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ABSTRACT

Because of the high amount of dust in the Martian atmosphere, solar panels of landers and rovers on Mars get covered by dust in the course of their mission.
This accumulation significantly decreases the available power over sols. During some missions, winds were able to blow the dust away. These "dust cleaning
events", as they are called, were followed by an increase of the electrical current produced by the solar arrays. However, the Insight Lander solar panels were
never cleaned and the mission died of dust accumulation. In order to better predict the evolution of available power produced by solar panels in the Martian
conditions, this paper proposes a model of dust accumulation in which the solar flux under the accumulated dust layer is computed taking into account a full
radiative transfer in the atmosphere and in the dust layer accumulated on the panel. This work uses several missions observation data to validate this model.

1. Introduction

Knowing the amount of available electrical power produced by solar
panels for future missions on Mars is mandatory to prepare as best as
possible the operations. Several studies have already been conduced to
model the effect of dust accumulation on solar panels. Some predict
the fraction of solar flux reaching the panel and actually producing
the electrical current, as it is done in Landis (1996) and Landis and
Jenkins (2000), using single scattering theory and assuming a constant
dust opacity of the accumulated dust layer to calculate this fraction.
Other studies use a semi-empirical model, like in Johnson et al. (2003),
using Mars Pathfinder data, where the dust accumulation is tracked
studying the discrepancy between the radio-metric calibration targets
(RCT) reflectance model and the images acquired by the Imager for
Mars Pathfinder (IMP) camera during the mission. Crisp et al. (2004)
gives a comparison between a model not taking into account the dust
accumulation and the Pathfinder observations affected by the dust
deposition on the panel. The model calculates the solar irradiance at the
surface and compares it to the available current, deducing the evolution
of the fractional power loss along time. This fractional loss is calculated
totally differently in Tanabe (2008) using a theoretical model, assuming
this loss as equal to the surface coverage and considering the adsorption
and desorption of airborne dust particles on solar cell surface. Finally,
one of the most accurate model to describe the power attenuation of
solar panels due to dust accumulation so far seems to be the empirical
one described in Lorenz et al. (2020) which considers a simple atten-
uation factor of 0.28%/sol. To first order, this model seems to fit well
with the measurements done by the solar arrays of Insight.
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This paper presents a new tool that provides a good approximation
of the power loss due to dust accumulation on flat or inclined surfaces,
such as solar panels. This tool was included into the LMD Mars 1D
thermal model, referred further as LMD1D model.

This 1D model is derived from the 3D General Circulation Model,
the Mars PCM, described in Forget et al. (1999). It predicts an accu-
rate estimation of the downward thermal infrared radiation, ground
temperature, near surface air temperature and shortwave radiation on
Mars. It was developed on the basis of various parametrizations of
thermal and radiative processes. It uses 2-stream multiple scattering
radiative transfer scheme described in Toon et al. (1989), for both the
atmosphere and the accumulated dust layer.

2. Design of dust accumulation model
2.1. Dust deposition rate

To estimate the amount of dust accumulated on a surface, one must
know the rate at which the dust accumulates on solar panels. The dust
deposition rate Ry (in kg m~2 s71) is computed as follows:

Raust = mmr X py X Wy (€D)]

with mmr the mass mixing ratio of the dust near the surface, pa the air
density and W, the mean speed at which the dust falls. The latter is
computed with the formula from Rossow (1978):

208 > 4 T
w, = 1+p=a—— 2
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with p the dust density, u the air molecular viscosity, g the acceleration
of gravity, # a coefficient to take into account non-sphericity of dust
particle, a(T/P,,s) the gas mean free path, ryq = reg(l + veg)? the
average particle radius for sphericity (deduced from the dust distri-
bution effective radius r. and the effective variance of the dust size
distribution v.g). All these parameters play a key role in the dust
deposition, especially # and r.; which significantly affect the amount
of deposited dust in a given amount of time. f is the one with the most
incertitude and can be tuned to fit the observations. The values for
dust properties (rq, vegr) are given and discussed in Wolff et al. (2009).
These parameters are set to the following values:

p =2500 kg m™>

u=10"7Pas
g=372ms2
p=05

a=1610"5 mPaK!
Fege = 2.0 107°m

Veff = 0.5

We assume that the dust is well mixed in the atmosphere. This
is probably true in the Planetary Boundary Layer where the bulk
of the dust loading is. Thus, we can assume that the near surface
dust mass mixing ratio is a function of the column dust opacity = of
the atmosphere, the single scattering extinction coefficient at visible
wavelengths Q.,; = 2.4 and the surface pressure Py
_ 4 preT g

mmr =
3 Qext Pourt

3

Consequently, a good estimation of the dust opacity in the atmo-
sphere is essential to know the amount of dust accumulated on the solar
panels. This is why full dust scenarios were added to the LMD1D model.
These scenarios, one for each Martian Year (MY) from MY24 to MY35
(described in Montabone et al. (2015) and Montabone et al. (2020)),
are based on observations from April 1999 to today and contain daily
values (over 669 sols of a Martian year) of infrared (9.3 pm) absorption
column dust optical depth at 610Pa, with a horizontal resolution of 5°
in longitude x 5° in latitude. This opacity is converted to the extinction
optical depth in the visible (0.67 pm) and is used in Eq. (3). The
conversion coefficients values are discussed in Smith (2004) and Wolff
and Clancy (2003).

{ Text(9.3 pm) = 1.3 X 7,4,5(9.3 pm) @

Text(0.67 pm) = 2 X 75,(9.3 pm)

At each time step, the dust deposition rate is integrated in time to
calculate the total mass of dust which has been accumulated since the
beginning of the run:

t
Mdust(t)=/ Rdust(t/)dt, (5)
0

2.2. Radiative transfer in the accumulated dust layer

In order to calculate the radiative transfer in the dust layer, we
use the same model than the one used for the atmosphere, ie. the 2-
stream multiple scattering scheme, presented in Toon et al. (1989).
Once the attenuation due to the atmosphere has been calculated and
the inclination of the slope has been taken into account (see Spiga and
Forget (2008) for details on the method), we use the incident solar
flux ®jpeigen: (in W m~2) on the top of the accumulated dust layer
that results from this attenuation of the atmosphere to calculate the
solar flux under the dust layer @p,,q (in W m~2). This incident solar
flux, @;,cigent>» depends on location, time, as well as the tilt angle and
orientation of the slope. Kerr et al. (2023) demonstrate that this flux
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can be optimized at specific locations to maximize the energy received
by the solar panels during one Martian year.

The model used to calculate the attenuation by the accumulated
dust layer takes as inputs the single scattering albedo of dust particle @
to know the fraction of light scattered by the individual dust particles,
the asymmetry parameter of the dust gy, which characterizes the
direction where the light will be scattered, the cosine of the solar zenith
angle yg on the slope, the albedo of the solar panel a and the dust
optical depth of the accumulated dust which has been deposited on the
solar panel 7,... This last input is calculated as follows:
_ 3Mdusthxt

T =
acc
4prace

(6)

where r,.. is the effective radius of the dust particles deposited on
the panel, which differs from the one in the atmosphere because of
the aggregation of the dust particles accumulating on the solar panel.
This is a poor man’s way of solving the radiative transfer through dust
particles in contact on the solar panel but using the same radiative
transfer model than the one used in the atmosphere for a population
of aerosols. A similar model was developed by Kinch et al. (2007) to
derive the dust deposition rate at the Spirit and Opportunity locations
by analyzing calibration data from the PANCAM instrument of the MER
mission. However, the radiative transfer model used did not account for
angle-dependent parameters such as dust grain scattering functions or
opposition effect parameters, and relied only on a diffusive reflectance
two-layer radiative transfer model. The value of the parameter r,.. is
studied in Landis et al. (2006) and will be discussed in the next section.
The other parameters are set as follows:

w=0.8
Zdust = 0.7
a=0.25

As mentioned above, Q. was set to 2.4 as estimated for the Martian
airborne dust. The value of Q,,, could be different for larger aggregate
of particles, and with a wide size distribution. In theory Q.,; could thus
be closer to 2, the expected value for large particle in geometric optic.
Estimating its real value is out of the scope of our study, and we can
consider that varying the effective radius in Eq. (6) also account for the
possible changes in Q.,; for the deposited dust.

The parameter y, is computed using the following equation:

s = max[0, uy cos(6) + /1 — /4(2) sin(8) cos(y — yy)] 7

with y, the cosine of the solar zenith angle, y the solar azimuth, 6 the
slope inclination and y the slope orientation.

Then, the radiative transfer takes into account the multiple scatter-
ing and once the solar flux under the dust layer @, which is really
received by the surface, has been computed with all these parameters,
we can calculate an attenuation coefficient (also called dust factor)
DF(¢) in order to compare it with observation data (see next section):

(Dpanel(t)

pro= ¢incident(t) ®

The variable @, is the one which is provided in the outputs
file over the simulation duration in the LMD1D model. Note that the
solar flux received by the panel is computed over time assuming no
cleaning events such as dust devils. A similar quantity, referred to
as the 'Dust Correction Factor (DCF)’, is derived for the Perseverance
location in Vicente-Retortillo et al. (2024). However, this approach
models the dust deposition in a simpler way while also taking into
account dust removal with a basic term in the DCF. In our study, we do
not compare our model with this DCF, but future work could explore
such a comparison.
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Maximum daily current in solar panels at Insight site
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Fig. 1. Maximum daily current (in A) measured by the two solar panels (blue for SA791, black for SA771) of Insight over time (sols). The red solid line corresponds to LMDI1D.

Source: The measurements are taken from Lorenz et al. (2020).

3. Validation of the model

While the electrical current measured by the solar panels of one of
the last Mars mission, Insight, is available on the Planetary Data System
on NASA website, most of direct electrical data from the other missions
remains unavailable. Only an estimation of the dust factor, defined
in the previous section, is accessible for the Mars Exploration Rover
(MER), Pathfinder and Phoenix missions. As shown in the previous
section, this dust factor depends not only on the electrical current
measured by the solar panel (assumed to be proportional to the solar
flux @p,e1) but also on the incident solar flux @j,cigene Which cannot be
measured and therefore results from an atmospheric radiative transfer
model used by the mission engineering team and for which we have
no details. This is why the comparison with the Insight data, which
compares directly the current measured by the panels and the LMD1D
model is the most relevant.

3.1. Insight

We used the LMD1D model to compare our accumulation dust
model with the electrical current measured by the solar panels of
the Insight mission during the first 1260 sols. To model the dust
aggregation on the panel, we made the effective radius of dust particles
on the panel evolve linearly with accumulated dust mass as follows:

Tace(®) = Tace;pit + AM e (1) 9

with 4 = 30 pm kg™' m? and Facey, = 7 Mm which is about three
times larger than the size of dust particles suspended in the atmosphere.
These values are chosen to fit the best with the observations and will be
used for comparison of the model with other missions. As said before,
this can be explained by the fact that once the dust falls on the solar
panel, the particles are in contact which modifies the apparent particle
size compared to when particles are airborne.

To model the current, we considered it as proportional to the solar
flux received by the panel with a constant proportionality factor over
time. This coefficient was calculated to fit with the observations at the
beginning of the mission, when there were no dust on the panel yet.
Fig. 1 presents the maximum daily current measured by the Insight
solar panels, ie. around noon. The slight gap around sol 60 is due to
a known problem with the dust scenario which underestimates the
duration of the dust storm and consequently maintains the current
higher. Indeed, comparing the scenario with the dust opacity measured
by Insight, we can see the real decrease of the dust opacity over time
is much longer than the one in the scenario, as shown in Fig. 2.

In order to evaluate the diurnal cycle of the solar flux, we also
compared the model with the Insight measurements over a few days
with several values per day. This also allows to check the effect of the
solar zenith angle. The comparison is shown on Fig. 3.

3.2. Spirit and opportunity

For the MER missions, only the dust factor which represents the
attenuation coefficient due to accumulated dust is available to us so far.
Therefore the comparison between these data and the LMD1D model is
not totally consistent. Moreover, given the large duration of the MER
missions, several cleaning events were observed during the missions.
These cleaning events were simulated starting a new simulation after
each cleaning event, with the amount of dust corresponding to the dust
factor reported at this exact same date.

The Opportunity measurements are compared with the LMD1D
model, setting the effective particle radius of accumulated dust accord-
ing to Eq. (9). The comparison is shown on Fig. 4.

Even if the dust factor is slightly overestimated between sols 300
and 500 and underestimated between sols 1300 and 1500, we can see
that the model gives a good overall fit for long term variations of the
dust factor. The same comparison was done for Spirit, as shown on
Fig. 5. The model for Spirit slightly underestimates the dust factor.

3.3. Pathfinder

The Pathfinder mission occurred in MY23 so there is no available
dust scenario for this mission. Since the observations of the electrical
current from the Pathfinder solar panels show that MY23 was a dusty
year, the LMD1D model was used with the MY27 scenario which
is also a year with relatively high dust optical depth. During the
period of operation on Pathfinder (L, = 142° — 188°), no cleaning
events were observed, therefore only one simulation was done with
Iace following Eq. (9). The slight increases of the reported dust factor
are not considered to result from cleaning events. In fact these rises
can be explained by different causes: the fact that the current was not
measured exactly at noon or the way the dust factor was computed
from the real measurements. The comparison, shown on Fig. 6, gives a
good fit overall even if locally, some gaps between the model and the
measurements are observed. This can be explained by the fact that we
do not use the optical depth of the atmosphere from MY23 but from
another year which may differ a little.
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Visible optical depth at Insight site above surface
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Fig. 2. Visible optical depth above surface at Insight site over time (sols). The dust storms, especially the one at the end of MY34, is shorter in the scenario than what was really
measured by the Insight instrument. The discrepancy between the observed opacity by Insight and the dust scenarios is thought to result from water ice clouds. More details about
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this gap are given in Montabone et al. (2020). The Insight optical depth data were sourced from Spiga et al. (2018).
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Fig. 3. Current (in A) measured by the two solar panels (blue for SA791, black for SA771) of Insight over time (sols). One can see that the current is maximum at noon and null

during night.
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Source: The measurements are taken from Lorenz et al. (2020).
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Solar panel attenuation due to dust accumulation at Spirit site
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Fig. 5. Maximum daily dust factor measured by Spirit over time (sols). The red solid line corresponds to LMD1D model with the appropriate scenarios.

Source: The measurements are taken from Stella and Herman (2010).
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Fig. 6. Maximum daily dust factor measured by Pathfinder over time (sols). The solid line in red corresponds to LMD1D model with the MY27 scenario.

Source: The measurements are taken from Crisp et al. (2004).
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Fig. 7. Maximum daily dust factor measured by Phoenix over time (sols). The solid red line corresponds to LMD1D model with the MY29 scenario. The simulation starts with a
dust factor of 0.97 to simulate the dust lifted during the landing. The solid line in black correspond to the observations done by Phoenix solar panel.

Source: The measurements are taken from Drube et al. (2010).
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Visible optical depth at Phoenix site above surface
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Fig. 8. Visible dust optical depth above surface over time (sols) at Phoenix site: measured by SSI (Surface Stereo Imager) in black and predicted by the MY29 scenario in blue.

Dust opacity datasets are presented in Drube et al. (2010).

3.4. Phoenix

The current of the solar panels from Phoenix mission was also
recorded and used to derive a dust factor which can be compared to the
LMD1D model. We chose to start our simulation with a dust factor of
0.97 to simulate the large amount of dust that might have been lifted
and redeposited during and after the landing, as explained in Drube
et al. (2010). The effective radius r,.. was also set according to Eq. (9).
The comparison is presented on Fig. 7. Here again no cleaning events
were considered in the simulation, the slight increases before sol 100
assumed to be caused for the same reasons than Pathfinder measure-
ments. However, after sol 100, as we can see, the dust factor increase
might be explained by cleaning events. It could also be explained by the
fact that the modeled current (the one that would be received without
accumulated dust layer) used to calculate the dust factor was computed
miscalculating the effect of the dust and clouds in the atmosphere.

Note that during the first sols of the mission, the available current
in the solar cell decreases rapidly while the LMD1D dust factor is
maintained high. As explained before, this is probably due to the
difference between the dust opacity used in the LMD1D model and the
one really measured by the “Surface Stereo Imager” (SSI) of Phoenix.
The Phoenix measurements show the existence of high dust opacities in
the atmosphere at the beginning of the mission obscuring the solar flux
received by the panel. Drube et al. (2010) attributes this high opacity
to the dust lifted during the landing. However the dust opacity in the
MY29 scenario remains low as shown on Fig. 8.

4. Conclusion

Modeling the gravitational deposition of dust and the radiative
effect of dust in the atmosphere and accumulated on a surface enables
a good physical prediction of the surface power in W m™2 received by
a surface such as a solar panel. Such a calculation is now included
in the updated version of the LMD1D model. The inclination and the
orientation of the panel are taken into account in the model and can
be specified as inputs of the model. However, the model does not take
into account any dust cleaning events. This makes it pessimistic and
therefore, a good tool for future missions. The comparisons with the
available observations are satisfying, especially the one with Insight
measurements, which is the most consistent one given that it is the only
one comparing directly the model with the electrical current measured
by the panels. Indeed for other missions, only the dust factor, which
is a semi-theoretical semi-observational data, was available. Future
comparisons, especially with the MER missions electrical data that are
not available yet, will be more accurate.
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