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Abstract Wwe use in situ environmental measurements by the Mars Science Laboratory (MSL)
mission to obtain the surface energy budget (SEB) across Curiosity's traverse during the first 2500

sols of the mission. This includes values of the downwelling shortwave solar radiation, the upwelling
solar radiation reflected by the surface, the downwelling longwave radiation from the atmosphere, the
upwelling longwave radiation emitted by the surface, the sensible heat flux associated with turbulent
motions, and the latent heat flux associated with water phase changes. We then analyze their temporal
variation on different timescales and relate this to the mechanisms causing these variations. Through

its Rover Environmental Monitoring Station, MSL allows for a more accurate determination of the SEB
than its predecessors on Mars. Moreover, the unprecedented duration, cadence, and frequency of MSL
environmental observations allow for analyses of the SEB from diurnal to interannual timescales. The
results presented in this article can be used to evaluate the consistency with predictions from atmospheric
numerical models, to validate aerosol radiative properties under a range of dust conditions, to understand
the energy available for solar-powered missions, and to enable comparisons with measurements of the
SEB by the Perseverance rover at Jezero crater.

Plain Language Summary The primary energy input at the Martian surface is the solar
radiation, which depends on the time of the day and season, geographical location (latitude and altitude),
and atmospheric dust and gas abundances. Another energy input is the thermal atmospheric forcing,
which depends on the vertical distribution of dust and water ice aerosols as well as CO, and H,0
molecules. Together with the reflected solar radiation and the thermal radiation emitted by the surface,
these four terms make up the net radiative forcing of the surface. In response to it, energy outputs as
turbulent motions and water phase changes emerge to cool down/warm up the ground. The remaining
energy is available to control the thermal environment in the surface and shallow subsurface through
conduction into the soil. By using first-of-their-kind measurements from the Mars Science Laboratory
mission, we calculate the energy inputs and outputs across Curiosity's traverse over the first 2500 Martian
days of the mission. We then analyze their temporal variations and relate this to the mechanisms causing
such variations. An accurate determination of the surface energy budget is key to preparing for the human
exploration of Mars because it contributes to improvements in the predictive capabilities of numerical
models.

1. Introduction

Conservation of energy at the surface—atmosphere interface of a planetary object requires that

the use is non-commercial and no G = (SW I—sw T) + (LW d-Lw T) —TF - LF, (1)
modifications or adaptations are made.
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where G represents the net heat flux into the soil, SW| is the downwelling shortwave solar radiation flux
transmitted through the air, SW1 is the upwelling solar radiation flux reflected by the surface, LW| is the
downwelling longwave radiation flux from the whole atmosphere, LW1 is the upwelling longwave radiation
flux emitted by the surface, TF is the sensible heat flux associated with turbulent motions, and LF is the
latent heat flux associated with phase changes (Figure 1). Equation 1 is known as the surface energy balance
(SEB).

Variations in the Martian SEB are fundamental in driving the atmospheric energy balance and powering
the global atmospheric circulation (e.g., Tabataba-Vakili et al., 2015). The primary surface forcing on Mars
is SW|, which depends on the time of day, distance from the Sun, season (as a function of solar longitude,
Ls), geographical location (through latitude and elevation), atmospheric abundances of gas molecules (e.g.,
CO, and H,0), and abundances and optical properties of aerosols (e.g., dust, water ice, and CO, ice) (Haber-
le et al., 1993; Savijdrvi et al., 2005; Vicente-Retortillo et al., 2015). Another surface forcing is LW |, which
depends on the vertical distribution of “greenhouse” airborne aerosols (dust and water ice) and molecular
species (CO, and H,O; Smith et al., 1996; Miittinen & Savijdrvi, 2004). Together with SW1, which depends
on the surface albedo (Fenton et al., 2007), and LW, which depends on the temperature and thermal
infrared emissivity of the ground (Smith et al., 2000), these four terms comprise the net radiative forcing
of the surface. In response to it, TF and LF usually emerge to remove heat from the soil to the air during
the daytime through upward heat transfer and sublimation and to warm the soil at night through down-
ward heat transfer and deposition, respectively. Although the sensible and latent heat flux terms cannot
efficiently cool down/warm up the soil on Mars due to the extremely low atmospheric density (100 times
lower than on Earth) and absolute water content (~1000 times lower than on Earth; Martinez et al., 2017),
TF is thought to play an important role in the development of convective vortices that propagate upward
in the atmosphere and efficiently mix aerosols (Rafkin et al., 2001; Renno et al., 1998; Spiga et al., 2010).
The difference between the net radiative forcing and the response terms constitutes the energy available
for conduction into the soil (G), which controls diurnal variations in the surface and shallow subsurface
temperatures (e.g., Martinez et al., 2014).

Due to the lack of direct ground-based measurements, each term of the SEB in Equation 1 has typically
been simulated in the past work by matching a model's output to the measured values of air temperature,
horizontal wind speed, and surface pressure. Following this procedure, the SEB has been estimated at the
two Viking Lander (Haberle et al., 1993; Savijdrvi, 1995; Savijdrvi et al., 2018; Sutton et al., 1978), Mars
Pathfinder (Savijarvi, 1999), and Phoenix (Savijdrvi and Mééttdnen, 2010) landing sites. Similarly, the SEB
at the two Mars Exploration Rover (MER) landing sites has been simulated by matching a model's output to
the vertical temperature profile retrieved from the mini-TES instrument (Savijirvi, 2012). At each landing
site, simulated values of the SEB are subjected to uncertainties in the model parameters, such as optical
properties and vertical distribution of dust and water ice aerosols (which affect SW| and LW|) and ground
temperature and geophysical properties of the terrain (which affect SW1, LW1, and G).

Through its Rover Environmental Monitoring Station (REMS) instrument suite, the Mars Science Labora-
tory (MSL) mission allows for a more accurate determination of the SEB than its predecessors. Moreover,
the unprecedented duration, data measuring, and storage capabilities of MSL allow analyses of the SEB
from interannual to diurnal timescales. REMS is a suite of meteorological sensors measuring UV radiation
fluxes, ground and air temperature, relative humidity, pressure, and horizontal wind speed and direction
(Gomez-Elvira et al., 2012). The REMS UV sensor (UVS) is the first to measure the UV radiation flux at the
surface of Mars (Smith et al., 2016; Vicente-Retortillo et al., 2020). Similarly, the REMS ground tempera-
ture sensor (GTS) has been measuring full diurnal cycles for the first time on Mars, as the previous ground
temperature measurements by the MER and Phoenix (PHX) missions were limited to certain periods of the
day and season (Smith et al., 2006; Spanovich et al., 2006; Zent et al., 2010). Synergistically with REMS, the
Mastcam instrument has been measuring atmospheric dust opacities at the wavelengths of 440 and 880 nm
(Smith et al., 2016).

In this article, we use in situ measurements from the REMS and Mastcam instruments to obtain the SEB
across Curiosity's traverse through sol 2500 of the MSL mission. We then analyze the variation of each
term of the SEB from diurnal to interannual timescales. The results presented in this article can be used
to evaluate the consistency with predictions from atmospheric numerical models, as their near-surface
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Surface Energy Balance on Mars

environmental outputs (e.g., temperature and radiation fluxes) strongly
depend on the simulated SEB values (Greybush et al., 2019; Newman
et al., 2019; Pla-Garcia et al., 2016; Savijdrvi et al., 2020; Spiga et al., 2020).
In combination with numerical models, the determination of the down-
welling SW and LW radiative fluxes provides an excellent opportunity
to determine aerosol abundances and their variations (Smith et al., 2016;
Vicente-Retortillo et al., 2021) to validate aerosol radiative properties
for a range of dust conditions, including global dust storms (Savijdrvi

IO ERISNSISRNIE |- et al., 2020), and to indirectly detect the presence of water ice clouds at

nighttime (de la Torre-Juarez et al., 2019; Vasavada et al., 2017). Further-

Figure 1. Schematic of the surface energy balance on Mars. By more, the determination of the downwelling SW radiative and turbulent
convention, radiative fluxes directed toward the surface (warming) heat fluxes is important to understand the energy available for solar-pow-
and nonradiative fluxes (TF, LF, and G) directed away from the surface ered missions and to infer the periodic removal of dust from solar panels

(cooling) are taken positive (Garrat, 1992). Note that radiative fluxes are
plugged into Equation 1 as positive values, whereas nonradiative fluxes

caused by convective phenomena such as dust devils (Lorenz et al., 2020;

can be plugged in as positive or negative depending on whether they are Vicente-Retortillo et al., 2018). Finally, the results of this study will ena-
directed away from or toward the surface. The reflected solar radiation can ~ ble comparisons with measurements of the SEB by the Perseverance rov-

be expressed as SW1 = aSW|, where a represents the Lambertian surface er at Jezero crater (Farley et al., 2020; Rodriguez-Manfredi et al., 2020).
albedo. The arrows are not to scale. Image Credit: Etor Eceiza & German

Martinez.

Ground-based observations and modeled quantities used in this study are

described in Section 2. The methodology used to obtain each term of the

SEB described by Equation 1 is explained in Section 3. The results are

presented in Section 4, where the variation of the SEB from diurnal to
interannual timescales is analyzed in relation to the mechanisms causing such variations. Discussion of
the results and future work are presented in Section 5, while the summary and conclusions are presented
in Section 6.

2. Data

In this article, we use surface-based measurements by the REMS and Mastcam instruments (Section 2.1),
modeled values of horizontal wind speed (Section 2.2), and model-derived values of thermal inertia and
albedo (Section 2.3) based on REMS and Mastcam data through sol 2500 of the MSL mission.

2.1. REMS and Mastcam Observations

The REMS instrument is composed of six sensors measuring UV radiation fluxes, ground and air tempera-
ture, relative humidity, pressure, and horizontal wind speed and direction (Gomez-Elvira et al., 2012). The
wind sensor was damaged at landing, which resulted in systematic observational biases when the wind
was coming from certain directions. As a result, the temporal coverage of reliable wind measurements was
significantly reduced (Newman et al., 2017). Around sol 1500, the wind sensor stopped working entirely.

REMS uses a nominal measuring strategy consisting of 5-min-long periods at the beginning of each hour
during which each quantity is sampled at 1 Hz (Gomez-Elvira et al., 2014). In addition, full hour sample
periods, also at 1 Hz, are interspersed to cover every hour of the sol at least once per six-sol period (Newman
et al., 2017). Mastcam directly images the Sun, from which aerosol optical depth (7) at the wavelengths of
440 and 880 nm is derived. These images are typically taken every three to seven sols in the vicinity of noon
(Lemmon et al., 2019).

Here, we use REMS measurements performed nominally at the beginning of each hour to produce com-
plete coverages of the diurnal cycle through the mission. By averaging REMS measurements of the highest
confidence possible over the first five minutes of each hour, we obtain “hourly” values of pressure (P), air
temperature (T,), ground temperature (Tg), relative humidity (RH), and UV flux in the 200-380 nm spec-
tral band. We also obtain hourly values of air density as p, = P/(R x T ), where R = 191 J kg~! K™! is the
gas constant of the Martian atmosphere. For each of these quantities, we only consider sols on which full
diurnal coverage is attained. While averages of P and T, (and thus p) are straightforwardly obtained using
measurements available in the NASA Planetary Data System (PDS), a sensor-specific approach described
below is taken to produce hourly values of T, RH, and UV.
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Ground temperature measurements performed during the first couple of minutes of each hour, just after
the GTS is turned on, are subjected to strong electronic noise and bias error during thermal stabilization
of amplification electronics. This effect is most noticeable in winter at night, when temperatures are the
lowest. To avoid this effect, we average GTS measurements taken during the last two minutes of each 5-min-
long measuring period, when temperatures are stable.

Similarly, RH measurements are affected by the heating effect of the sensor, resulting in significant under-
estimations of the actual atmospheric RH. To avoid this effect, we only consider RH measurements taken
during the first four seconds of each hour, which virtually show the same value (see Section 3.6 of Martinez
et al., 2017, for further details). As an RH-derived product, we calculate the water vapor volume mixing ratio
as VMR = RH x e (T)/P, where e_is the saturation vapor pressure over ice (Savijarvi and Méittdnen, 2010).
Due to the extremely low RH during the daytime (<5% between 10:00 and 18:00 Local Mean Solar Time
(LMST) throughout the year) and the correspondingly high relative error, REMS-derived VMR values can
only be obtained reliably during nighttime (Savijirvi et al., 2016). In particular, VMR values are most accu-
rate between 04:00 and 06:00 LMST, when diurnal RH values are largest (Martinez et al., 2016).

Finally, the REMS UV sensor has been exposed to dust deposition due to its location on Curiosity's deck. In
addition, inaccuracies in the original angular response calibration functions led to large discrepancies be-
tween measured and physically expected UV fluxes when the solar zenith angle is between 20° and 55°. We
have corrected UV fluxes for both effects (Vicente-Retortillo et al., 2020) and have made this new data set
available in the NASA PDS (https://atmos.nmsu.edu/PDS/data/mslrem_1001/DATA_UV_CORRECTED/).
Using this corrected data set, we have obtained hourly values of UV fluxes in the 200-380 nm band using
the measurements performed during nominal operations.

By processing REMS measurements as explained above, and to help interpret results of the SEB shown in
Section 4, we show in Figure 2 interannual and seasonal variations of the environmental conditions at Gale
during the first 2500 sols of the MSL mission. The most striking aspects of Figure 2 are (a) the larger inter-
annual variability of opacity, UV flux, and temperature during the perihelion (Ls = 180°-360°) compared
to the aphelion season (Ls = 0°-180°); (b) the 2018/MY34 global dust storm (purple squares at Ls ~ 195°)
(Guzewich et al., 2019; Sanchez-Lavega et al., 2019); (c) the year-to-year decrease in surface pressure and air
density at the same Ls as the Curiosity rover traversed toward higher elevations (Figures 2c and 2d); (d) the
increase in water vapor VMR from about sol 1800 onward (MY 34, Ls ~ 54°; Figure 2h), when the Curiosity
rover started to climb Aeolis Mons (Savijdrvi et al., 2019); and (e) the saturated conditions reached in the
near-surface air in MY 35 at Ls ~ 90°, which might have resulted in the formation of surface frost (Gough
et al., 2020).

2.2. Modeled Wind Speeds

Unfortunately, REMS wind speed data contain many uncertainties, data gaps, and biases (Gomez-Elvira
et al., 2014; Newman et al., 2017; Viadez-Moreiras et al., 2019a, 2019b). These are a result of: (a) the failure
of most wind sensor components on the rear-/side-pointing wind sensor on landing, which left only the
forward-pointing wind sensor working and prevented accurate measurements of wind blowing from the
hemisphere to the rear of the rover; (b) large electronic noise in data from the remaining sensor during the
coldest 7-10 h of each sol, depending on season; and (c) the complete failure of the remaining wind sensor
on sol ~1500 of the mission.

We therefore use the MarsWRF atmospheric model, running as a global model with higher-resolution nests
centered over and fully covering MSL's traverse, to predict wind speed as a function of time of sol, location,
and season. These results are taken from the model version and setup described in Newman et al. (2017).
We use the results from the innermost nest (run at ~1.4-km horizontal grid spacing) of the “vertical grid B”
simulation, as the latter was found to more realistically reproduce wind data taken during a campaign in
which the rover faced multiple directions over several sols to obtain the most complete wind measurements
of the MSL mission. When used to predict sand transport and “dust devil activity” (Rennd et al., 1998), re-
spectively, these wind predictions also resulted in a far better match to the observed orientation and motion
of the Bagnold Dunes (Newman et al., 2017) and a better match to the observed spatiotemporal variation in
vortex activity (Newman et al., 2019) than the predictions using “vertical grid A.”
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Figure 2. Environmental conditions along Curiosity's traverse: Interannual and seasonal evolution of (a) the aerosol
opacity; (b) daily maximum UV, . (200-380 nm) flux; (c and d) daily mean atmospheric pressure and air density; (e
and f) daily maximum, mean, and minimum ground and air temperature; (g) daily maximum atmospheric relative
humidity; and (h) nighttime water vapor volume mixing ratio during the first 2500 sols of the Mars Science Laboratory
mission. Color code is used to represent different Martian Years.
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Figure 4. Albedo (a) and thermal inertia (b) along Curiosity's traverse

through sol 2500 obtained following the methodology described in
Vasavada et al. (2017).

Because small horizontal grid spacings are required to resolve the topog-
raphy of Gale crater, it was not possible to run the nested model for a
complete Mars year. Instead, the nested model was run for 7 sols every
30° of Ls, outputting 1.5-m altitude winds every 10 Mars minutes. The
lowest model layer is centered at ~145 m in this simulation; hence, winds
in this layer are extrapolated to 1.5 m within MarsWRF's boundary lay-
er scheme (Hong & Pan, 1996), using the log-wind profile modified for
the applicability to stable, neutral, and unstable conditions (e.g., Stens-
rud, 2009; Stull, 2012). The 1.5-m winds were averaged over each set of 7
sols for each time of sol and location, providing a predicted wind for each
30°Ls band, time of sol, and location. These winds were then interpolated
to the rover's position along its traverse in each mission sol and interpo-
lated in Ls to find the prediction for that sol, resulting in wind speeds
simulated every 10 min.

Figure 3 shows the daily maximum of the interpolated, 7-sol averaged
wind speed at the rover's location over nearly four Mars years, as predict-
ed using this method. Note too that this MarsWRF simulation prescribed
the atmospheric dust distribution to be typical of a Mars year without
major dust storms; thus, the results shown here are not representative
of a particular MSL mission year or sol, other than representing year-to-
year changes due to the changing rover position along its traverse. Be-
cause MarsWRF is a mesoscale model, flows are controlled by how the
topography and other surface properties vary at the model's resolution
(~1.4 km). Outside of major dust storms, year-to-year changes in the dust
distribution at a given Ls are relatively small (MY34, Figure 2a) and thus,
should have a relatively small impact on simulated winds. Additionally,
we note that MarsWRF uses thermal inertia and albedo values derived
from the satellite at much larger spatial scales than those obtained here
(which correspond to the field of view of REMS/GTS; Section 2.3). Al-
though the differences between simulated and observed T, and T, are
significant due to the spatial scale, the effects on winds are smaller (see
Figure 7 in Newman et al., 2019). The reader is referred to Newman
et al. (2019) for interpretations of winds variations at different timescales
across Curiosity's traverse.

2.3. Model-derived Albedo and Thermal Inertia

Figure 4 shows the values of albedo and thermal inertia that we assign
to each point along Curiosity's traverse. These values were derived using
the methods and model described in Vasavada et al. (2017). REMS meas-
urements of ground temperature over each diurnal cycle are compared
with predictions from a 1-D surface-atmosphere thermal model (THM)
in order to simultaneously solve for the best-fit thermally derived albedo
and apparent thermal inertia. Despite THM not being able to accurately
simulate T, during sunrise and sunset on most sols, the method followed
in Vasavada et al. (2017) to calculate both quantities is barely sensitive to
this mismatch. In particular, thermal inertia was derived by minimizing
the square of the difference between the measured and modeled diur-
nal amplitude of T,. Since the diurnal maximum and minimum ground
temperature typically occurs at times (~13 and ~6 LMST, respectively),
when THM accurately matches the observations, the diurnal amplitude
of T, is accurately simulated by this model (see Vasavada et al., 2017 and
Figure 14a in the main text). Similarly, albedo was derived by minimizing
the square of the difference between the measured and modeled time
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average of Tg4 (i.e., proportional to the total absorbed/emitted energy over the sol). Despite the different
shapes during sunrise and sunset between THC-derived (or SCM-derived) and REMS-observed T, curves,
the integrated energy of both curves compares well (Vasavada et al., (2017)).

The model is run using Mastcam values of atmospheric dust opacity and a parameterized radiative contri-
bution from water ice clouds/hazes. The estimated uncertainty in thermal inertia and albedo is +50 ST and
+0.025, respectively. The ~100-m? footprint of the REMS ground temperature sensor typically contains a
mix of surface materials, but the derived values clearly distinguish between surfaces observed to be domi-
nated by loose materials, mudstone, and sandstone. For the present work, the derivations through sol 1337
of Curiosity's mission in Vasavada et al. (2017) were extended to cover sols from 1338 to 2500.

While thermal inertia variations do not follow any temporal pattern, the albedo values peak between Ls
~ 210° and Ls ~ 270° every MY. This suggests that bright dust is deposited on the regolith at Gale during
southern summer. A further understanding of this phenomenon would require additional modeling efforts
in combination with the analyses of ground-based and orbital observations and thus is left for future work
as discussed in Section 5.

3. Methodology
3.1. Shortwave Fluxes

To calculate hourly values of the downwelling shortwave solar radiation, SW|, we used corrected UV fluxes
in the 200-380 nm band (UV, ), dust aerosol opacity at the wavelength of 880 nm, and the COMIMART
radiative transfer model (Vicente-Retortillo et al., 2015, 2020).

Depending on the solar zenith angle () relative to the rover frame (zenith at 6 = 0°), we follow different
approaches for the calculation of SW|. When 6 < 55° (corresponding to about 60% of UV measurements
performed with the Sun above the horizon, and covering the 8-15 LMST period at L, ~ 100°~250° and the
9-16 LMST period during the rest of the year), we converted hourly values of corrected UV fluxes in the
200-380 nm to broadband (200-3000 nm) shortwave fluxes using the radiative transfer model COMIMART
(Vicente-Retortillo et al., 2015). Dust radiative properties involved in the calculations were derived from
CRISM (Wolff et al., 2009), MARCI (Wolff et al., 2010), Mastcam, and REMS (Savijdrvi et al., 2020) obser-
vations. These properties depend on wavelength (Wolff et al., 2009), with the single scattering albedo in the
UV range being smaller than the mean value in the entire shortwave range. Therefore, the ratio between UV
and SW values depends on atmospheric opacity and solar zenith angle (e.g., Vicente-Retortillo et al., 2015,
for a comparison between UV and near-infrared fluxes). For this reason, the conversion factor was calculat-
ed as a function of the atmospheric opacity and the solar zenith angle, improving in this way the accuracy
of the broadband shortwave values.

In the calculation of the conversion factors, we assume that dust radiative properties do not show temporal
or spatial variations, with dust being distributed homogeneously and with a constant dust aerosol particle
effective radius of 1.5 microns. Under this assumption of constant radiative properties throughout the at-
mosphere, the fluxes at the surface and the conversion factor from UV to SW radiation are not affected by
the changes in the vertical profile. The effect of including variations in dust particle size is typically below
5% in the UV range (Vicente-Retortillo et al., 2017). The relative effect is expected to be larger during the
MY 34 Global Dust Storm, where both dust opacity and particle size were extraordinarily high (Chen-Chen
et al., 2020; Lemmon et al., 2019); however, solar fluxes were very small during the GDS (Figure 2b) and
therefore the effect on the calculation of other terms of the Surface Energy Budget is small. Finally, uncer-
tainties in SW| values were calculated by applying the conversion factor to the uncertainties in the UV, .
measurements (Vicente-Retortillo et al., 2020). The main advantage of using REMS UV-corrected values is
that these measurements can reflect diurnal and sol-to-sol variations in atmospheric opacity that were not
captured with Mastcam due to the lower measuring frequency, improving the accuracy of the calculated
SW fluxes.

When 6 > 55°, the simulated UV fluxes were adjusted for each sol using the mean difference between simu-
lations and UV observations with 8 < 55°, discarding those hours when this difference was above 10%. That
is, when on a given sol there are hours with 6 < 55° for which the difference between both fluxes is smaller
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than 10%, we adjust the simulated values with 6 > 55° by the mean of the differences between those fluxes
when the difference is below 10%. Alternatively, if on a given sol all the differences for 6 < 55° are above
10%, the threshold was increased to 50% and the adjustment was performed by matching the maximum
hourly value based on the UV observations and the corresponding simulated value using COMIMART and
Mastcam opacities. We note that the measurements performed when the rover structure is inside the field
of view of the sensor (Vicente-Retortillo et al., 2017) are not considered in the adjustment. The relative
uncertainties were calculated as the mean relative uncertainties of shortwave values derived from REMS
measurements (that is, those with 6 < 55°) with the differences below 10%. If there were no values satisfying
this condition, relative uncertainties were set to be equal to that at the maximum hourly value for that sol.
We note that these uncertainties do not include potential inaccuracies in the aerosol radiative properties
and introduced by the plane-parallel assumption for low solar elevations. This second method was also
followed for 6 < 55° that presented differences above 10% with respect to simulated values, except for the
maximum observed hourly value. The resulting uncertainty in SW| is typically below 8% throughout the
day, regardless of the season (more details in Section 3.6).

Finally, we note that solar fluxes are not referenced to a horizontal surface but to the rover deck (roughly
corresponding to the inclination of the terrain). The median of the hourly values of the rover inclination
with respect to a horizontal surface during daytime through the first 2500 sols is ~6.5°, with a maximum
value of ~25° and with inclinations above 15° representing around 5% of the total measurements. Except
for high solar zenith angles (when the SW radiation term is small), and for extremely high opacities (such
as those during the MY 34 GDS), the ratio between fluxes referred to the rover deck and those referred to a
horizontal surface, SW /SW,, can be approximated by u /u,, where i represents the cosine of the solar ze-
nith angle. Under this approximation, the relative difference between SW_and SW, follows a diurnal cycle,
with minimum differences at noon. We obtained that relative differences above 10% represent less than 2%
of the sols at 11 and 12 LMST, and 10%, 26%, and 47% of the sols at 10, 9, and 8 LMST, respectively; in gen-
eral, the differences are smaller during the afternoon.

In summary, variations at a given LMST are not only caused by changes in the Sun-Mars distance, season,
and atmospheric dust content, but also by changes in the surface (rover) orientation. However, when aver-
aged throughout the mission, the effect of the rover tilt is smaller than 5% between 8 and 16 LMST.

Finally, we calculated the hourly upwelling reflected solar radiation as SWt = a SW|, where we assumed
a Lambertian albedo (radiance equally reflected in every angle). Uncertainties in SW1 were obtained by
quadratically adding those in albedo (0.025) and in SW| (more details in Section 3.6).

3.2. Ground Heat Flux

We used MSL/REMS measurements of ground temperature as an upper boundary condition to solve the
heat conduction equation in the soil:

or(z.1) _[ ! TM. ®)

ot pc ot
T(z = 0.t) = TS (¢): ©)
T(z=24t) =T, (4

where I is the thermal inertia (Figure 4, bottom), p the soil density, c the soil specific heat, and z, the depth
at which the subsurface temperature is constant and equal to T . The solution to this equation is the vertical
profile of subsurface temperature, T(z, t), from which we obtained the ground heat flux as:

o) = L] &)

pc 0z )

z=0

We used the Matlab “pdepe” package to solve Equations 2-5. This package was designed to solve 1-D para-
bolic and elliptic partial differential equations (PDEs). Nominally, we set the temporal domain to 8 sols and
the vertical domain down to 3 times the e-folding penetration depth, where the temperature was set to T,
(Equation 4). We used a vertical step of Az = z,/400 cm and a time step of At = 10 s. Additionally, the initial
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profile T(z, t = 0) was set to a straight line connecting the observed T, at 00:00 LMST and T, although the
results are quite insensitive to this profile. After a spin-up period of about three sols, the package converged
toward a stable solution. For each sol, each run takes approximately 10 s under this configuration.

We performed sensitivity studies to the changes in Az, At, and the initial profile T(z, t = 0), which resulted
in typical variations in G below 1% when Az, At, and T(z, t = 0) varied within the same order of magnitude
as those used nominally. Furthermore, we compared the performance of the Matlab "pdepe” package with
the 5-point Crank-Nicholson soil thermal diffusion scheme used in the University of Helsinki/Finnish
Meteorological Institute adsorptive subsurface-atmosphere column model (hereafter called SCM,; e.g., Savi-
jédrvi and Méittinen, 2010). This comparison yielded excellent results, with differences in simulated ground
temperatures <1 K when forced with the same G.

Values of the parameters needed to solve Equations 2-5 were calculated as follows. On each sol, z, was
set to 3 X L, where L = \2/o (1 /pc) is the diurnal e-folding depth (with typical values of a few cm),
w = 7.0774 x 107° s7! is the angular speed of the planet's rotation, and pc = 1.2 X 10 Jm—K! (Martinez
et al., 2014; Méhlmann, 2004). Following consistency assessments between our results and those obtained
from numerical models (more details in Section 5.1), we set T, = 220 K over the first 2500 sols. To obtain
this value, we analyzed the results from several sols. In particular, we focused on two extreme cases: sol 530
(Ls = 84°), with relatively low thermal inertia (200 SI) and daily mean Tg (~209 K) and sol 125 (Ls = 223°),
with relatively high thermal inertia (560 SI) and daily mean T, (~235 K) (Figures 2e and 4, bottom). On sols
530 and 125, respectively, T, = 215 and 225 K provided an excellent match between our results and SCM's,
whereas T, = 220 K provided an optimized match on all other sols with less limiting values of thermal
inertia and daily mean T,

As discussed in Martinez et al. (2014), the solution to Equations 2-5 primarily depends on I, with smaller
variations as a function of T,, z,, and pc. Thus, we calculated conservative error bars by considering the
uncertainties of +50 SI units in I (and thus in z,), +5 K in T, and +0.4 x 10° Jm—K~' in pc. This strategy
resulted in relative errors around 20% for the calculated hourly G values throughout the mission (more
details in Section 3.6).

Finally, we have implicitly assumed a homogeneous soil (Equation 2) to calculate G. However, using THM
on a few selected sols, Vasavada et al. (2017) showed that the match between observed and simulated Tg
values could be improved during certain periods of the sol when a heterogeneous soil with lateral or ver-
tical variations in thermal inertia was considered. This aspect, which has not been quantified here, has
important implications for the physical interpretation of the G and LW| values obtained here, as shown in
Sections 3.6, 4.2, and 5.1.

3.3. Sensible Heat Flux

The surface sensible heat flux is defined as TF = p,c, (w’T’) , where p, is the air density, ¢, = 736 J Kg~' K™

is the specific heat of CO, gas at constant pressure, (w'_T' is the covariance between the turbulent de-
partures of temperature, T’, and vertical wind speed, w at ‘the surface. The period over which turbulent
departures are calculated is typically of the order of a few to tens of minutes, coinciding with the energy
gap in the spectral intensity of wind speed and temperature on Earth and Mars (Banfield et al., 2020; Davy
et al., 2010).

Since measurements of the vertical component of the wind speed have not yet been performed on Mars,
the covariance term (W’T’) cannot be obtained directly. Therefore, we applied the indirect drag transfer

method to calculate TF (Sailijiirvi, 1995; Sutton et al., 1978; Tillman et al., 1994). Following this approach,
the sensible heat flux was calculated as:
T, -T
TF = szapacpf(RB)M’
In (za /zo)

where k = 0.4 is the von Karman constant, z, = 1.6 m is approximately the height at which the air temper-
ature (Figure 2f) is measured, z, is the surface roughness (set to 1 cm; Hébrard et al., 2012), and f(R) is a
function of the bulk Richardson number that accounts for the thermal stability in the near surface of Mars.

(6)
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We note that MarsWRF provides U, at 1.5 m every 10 min; however, the differences in the model from 1.5
to 1.6 m are tiny based on single-value calculations. For convective conditions, the applied f(R;) obeys the
correct-free convection limit (Savijarvi and Kauhanen, 2008); for stable conditions, it has been validated
under Earth Polar conditions and therefore is reasonably suitable for applications in cold, dry Martian-like
environments (Savijarvi and Méittdnen, 2010).

Application of our methodology resulted in uncertainties in hourly TF values of about 10%, regardless of
the season. They were estimated using uncertainties in T, and T, values (of the order of a few K), and in z;
(0.1-10 cm), and then calculating maximum and minimum values of TF from Equation 6 using extreme
values of T,-T, and z. Additional uncertainties come from using model winds for U_; however, we could not
quantify this effect in the absence of in situ wind data.

3.4. Latent Heat Fluxes

The surface latent heat flux is defined as LF = p,L, (W) , where L = 2.8 x 10° J Kg~! is the latent heat

s
of sublimation for water vapor and (W) is the covariance between the turbulent departures of specific

humidity, q’, and vertical wind speed at the surface. As for TF, LF fluxes cannot be directly measured on
Mars due to the lack of measurements of the vertical component of the wind speed. Moreover, while q has
been inferred using relative humidity and temperature measurements from the Phoenix and MSL missions
(Fischer et al., 2019), the sampling rate and response time of the RH sensors precluded the calculations of q.

In the absence of direct (Tq’) measurements, we calculated LF values by applying the drag transfer method

[qs(T =Tg)—qal

In 2(Za /ZO )

to Mars as:

LF = LvﬁszapuCpf(RB) (7)

where q_ is the saturation-specific humidity at T = T, q, is the specific humidity at z , and 8 is the top-
soil moisture availability that ranges between 0 (completely dry) and 1 (saturated soil) (Savijarvi and
Maiittanen, 2010).

Although frost has been predicted to form at Gale around Ls 90° every Martian year (Martinez et al., 2016)
coinciding with annual coldest and most humid conditions (Figures 2e-2g), experimental campaigns con-
ducted around Ls = 90° in MYs 33 and 34 did not detect frost. Experimental results from the latest frost
campaign conducted in MY 35 at Ls ~ 100°, when the relative humidity in the air surpassed 100% for the
first time (Figure 2g, green squares), indicated that frost might have formed (Gough et al., 2020). However,
even if frost forms, LF values can be neglected in the SEB at Gale. By performing a scale analysis of Equa-
tion 7 with values of p, ~ 102 kg m~3 (Figure 2d), q, ~ 10~* (Figure 2h, where q, = VMR X (R/R ), with
R, =461 kg~! K' the specific gas constant of water vapor), U, ~ 5 m s™! (Figure 3), § X f(R) in the range
0-1,and 1/InX(z,/z,) ~ 1072, we obtained maximum values of LF of a few tenths of W/m? at most. As shown
in Section 4, these values are significantly lower than those of the other terms in Equation 1.

3.5. Longwave Fluxes

We calculated the upwelling LW radiation emitted by the surface as LW1 = schg“, where € = 0.98 is the
surface emissivity averaged over all thermal infrared wavelengths and o is the Stefan Boltzmann constant.
By considering € values between 0.96 and 1 (Christensen et al., 2004) and the uncertainties in the derived
hourly Tg values (of the order of a few K), we obtained uncertainties in LW1 of less than 8% (more details
in Section 3.6).

As the final product, we obtained the downwelling LW radiation from the whole atmosphere as:

LW i:G—SWi(l—a)+LWT+TF, (8)
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Figure 5. Diurnal variation of the surface energy budget on sols 607 (a) and 2085 (b). The gray-shaded box on the
left highlights the hours in which the relative error in LW1 (yellow line) is >100%. For readability, uncertainties in TF
fluxes (green line) have not been added (<10%). Note that y-axis range is different in both figures.

where each term on the right-hand side of Equation 8 was calculated as explained in previous sections. Ab-
solute uncertainties in LW | were obtained by quadratically adding those in the various terms in Equation 8.
Analyses of these uncertainties and their significance are provided in Section 3.6.

In addition to the uncertainties accounted for in LW derived from the other terms, three simplifications
were assumed to obtain LW| relative to the methods used for Earth. First, we neglected the storage of
internal energy (e.g., chemical storage by photosynthesis) and horizontal flux of energy due to advection
in Equation 8. Second, we assumed that all the fluxes in Equation 8 are referenced to a horizontal surface.
As explained in Section 3.1, this is a reasonable approximation because the effect of the rover tilt in SW| is
smaller than 5% between 8 and 16 LMST when averaged throughout the mission. Third, we assumed that
the soil is homogeneous within the diurnal penetration depth (Equations 2-5) and with no lateral variations
in thermal inertia, which likely affect the obtained values of G (and thus LW|) at certain times of the sol
(more details in Sections 3.6, 4.2, and 5.1).

3.6. Uncertainties

To exemplify the significance of the obtained uncertainties while postponing scientific analyses to Sec-
tion 4, we show in Figure 5 the diurnal evolution of each term of the SEB and its corresponding error on sols
607 (Ls = 120°, T = 0.35) and 2085 (Ls = 196°, T = 8.5). We chose these two sols to show extreme scenarios
for LW/, corresponding to the clearest and dustiest atmosphere, respectively (Figure 2a). On sol 607 (Fig-
ure 5, left), as well as on the vast majority of the sols on which we have calculated the SEB, the most relevant
aspects are that LW/ (yellow line) presents relative errors >100% between 11 a.m. and noon (gray-shaded
rectangle) and that the diurnal variation in LW shows an unexpected local maximum in the 7-10 LMST
period. As explained in Section 5.1, we attribute this “am” peak to uncertainties arising from assuming a
homogeneous soil.

To provide a broader context for the obtained uncertainties, we show in Figure 6 seasonal averages of the
hourly relative error in the various terms of the surface energy budget. Relative errors in SW| (Figure 6a)
and SW1 (Figure 6b) stay below 8% and 21%, respectively. The relative error in LW1 presents a strong di-
urnal variation (Figure 6c), with largest values occurring at the coldest temperatures (nighttime hours in
northern spring and summer) due to electronic noise in the GTS. The relative error in G (Figure 6d) is ~20%,
regardless of the season and time of the day, except for the peaks in the 06:00-07:00 and 16:00-17:00 periods
due to G values being close to 0 W/m?2

Among all the SEB terms, LW| presents the largest relative error (Figure 6e) because it is calculated by
quadratically adding the uncertainties in each of the other terms (Equation 8). This results in relative errors
>100% around noon during most of the year, except during the northern fall (yellow line) when atmospher-
ic temperatures are highest (Figure 2f) and atmospheric dust contents are largest (Figure 2a).
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Figure 6. Seasonal average of the hourly relative error of the various terms of the surface energy budget. The gray-
shaded box in (e) highlights the hours in which the relative error in LW is >100% (y-axis in log scale).

4. Interannual, Seasonal, and Diurnal Variation of the SEB

In this section, we analyze the variation of each term of the SEB from diurnal to interannual timescales. We
use the environmental conditions measured at Gale (Figure 2) as a reference to understand the processes
causing such variations.

4.1. Shortwave Flux

The interannual and seasonal evolution of SW| is shown in Figure 7a. While, during the aphelion season
(Ls = 0°-180°), the interannual variability is small, it significantly increases during the perihelion season
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(Ls = 180°-360°) following interannual changes in dust opacity (Figure 2a). The most extreme example is
the MY 34 global dust storm, when the maximum SW| flux was reduced by about 90% compared to previous
years (Figure 7a, purple squares at Ls ~ 195°). In addition to global dust storms, periods of enhanced dust
activity occurring every year between Ls 150° and 170°, 210° and 240°, and 320° and 340° (Figure 2a) caused
significant interannual variability in the maximum SW| flux (Figure 7a).

The seasonal variation in the maximum SW| flux is modest at the near-equatorial latitude of Gale crater
(4.6°S), having changes with respect to the annual mean below 20% except in MY 34 (Figure 7a). The annu-
al minimum occurs at Ls ~ 90° between the time of the minimum at the top of the atmosphere (Ls ~ 82°;
not shown) and the annual minimum in atmospheric dust opacity (Ls ~ 125°; Figure 2a), while the annual
maximum occurs at Ls ~ 200°, prior to the peak at the top of the atmosphere (at Ls ~ 230°; not shown) and
while atmospheric dust opacities are still relatively low (Figure 2a).

The diurnal variation of SW| is shown in Figure 7b, where colored lines representing seasonal hourly
averages were added for reference. The daily maximum SW| does not always occur at noon because the
differences between LMST and Local True Solar Time present seasonal variations, with maximum values
occurring between Ls 270° and 360° (when noon occurs up to 50 min after 12:00 LMST; blue colors) and
minimum values between Ls 90° and 180° (when noon occurs up to 40 min before 12:00 LMST; green
colors). In addition, diurnal variations in dust opacity and rover tilt can also lead to asymmetric variations
in the solar flux with respect to 12:00 LMST. These three factors explain higher afternoon values during
Southern summer (blue colors) and higher morning values during Southern winter (green colors).

The interannual and seasonal evolution of SW1 is shown in Figure 7c, while its diurnal evolution is shown
in Figure 7d. Following strong sol-to-sol variations in albedo (Figure 4, top), the interannual and sol-to-
sol variability in SW1 (Figure 7c) is significantly larger than that in SW| (Figure 7a). Also, the seasonal
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variation of the daily maximum SW1 flux is larger than that of SW|,
having changes with respect to the annual mean up to ~35% (vs. ~20%
for SW|). This is because, on average, both the albedo and SW| fluxes
are larger during the perihelion than during the aphelion season. Under-
standing seasonal changes in albedo is outside the scope of this article,
but some discussion is provided in Section 5.

4.2. Longwave Flux

The downwelling atmospheric LW flux at the Martian surface depends
on the vertical profiles of dust and temperature in a rather complex
fashion (Savijdrvi, 2014). Unfortunately, such profiles cannot be meas-
ured by Curiosity. Therefore, we use measured column abundances of
dust and near-surface air temperatures at 1.6 m (Figures 2a and 2f) for
comparisons.

The interannual and seasonal variability of the daily mean LW| is shown
in Figure 8a. To facilitate comparisons, Figure 8b shows dust opacity
values as in Figure 2a, but with the y-axis range set between 0 and 2 to
magnify variations outside MY 34. The daily mean LW/ is only shown for
sols with full diurnal coverage. We note that hourly values of LW| were
obtained from Equation 8, and therefore its temporal coverage is limited
by that of each of the other SEB terms.

Although the interannual variability of the daily mean LW/ cannot be
assessed with enough confidence for the entire aphelion season (Ls = 0°-
180°), it is small when there is interannual overlap of LW] data in Ls
(Figure 8a). During the perihelion season, when the temporal coverage is
richer, the interannual variability is greater as it is significantly affected
by changes in atmospheric dust abundances. In fact, each relative max-
imum of opacity (Ls ~195° and ~325° in MY 34; Ls ~235° and ~325° in
MY 33; Ls ~225°, ~265°, and ~335° in MY 32; and ~320° in MY 31; Fig-
ure 8b) coincided with a relative maximum of the daily mean LW| (Fig-
ure 8a), provided that there is a temporal overlap between both quantities
(which occurs for each opacity peak except for those at Ls ~325° in MY
33 and at Ls ~335° in MY 32). In MY 31, the sparse coverage complicates
assessments of the correlation between both quantities.

Interestingly, while dust opacity is slightly declining each MY between
90° and Ls~135° (Figure 8b), the daily mean LW appears to increase
slightly from Ls~90° in MYs 32 and 33 (Figure 8a). Therefore, changes in
dust opacity drive variations in the daily mean LW| only during the peri-
helion season, while changes in daily mean near-surface air temperature
values (Figure 2f), with an annual minimum at Ls~90°, seem to be more
correlated with variations in the daily mean LW| during the aphelion
season. Given uncertainties in daytime LW| values (Figure 6¢e), we have
calculated nighttime to check the robustness of this correlation. We ob-
tained the same temporal pattern, with daily and nighttime LW| means
showing peaks at the same Ls.

The diurnal variation in LW| is shown in Figure 9 and presents two lo-
cal maxima, with a first peak in the 7-10 LMST period and a second in
the 15-19 LMST period. This behavior is completely unexpected, as nu-
merical models such as the SCM and THM or the Mars Climate Data-
base (MCD) (Forget et al., 1999; Madeleine et al., 2011) built using the
LMD Martian Atmospheric General Circulation Model predict only the
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Figure 10. (a) Interannual and seasonal variation of the daily maximum, mean, and minimum LW flux during the first 2500 sols of the Mars Science
Laboratory mission. (b) Diurnal variation of LW1 as a function of Local Mean Solar Time using color code for Ls. For reference, the thick, colored lines
represent seasonal hourly averages of the LW1 flux.

15-19 LMST peak following dust emission from the Sun-heated late afternoon air column (e.g., Savijarvi
et al., 2020). While the 7-10 LMST peak in LW] may be due to its large relative error (~20%-100% de-
pending on Ls; Figure 6d), the two maxima exist for the vast majority of the sols, regardless of the season,
environmental conditions, and types of terrains traversed by the Curiosity rover. This led us to assess the
consistency between our results and those obtained from numerical models. Analyses of this assessment
are presented in Section 5.1 and indicate that the 7-10 LMST peak likely arises from the assumption of a
homogeneous soil, in addition to the uncertainties already accounted for in LW |.

The interannual and seasonal variability of the daily maximum, mean, and minimum LW? is shown in
Figure 10a and follows changes in ground temperature (Figure 2e) by definition (LW1 = sng“). Outside the
global dust storm in MY 34 (purple squares), interannual variations are modest over all Ls. An exception to
this occurred in MY 33 (yellow squares) between Ls 120° and 180°, when the daily maximum (minimum)
was consistently lower (higher) than in other MYs, and between Ls 210° and 330°, when the daily maximum
(minimum) was consistently higher (lower). This behavior was caused by relatively higher (Ls 120°-180°)
and lower (Ls 210°-330°) values of thermal inertia compared to other MYs (Figure 4b), causing daily max-
imum (minimum) ground temperatures in MY 33 between Ls 120° and 180° to be colder (warmer) than in
other MYs, and between Ls 210° and 330° to be warmer (colder) than in other MYs.

As for the ground temperature (Figure 2e), the seasonal variation in the daily maximum, mean, and mini-
mum LW1 flux is modest at the near-equatorial latitude of Gale, with an annual maximum at Ls~210° and
an annual minimum at Ls~85° (Figure 10a). Note that these annual peaks are almost contemporaneous to
those in SW, which occur at Ls~200° and 90°, respectively (Figure 7a).

Figure 10b shows the diurnal variability of LW1, with maxima at 13 LMST in Ls 90°-270° (green and tur-
quoise lines) and at 14 LMST in Ls 270°-90° (blue and red lines), and with minima at 5 a.m. in Ls 90°-270°,
and at 6 a.m. in Ls 270°-90°. The diurnal maximum is roughly achieved one hour later than that in SW|,
while the diurnal minimum coincides with sunrise (Figure 7b).

4.3. Ground Heat Flux

The interannual and seasonal variability of the daily maximum, mean, and minimum G values is shown
in Figures 11a. When averaged over a full diurnal cycle, the daily mean ground heat flux is close to zero
throughout the year, although it slightly presents negative values in Ls~30°-120°, with a minimum
of ~ -5 W/m? at Ls~90°, and slightly positive values the rest of the year, with a maximum of 18 W/m? at Ls
~ 210°. Outside the global dust storm in MY 34, interannual and seasonal variations in G are modest as a
function of Ls and are primarily caused by changes in thermal inertia.

Figure 11b shows the diurnal variability of G, with maxima at 9 LMST in Ls 90°-270° (green and turquoise
lines) and at 11 LMST in Ls 270°-90° (blue and red lines). Therefore, the ground heat flux peaks, on average,
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Figure 11. (a) Interannual and seasonal variation of the daily maximum, mean, and minimum ground heat flux during the first 2500 sols of the Mars Science
Laboratory mission. (b) Diurnal variation of the ground heat flux as a function of Local Mean Solar Time using color code for Ls. For reference, the thick-
colored lines represent seasonal hourly averages of (g)

four hours prior to the ground temperature between Ls 90° and 270° and three hours before between Ls
270° and 90° (Figure 10b). Then, the ground heat flux turns negative (conduction from the subsurface up
to the surface) from ~15.30 to ~06:00 LMST in Ls 90°-270° and from ~16:30 LMST to ~07:00 LMST in Ls
270°-90°, stabilizing the shallow subsurface layer at diurnal timescales.

The net heat flux available for conduction into the soil determines the thermal environment in the shallow
subsurface, and therefore accurate values of G are critical to simulate subsurface temperatures. As an ex-
ample, Figure 12 shows the diurnal evolution of subsurface temperatures on sols 124 (solid lines) and 534
(dashed lines), corresponding, respectively, to time periods with annual warmest (Ls = 224°) and coldest
(Ls = 85°) daily mean ground temperatures (Figure 2f), and with extreme values of thermal inertia (560
and 180 SI units; Figure 4b). To show the diurnal amplitude at the surface, subsurface profiles are plotted,
among others, at the coldest (05:00; blue) and warmest (13:00; red) times of these sols. Note that larger ther-
mal inertia values result in deeper penetration depths and lower diurnal amplitudes at the surface. These
results are relevant for Curiosity's drill samples, which come from a depth of 2-6 cm (Vaniman et al., 2018),
and to further assess the potential for brine formation (Rivera-Valentin et al., 2018) and habitability of the
subsurface of Gale (Rivera-Valentin et al., 2020).

4.4. Sensible Heat Flux

The interannual and seasonal variability of the daily maximum, mean,
and minimum TF is shown in Figure 13a. Given low values of atmos-

0 =T =
Sol 534
-0.05 T %0
g 0l
5
[=%
A -0.15
00:00 ——
02 0500 —
13:00 ——
19:00
025 :

—= pheric density (Figure 2d), daily maximum values of TF are at least one
order of magnitude lower than those of the other SEB terms (except for
LF). The sol-to-sol variability in the daily maximum TF is strong through
its dependence on T-T, (Equation 6), which in turn depends on the sol-
to-sol variability in the geophysical properties of the terrain (e.g., thermal
/ 1 inertia; Figure 4b) and dust opacity (Figure 2a).

Sol 124

1=560 | The diurnal variation in TF is shown in Figure 13b, with positive val-
ues between sunrise and sunset when Tg >T, and negative values at

“170 180 190 200 210 220 230 240 250 260 270 280

nighttime following the development of a thermal inversion (T, > T,) in

Temperature (K) the first meters of the atmosphere (Savijdrvi and Kauhanen, 2008; Smith

et al., 2004). TF daytime values are significantly larger than nighttime

Figure 12. Shallow subsurface temperature profiles on sols 124 (solid
lines) and 534 (dashed lines). These two sols correspond to extreme
scenarios with the annual warmest and coldest daily mean ground
temperatures (Ls = 224° and Ls = 85°), and relatively large and low
thermal inertia values (560 and 185 SI), respectively.

values due to larger thermal gradients in the first 1.6 m, with annual av-
erage values of +25 K near noon versus —5 K through nighttime (Fig-
ures 2e and 2f).
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Figure 13. (a) Interannual and seasonal variation of the daily maximum, mean, and minimum sensible heat flux during the first 2500 sols of the MSL mission.
(b) Diurnal variation of the sensible heat flux as a function of Local Mean Solar Time using color code for Ls. For reference, the thick, colored lines represent
seasonal hourly averages of TF.

Interestingly, seasonal averages of TF, represented by the colored solid lines in Figure 13b, show larger
near-noon values between Ls 270° and 90° (red and blue lines) than between Ls 90° and 270° (green and
turquoise lines). This behavior is caused by strong seasonal variations in air density, with larger values in
Ls 270°-90° than elsewhere in the year (Equation 6 and Figure 2d). Although not shown here, near-noon
measured (Tg - T,)) and simulated U, do not show a marked seasonal variation and therefore do not signif-
icantly affect seasonal variations in TF. A more in-depth discussion of TF and its variability on different
timescales in relation to convective activity over Curiosity rover's traverse is presented in Section 5.2.

5. Discussion
5.1. Consistency Assessment With Modeling

The unexpected diurnal peak in LW in the 7-10 LMST period (Figure 9), which is not predicted by numer-
ical models, led us to assess the consistency between our results and those obtained from SCM and THM.
We choose results from sol 895 (Ls ~ 289°) to establish comparisons between our results and models. On
other sols, analyses of these comparisons yielded similar conclusions, both qualitatively and quantitatively.

Starting with comparisons between models, ground heat fluxes (and thus the SEB terms on the right-hand
side of Equation 1) simulated by SCM and THM are in very good agreement when the parameters used
to initialize both models are the same (e.g., column opacity, albedo, or thermal inertia). As an example,
Figure 14a shows that maximum departures between the two models on sol 895 range between ~5 W/m?
during nighttime (i.e., relative differences <~10%) and ~10 W/m? during daytime (i.e., relative differences
<~6%). Thus, we only show SCM-derived values in the remainder of this section.

Figure 14b shows the observed (red) and SCM-simulated (black line) ground temperature on this sol. While
SCM provides a very good match to observed T, in early a.m., near noon and late p.m. local times, it under-
estimates Tg after sunrise and before sunset (similar to THM; see Figure 14 in Vasavada et al., 2017). This
behavior is key to understand Figure 14c, which shows the SEB as obtained in this article (colored symbols)
and as simulated by SCM (colored lines).

Within uncertainties, SW| (brown) and SW1 (blue) are in very good agreement. Since the rover deck was
tilted (~8°) roughly toward the North (pointing azimuth = —3.58°, with 0° indicating North), REMS/
UVS-derived SW| fluxes are slightly lower than those simulated on a flat surface throughout the sol. Of
most importance, the largest departures are found in LWt (:ach“; purple), G (gray), and LW/ (yellow)
during the periods in which SCM underestimates T, (after sunrise and before sunset). In particular, the
largest relative departures are found in LW | because SCM does not predict the “a.m” peak after sunrise and
because the simulated “p.m” peak is lower than in our results. We note that the same behavior is found in
simulations performed with THM and results from MCD.
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Figure 14. (a) Ground heat flux values on sol 895 (Ls ~ 289°) obtained from ground temperature measurements as
described in Section 3.2 of the manuscript (red) and simulated by SCM (black line) and THM (gray line). Both models
were run using values of column opacity = 0.9, albedo = 0.25, thermal inertia = 380 SI, pc = 1.2 X 106 Jm—3K~?, and
surface emissivity = 0.98. (b) Observed (red) and SCM-simulated (black) ground temperature values on sol 895. (c)
Surface energy budget on the same sol obtained as described in Section 3 (symbols) and simulated by SCM (lines).

After careful considerations, including further comparisons on other sols with variations in Ls, column
opacity, rover tilt, rover pointing azimuth, albedo, and thermal inertia values [e.g., sols 30-37 (Bradbury),
125, 191, 391, 530, 770, 1130 (Stimson), 1222 (Namib dune)], we concluded that our results for G (and
thus LW) are likely affected by the assumption of a homogeneous soil (Equation 2). We have reached
this conclusion because: (1) REMS/UVS-derived and modeled SW fluxes are generally in good agreement,
(2) we have run SCM and THM under different configurations (including enhanced near-surface dust in
a.m. hours) and analyzed results from MCD using different “dust scenarios,” but these models could not
simulate this peak based on first principles, and (3) surfaces with lateral or vertical variations in thermal
inertia exhibit distinct phasing at the times of most rapid warming/cooling, coinciding with the periods
when observed and SCM-simulated ground temperature depart (Figure 14b). In fact, using THM, Vasavada
et al. (2017) showed that the match between observed and simulated T, values could be improved after sun-
rise and before sunset (Section 5 of that article) when a heterogeneous soil was considered.

Therefore, the most likely scenario is that our results for G (and thus LW|) are affected after sunrise and
before sunset by the assumption of a homogeneous soil, which would explain the unexpected “a.m” peak
and the “too-large-pm” peak in LW| (Figure 9). Finally, we note that to quantify uncertainties derived from
assuming a heterogeneous soil in a systematized, hourly fashion, heterogeneities in the field of view of the
REMS/GTS would need to be inspected visually, sol by sol, across Curiosity's traverse. Thus, this is left as
future work.
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Figure 15 shows seasonally averaged hourly values of the surface ener-
gy budget in the northern Fall (Ls 180°-270°, solid lines) and Spring (Ls
0°-90°, dashed lines), corresponding to the dustiest and warmest, and
clearest and coldest seasons at Gale, respectively (Figures 2a and 2e). Re-
gardless of the season, the downwelling solar flux (brown) is the primary
surface forcing (positive values), showing a modest seasonal variation
given the near-equatorial latitude of Gale. The atmospheric LW radiative
forcing (yellow) is typically one order of magnitude lower than the solar
forcing, and during the dustiest season (solid line), it shows values twice
as large as during the clearest season (dashed line). The surface upwelling

Lz 15 LS il 24 LW flux (purple) is smaller than the downwelling solar flux, but still of

LMST (h) the same order of magnitude, while the reflected solar radiation (light

blue) is one order of magnitude smaller, given albedo values (Figure 4a).

Figure 15. Diurnal variation of the seasonally averaged surface energy

budget at Gale in the northern Fall (Ls 180°~270, solid lines) and Spring The combination of these four terms (up- and downwelling SW and LW
(Ls 0°-90, dashed lines). Given relatively low values of TF (green line) and ~ fluxes) comprises the net radiative forcing of the surface (R, = SWi(1
LF (not shown) as compared to other surface energy budget terms, the - a) + LW| - LW?). Because the latent heat flux (not shown) and the

Martian surface energy budget is almost purely radiatively driven.

sensible heat flux (green) contribute the least to the SEB due to, respec-
tively, the low water content and low density of the Martian atmosphere
(Figures 2h and 2d), the ground heat flux (gray) virtually accounts for the
entire net radiative forcing. Specifically, whereas on a clear day over land on Earth, the ground heat flux is
around 10% of the net radiative forcing during daytime, and around 50% at night (Stull, 2012), at Gale the
estimated ground heat flux is ~95% of the net radiative forcing during the daytime, and around 99% at night,
with TF accounting for the remainder. Hourly values of each term of the SEB, except for LF, are available in
the repository of the Lunar and Planetary Institute as indicated in the acknowledgments.

5.3. Open Questions
5.3.1. Seasonal Variability of Albedo

Albedo values shown in Figure 4 were derived indirectly by fitting the diurnal temperature curve using the
methods and model described in Vasavada et al. (2017). Interestingly, these values peak between Ls ~ 210°
and 270° every MY, coincident with the peak in aerosol opacity (Figure 2a). One explanation is that a dust
coating temporarily brightens surfaces within Gale during this season. Albedo measurements of other re-
gions of Mars from orbit have noted significant, transient increases in albedo tied to settling of atmospheric
dust (Szwast et al., 2006). Without an independent measurement of albedo at solar wavelengths, however,
we are unable to rule out a deficiency in the modeling approach (e.g., incompletely accounting for suspend-
ed dust) as the cause of the seasonal peak. Additional analyses of the rover's observations (e.g., examining
imaging to infer the variation of dust cover) and modeling approach would be required to fully understand
the causes of the seasonal peak.

At other landing sites, the albedo has been inferred from radiometric analyses of images taken by rovers
and landers (Bell et al., 2008; Smith et al., 2009), but not in a continuous fashion that would allow analyses
of its seasonal variation. The Mars Environmental Dynamics Analyzer (MEDA) onboard the Mars 2020
Perseverance rover is the first instrument to directly measure the incoming and reflected solar radiation
on the surface of Mars, allowing direct calculations of the Lambertian albedo and its variations at different
timescales (Rodriguez-Manfredi et al., 2020; Sebastian et al., 2020). Given the geometric characteristics of
the MEDA instrument and the variations in the slope of the terrain to be traversed by the Perseverance
rover, the solar radiation will be measured for a variety of incoming and reflected pairs of angles, allowing
the Lambertian assumption to be tested.

5.3.2. Relation Between Sensible Heat Flux and Convective Vortex Activity

Convective vortices occur when buoyantly unstable vertical atmospheric temperature gradients develop
near the surface-atmosphere interface of a planetary body. Across Curiosity's traverse, convective vortices
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have been inferred from short-lived pressure drops (of the order of tens of seconds) measured by the REMS
pressure sensor (Kahanpéi et al., 2016; Newman et al., 2019; Ordénez-Etxeberria et al., 2018, 2020; Steakley
and Murphy, 2016). Occasionally, dust devils (i.e., convective vortices containing dust) have been imaged by
the Mastcam and Navcam instruments (Newman et al., 2019).

Understanding the formation of convective vortices is important because dust devils are thought to be one
of the primary phenomena injecting dust into the Martian atmosphere (Basu et al., 2004; Ferri et al., 2003;
Kahre et al., 2006). Renno et al. (1998) developed a simple theory to model dust devils through a parameter
referred to as “dust devil activity” (DDA), which depends on the product of TF with the vertical thermo-
dynamic efficiency of the atmosphere (the latter depending on the thickness of the Planetary Boundary
Layer).

Using MarsWRF run at a grid spacing of ~1.4 km, combined with the theory described in Renno et al. (1998),
Newman et al. (2019) predicted that greater DDA in MY 33 and 34 as the rover climbed Mons Aeolis was
caused primarily by increased (simulated) TF, rather than by increased (simulated) vertical thermodynam-
ic efficiency, with thermal inertia changes over the mission being a secondary effect. Alternatively, Or-
donez-Etxeberria et al. (2020) suggested that the observed increase in pressure drops over the first 2224 sols
of the mission (MY 34 and Ls 284°) to either lower thermal inertia favoring larger daytime surface-to-air
temperature differences (resulting in larger TF) or to larger thermodynamic efficiencies (i.e., PBL heights).

In the light of new TF values obtained in Section 4 using REMS measurements, in combination with new
pressure drops measured by REMS during through sol 2500, we assess below the role of TF, (Tg-Ta), and ther-
mal inertia in the development of convective vortices as measured by REMS. Figure 16a shows the temporal
coverage of pressure drops as a function of sol number and LMST, with color code used for Ls and bubbles
of different sizes used for the intensity of such pressure drops. Figures16b-16d show, respectively, contem-
poraneous values of TF, Tg—Ta, and thermal inertia as a function of sol number, with color code used for MY.
Interestingly, there is no clear correlation between TF and the number and intensity of convective pressure
drops. While in MY 33 and 34 between Ls~270° and 315°, the number and intensity of convective pressure
drops peaked (shaded area in Figure 16a), the corresponding TF and Tg-Ta (and thermal inertia) were not
significantly larger (lower) than in previous MYs in other Ls periods (shaded area in Figures 16b-16d).

Therefore, increases in vortex activity as measured by REMS cannot be explained only by enhanced TF val-
ues (nor by increases in T, T, following a reduction in thermal inertia). This suggests that increases in ther-
modynamical efficiency (PBL thickening) as the rover ascends Aeolis Mons might play an important role
in the development of vortices. We note, though, that TF values obtained in this article are “local,” as they
have been calculated using thermal inertia and ground temperature values representative of the REMS/GTS
field of view, whereas those in Newman et al. (2019) were obtained at larger spatial scales using thermal
inertia values derived from orbital data sets and may be more representative of the wider region over which
vortices detected by REMS were generated.

In future work, we plan to compare the results shown here with those presented in Newman et al. (2019) to
understand discrepancies in correlations between DDA (through pressure drops) and TF values originated
by the use of different spatial scales. Given the far greater importance of radiative versus sensible heating on
Mars compared to Earth (for which the DDA theory was developed), work is also ongoing to include this ef-
fect into the DDA calculations. However, it should be noted that the relative contribution of radiative versus
sensible heating to the surface energy balance is not representative of the relative contribution to heating
of the near-surface atmospheric layer responsible for driving convective vortex formation. Indeed, recent
calculations show that the sensible heat contribution to atmospheric heating of the lowest tens of meters of
the atmosphere is between 40% and 50% that of LW heating, with the vast majority of the upward LW heat
flux from the surface passing through this atmospheric region unabsorbed (Wu et al., 2021).

Furthermore, we plan to analyze our results and pressure drops in relation to those obtained by the InSight
mission (Spiga et al., 2020), based on which the vortex encounters were much more correlated with the
ambient wind speed (they were advected) than with local values of sensible heat flux and surface-to-atmos-
phere temperature gradients (Spiga et al., 2020). This was potentially an “observer effect” in which more
vortices were simply advected over the pressure sensor per hour when wind speeds increased.
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Figure 16. Relation between pressure drops and sensible heat flux as measured by MSL REMS sensors. (a) Daytime
pressure drops detected by the REMS instrument as a function of MSL sol (x-axis) and LMST (y-axis). The size of each
bubble corresponds to the intensity of the pressure drop. Solar longitudes are given with a color code as described by
the color bar. The shaded area indicates the time periods with the largest number and intensity of convective pressure
drops. Data described in Ordofiez-Etxeberria et al. (2020). (b-d) Sol-to-sol evolution of TF, Tg—Ta, and thermal inertia, as
a function of sol number, with color code used for MYs 31-35, left to right.
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6. Summary and Conclusions

We have used environmental measurements from the REMS and Mastcam instruments to obtain the sur-
face energy budget across Curiosity's traverse during the first 2500 sols (3.7 MYs) of the MSL mission. First-
of-their-kind measurements from MSL, in combination with its unprecedented duration and data measur-
ing and storage capabilities, allow for the analyses of the surface energy budget from interannual to diurnal
timescales, far exceeding the capabilities of predecessor missions on Mars.

From general to particular, the main conclusions of this article are:

1.

Since the latent (<0.1 W/m?) and sensible (<30 W/m?) heat fluxes present the lowest values among the
SEB terms due to the low water content (q, ~ 10~*) and thin Martian atmosphere (p, ~ 1072 kg m~3), the
ground heat flux G virtually accounts for the entire net radiative forcing (R, = SW{(1 - o) + LW] -
LW1) at Gale. Specifically, the ground heat flux is ~95% of the net radiative forcing during daytime and
around 99% during nighttime, regardless of the season.

SW| is the primary surface forcing (daily maximum ~500 W/m?), presenting a modest seasonal varia-
tion (<20%), given the near-equatorial latitude of Gale (4.5°S). LW| is typically one order of magnitude
lower than the solar forcing, and during the dusty season (Ls = 180°-360°), it shows values twice as large
as during the clear season (Ls = 0°-180°). An exception to this occurred during the MY34 global dust
storm, when LW became the primary surface forcing.

While the interannual evolution of SW| and LW/ is small during the aphelion season (Ls = 0°-180°), it
significantly increases during the perihelion season (Ls = 180°-360°) following interannual changes in
dust opacity. The most extreme example is the MY 34 global dust storm, when the maximum SW| flux
was reduced by about 90% and the maximum LW/ flux was increased by about 100%, as compared to
previous years.

Changes in dust opacity drive variations in the daily mean LW| during the perihelion season, when each
relative maximum of opacity coincides with a relative maximum of the daily mean LW, provided that
there is a temporal overlap between both quantities. During the aphelion season, changes in daily mean
near-surface air temperature values, with an annual minimum at Ls ~ 90°, seem to be more correlated
with variations in the daily mean LW|.

The assumption of a homogeneous soil most likely affected our results for G and LW| at local times after
sunrise and before sunset. This would explain the unexpected “a.m” peak and the “too-large-pm” peak
in LW| (Figure 9). This is because surfaces with lateral or vertical variations in thermal inertia exhibit
distinct phasing at the times of most rapid warming and cooling, coinciding with the periods when ob-
served and SCM-simulated ground temperature present significant departures.

The interannual and seasonal variability of the ground heat flux is modest through Ls, and it is primarily
caused by changes in thermal inertia.

The diurnal variation in sensible heat flux is mainly governed by changes in T,-T,, while the seasonal
variation is governed by changes in atmospheric density. Moreover, the sol-to-sol variability in the daily
maximum TF is strong through its dependence on T-T,, which in turn depends on the sol-to-sol varia-
bility in the geophysical properties of the terrain (e.g., thermal inertia) and dust opacity.

As open questions left for future study, we plan to assess: (a) the seasonal evolution of surface albedo,
based on which values peak between Ls ~ 210° and 270° every MY, coincident with the peak in aerosol
opacity; and (b) the lack of correlation between sensible heat fluxes and pressure drops, based on which
increases in vortex activity as measured by REMS cannot be explained only by enhanced TF values (nor
by increases in T,-T, following a reduction in thermal inertia). This suggests that increases in thermody-
namical efficiency (PBL thickening) as the rover ascends Aeolis Mons might play an important role in
the development of vortices.
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