as positive values, whereas nonradiative fluxes can be plugged in
as positive or negative depending on whether they are directed away
from or towards the surface.

RDS measures SW, between 0.2 and 1.2 um, while TIRS measures
SW,between 0.3 and 3 pumand LW, and LW, between 6.5and 30 pm***%,
As required in quantifications of the SEB, measured radiative fluxes
must be extended to the entire short-wave (0.2-5 pm) and long-wave
(5-80 pum) ranges. To extend SWyand SW,,, we use the radiative transfer
model COMIMART™ along with measured values of aerosol optical
depth from the MastCam-Z instrument”’. We note that the incoming
radiationbetween 0.2and 1.2 pmaccounts for around 78% of the entire
short-wave flux and that the uncertainty in this extension is small
because COMIMART includes wavelength-dependent dust radiative
properties, accounting for the variations (smaller than 3% for the
majority of conditions) in the conversion factor as a function of dust
opacity and solar zenith angle. Similarly, we assume a surface emissiv-
ity, €,0f0.99 and the Stefan-Boltzmann law to extend LW,. This value of
eminimizes the difference between the ground temperature measured
by TIRS (8-14 um) and the ground temperature derived from LW,.. To
extend LW, we use the University of Helsinki/Finnish Meteorological
Institute adsorptive subsurface-atmosphere single column model
(SCM) along with measured values of aerosol optical depth®. Figure 1a
shows the diurnal evolution of each term of the SEB terms on a par-
ticular sol, both obtained from MEDA (symbols) and simulated by
SCM (solid lines). Extended Data Fig. 2 shows the evolution of these
magnitudes recorded by MEDA over the first 250 sols. The excellent
agreement demonstrates that MEDA’s measurements are robust.

The turbulent heat flux is defined as 7; = pacpﬁ, where p, is the
air density, ¢, =736 ) Kg™ K™is the specific heat of CO, gas at constant
pressure and w'T' is the covariance between turbulent departures of

thevertical wind speed, w’, and temperature, T". These departures are
typically calculated over periods of about a few minutes'®. As MEDA
measurements of w are not yet available, we use the drag transfer
method* toindirectly calculate the turbulent heat flux as:

T,-Ta
Ty = K2U,p, c.,f(RB)(f—) @
In"(z,/20)

where k= 0.4 is the von Karman constant, z, = 1.45 m is the height at
whichtheairtemperature and horizontal wind speed (U,) are measured,
Z,is the surface roughness (set to 1 cm (ref. 55)) and f(Rp) is a function
ofthe bulk Richardson number that accounts for the thermal stability
in the near surface of Mars*.

We note that Lhas been neglected in the SEB because formation
or sublimation of surface ice has not been detected at Jezero to date,
with maximum near-surface relative humidity values below 25% for
the first 250 sols.

Derivation of thermal inertia using MEDA measurements

We use MEDA measurements of the SEB as the upper boundary condi-
tionto solve the heat conduction equationin the soil forhomogeneous
terrains:

3

Tz (1)2 PTz0
ot \pcp 022

T OT@E=0.0) _

GC=(CSW4—-SWp)+(LWy—-LW)+Ts-L 4
oc, % (SWq w) + LWy W+Te=L 4

T(z=24,0) =Ty, ©)

where Tlisthe thermalinertia, pis the soil density, cis the soil specific
heatand z,is the depthat which the subsurface temperatureis constant
and equalto T,. Here weassumethatp.=1.2 x106J m>K'and zy;=3 x L,

where = (;) \/E isthediurnale-foldingdepthand w =7.0774 x10°s™

isthe angular speed of Mars’s rotation.

Under these assumptions, Ty and TI are the only unknowns,
which can be solved by best fitting the solution to equations (3)-(5)
to measured values of the daily minimum ground temperature and
diurnal amplitudeinground temperature, respectively. As analysedin
ref. 54, the solution to equations (3)-(5) depends primarily on TI, with
considerably smaller variations as a function of 7y, z;and p...

Derivation of albedo using MEDA measurements
We calculate the broadband albedo in the 0.3-3.0 pum range as

a= SW3.3—3Mm/SW2.3—3;Im (6)
Here, SW2>~" is the reflected solar flux measured directly by
TIRS, while SWS>~*™ is the downwelling solar flux calculated with
COMIMART by extending RDS Top7 measurements from 0.19-1.20
to 0.3-3.0 pm. On the basis of uncertainties in measured solar fluxes,

the relative error in albedo is <10% in the vicinity of noon and <20%
towards sunset and sunrise.

Description of COMIMART and UH/FMISCM

COMIMART includes wavelength-dependent radiative properties of
the Martian atmospheric constituents. Dust radiative properties are
calculated from the refractive indices derived from satellite observa-
tions®>’. We have assumed a dust particle effective radius of 1.5 um
and an effective variance of 0.3. The surface albedo is also assumed to
depend on wavelength, with low values in the ultraviolet, increasing
towards the near-infrared spectral region’®. However, this value barely

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-022-01084-0

impacts simulations of downwelling solar fluxes. Solar radiative fluxes
are calculated using the delta-Eddington approximation®’. The model
has beenvalidated for different solar elevations, dust abundances and
scattering regimes'?, concluding that it is accurate for the majority of
conditions that can be found at Jezero crater.

Unlike COMIMART, the University of Helsinki/Finnish Meteorologi-
calInstitute single-column model (UH/FMISCM) allows the simulation
oflong-wave fluxes. SCM handles solar (short-wave) radiation with afast
broadband delta-two-stream approach for CO, and dust, and thermal
(long-wave) radiation with a fast broadband emissivity approach for CO,,
H,0 and dust. These two schemes have been validated through compari-
sonsfromamultiple-scattering resolvingmodel®’. Asin COMIMART, dust
optical parameters were obtained using refractive indicesinrefs.32,57.
This confirmed the dust SW single-scattering albedo to 0.90 and the
asymmetry parameter to 0.70, which are used in our reference model.

Wheninitialized with aerosol opacities retrieved from MastCam-Z
at 880 nm, COMIMART and SCM simulate nearly identical solar fluxes,
with relative departures <5% at noon.

Retrieval of dust scattering properties

Dustoptical properties are estimated by simulating the RDS measure-
ments” throughout the sol, using radiative transfer simulations. The
irradiance (F) measured by agiven RDS channelis computed as:

= 2 0
E=Cx[T(uo, po) x e + { fll(r,uo,wo,u,fp) x T (i, @) x R x p x dudg]

@)

where lis the scattered intensity simulated with a radiative transfer
model, i, and ¢, are the cosine of the solar zenith angle and the solar
azimuth angle, ¢z and ¢ are the cosine of the zenith angle and the azi-
muth angle of the observation, Tand R are the sensor angular response
and responsivity, Cis a constant and 7 is the total vertical opacity.
Extended Data Fig.10ashows RDS Top5 (750 nm) signals simulated for
different dust opacities and an effective radius of r . =1.2 pm.

Here we see that, by varying the dust opacity, the simulated signals
changeinvalue and shape. Similar results are found whenwe vary the
effective radius of the particles, keeping constant the dust number
density. By changing r.¢, we vary the dust opacity through the particle
cross section, the particle phase function and the single-scattering
albedo. Estimation of the free parameters (for example dust number
density or dust particle radius) is performed by finding the optimal
value of the parameter that minimizes the differences between obser-
vations and simulations, as shownin Extended Data Fig.10b, using the
Levenberg-Marquardt procedure.

The dust particle radius is estimated using (1) the observations
made by the RDS lateral photodiodes?, whose FoV is narrow (+5°), when
the Sunisnear the FoV of one of those detectors (this occurs when the
Sun is at low elevation); at that time, RDS lateral detectors provide
observations at awide range of scattering angles (sensitive to the parti-
cle phase function); (2) the observations made by the top photodiodes
at different wavelengths (for example, 450, 650, 750, 950 nm). In this
case, the opacity at each channel wavelength depends on the particle
radius, so by fitting the observations made at different wavelengths
simultaneously, we can derive the size of the dust particles. To better
constrain the particle radius, the observations from RDS and SkyCam
canbe combined: the opacity derived from SkyCam can be used when
fitting the observations made by RDS, being in this case the particle
radiusis the only free parameter in the retrieval.

Oncethe particleradius is estimated, we can provide the dust opac-
ity at different timeintervals, such as the daily or the hourly average, by
assumingthe particle radius does not change much throughout the sol.

Data availability
All datasets of Mars 2020 are available via the Planetary Data System
(PDS). Data are delivered to the PDS according to the Mars 2020 Data

Management Plan available in the Mars 2020 PDS archive (https://doi.
0rg/10.17189/1522849). Data from the MEDA instrument referenced
in this paper are available from the PDS Atmospheres node. The
direct link is https://pds-atmospheres.nmsu.edu/data_and_services/
atmospheres_data/PERSEVERANCE/meda.html.
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is governed by that the top of the atmosphere during the aphelion season, when
the aerosol opacity is low and relatively stable. (d) Daily maximum solar fluxin
the 0.2-5 pmrange reflected by the surface (SW,). (e) Daily maximum upwelling
longwave flux in the 6-80 um range emitted by the surface (LW,). (f) daily
maximum downwelling atmospheric longwave flux in the 6-80 um range (LW,).
All these values were calculated as described in the Methods section.
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Extended Data Fig. 3| Daily cycle temperatures under typical values
of thermal inertia and atmosphere’s thermal gradients. Daily Cycle of
temperatures at Jezero under low and high values of Tl of the local terrain, and
thermal gradients of the atmosphere. (a-c) Low thermalinertia with TI=260 J-m’
2K1-s'2, as in sols 20-22. (d-f) High thermal inertia terrain with Tl = 545 ]-m %K'
Ls12 asinsols140-150. Colors legend is as in Fig. 2. Low surface thermal inertia
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(left panels) result in more stable conditions with respect to vertical motions
during nighttime than high values of the surface thermal inertia. This is due to
the stronglocality of surface temperatures, which change strongly in different
terrains, compared to amore regular behavior of air temperatures (aand d). The
datashownin these figures are the result of averaging the values over 12-minute
timeintervals, with the standard deviation as the error bar.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Analysis of thermal oscillations along the sols. The large amplitudes around 20:00 h correspond to thermal contamination
Analysis of thermal oscillations along the sol, for the periods (a) sols 20-22, by the RTG at that time, as confirmed by simultaneous wind and rover yaw. The
(b) sols 75-76, (c) sols 140-150, corresponding to different Tl values. Blue oscillations were calculated by detrending the temperature datain each half-
dots correspond to ATS measurements at z= 0.84 m, green dots to ATS hour period using a2™ order polynomial.

measurements at z = 1.45 m, and yellow dots to TIRS measurements at z-40 m.
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Extended Data Fig. 5| Analysis of the rapid pressure fluctuations. Power spectrum of pressure fluctuations from sols 231 to 241. The straight line determines the
power law fitin the frequency range 0.001to 0.1 Hz.
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Extended Data Fig. 6 | Pressure drops as observed by MEDA. Pressure drops
on MEDA data. (a) Daily distribution of pressure drops identified using the
algorithm described in'. (b) Selection of events with at least a pressure drop of
0.5 Paand a pressure curve compatible with a vortex after visualization of each
individual event. (c) Selection of events in (b) that also have a simultaneous drop
inthelight measured by the RDS Top7 photodiode with a drop of at least 0.5%.
Histograms have been corrected from sampling effects. The error bars represent
the standard deviation obtained in Monte Carlo simulations that reproduce the
number of events detected per hour, using a fixed probability equal to the total
number of events divided by the total number of hours of observations. The

central value represents the mean number of events detected per hour. (d-h)
Examples of a variety of pressure drops including: (d) weak vortices typical of
the early morning; (e) night-time pressure drops coincident withiincreasesin
temperature and driven by thermal pulses from the RTG when the wind flows
from the back of the rover to the Remote Sensing Mast (wind data not shown); (f)
the most dusty event captured in the first 250 sols, also one of the most intense
and longest; (g) long and noisy pressure drops typically found at noon and
suggestive of the passage of the boundaries of convective cells; (h) long vortex
justafter sunset. Further information on events like (f) and (g) is given in®.
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Extended Data Fig. 8 | Evolution of VMR and RH on sols of maximum nocturnal hydrological cycle can be observed, sometimes not foreseen by the
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cycle than expected. (a) Detail of the daily evolution of RH in characteristic sols large increase in the VMR was observed on the evening of sol 104.

(sols 104 to 110), where the complex and temporally variable structure of the
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Extended Data Fig. 9 | Analysis of pressure deviations recorded by MEDA.
Deviations from the recorded pressure values suggest the possibility of
high-frequency traveling waves. (a) Oscillations obtained in the differences
between the daily mean values in Fig. 6a and the polynomial fit of degree 5 of

those values (coefficient of determination, R-squared = 0.985), where 2 intervals
are observed: before and after sol -80. (b) Oscillations obtained in the infra-daily
differences. Due to their properties, these oscillations are compatible with the
propagation of gravity waves.
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and effective radius. (a) RDS TopS5 channel signals simulated for different dust opacities and, a constant dust effective radius of r. = 1.2 um. (b) Best fit between the
simulations and the observations obtained.
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