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Abstract we calculate the seasonal and interannual variation in dust aerosol particle size above Gale
Crater during the first 1413 Martian solar days (sols = 24.6 h) of the Mars Science Laboratory mission.
Measurements of UV radiation made by the Rover Environmental Monitoring Station in combination with
atmospheric opacities retrieved from the Mastcam instrument are used for the calculations. Our results
indicate that the dust effective radius varies significantly with season, ranging from ~0.6 um during the low
opacity season (L; = 60°-~140°) to ~2 um during the high opacity season (L; = 180°-360°). Our results suggest
that Gale Crater is affected by dust events of high aerosol content originated at various distances from it.
Our results improve the accuracy of estimations of ultraviolet radiation fluxes at the Martian surface.
Moreover, our results have important implications because the lifetime of suspended dust and its ability

to nucleate clouds are affected by particle size.

Plain Language Summary The Martian atmosphere transports large amounts of dust, which
interacts strongly with solar and infrared radiation. The large spatial and temporal variability in atmospheric
dust load creates complex feedbacks connecting dust lifting with the evolving atmospheric circulations.
The size of suspended aerosols affects the surface and atmospheric heating rates, influencing the Martian
climate. In this work, we have calculated the dust aerosol particle size above Gale Crater during the first 1413
sols of the Mars Science Laboratory (MSL) mission using measurements of UV radiation made for the first time
from the surface of Mars. Our results indicate that the dust effective radius varies significantly with season,
ranging from ~0.6 um during the clear season to ~2 um during the dusty season. Our results suggest that
Gale Crater is affected by dust events of high aerosol content originated at various distances from it. Our
results are important because the lifetime of suspended dust and its ability to nucleate clouds are affected by
the particle size.

1. Introduction

Dust is ubiquitous in the Martian atmosphere and interacts strongly with solar and thermal radiation [Read
and Lewis, 2004]. In particular, dust particle size determines the ratio between the atmospheric opacity at
short and long wavelengths, affecting heating rates and influencing the thermal and dynamical structure
of the Martian atmosphere [Kahre et al., 2008; Madeleine et al., 2011; Medvedev et al., 2011]. Moreover, dust
particle size strongly influences atmospheric transport and gravitational settling rates [Kahre et al., 2008].

The Mars Science Laboratory (MSL) Curiosity rover landed at 4.6°S and has been operating for more than two
Martian years. Curiosity is equipped with environmental and remote sensing science instruments [Grotzinger
et al, 2012] capable of providing insight into the size of atmospheric aerosols. In particular, the Rover
Environmental Monitoring Station (REMS) contains a UV sensor (UVS) that has been measuring solar radiation
at the surface of Mars for the first time in six bands between 200 and 380 nm [Gémez-Elvira et al., 2012], while
observations from the Mast Camera (Mastcam) instrument have been used to retrieve atmospheric dust
opacity from direct images of the Sun at the wavelengths of 440 and 880 nm [Smith et al., 2016].

In section 2, we present a novel methodology to determine dust particle sizes using REMS/UVS measure-
ments in combination with Mastcam retrievals of atmospheric opacity. In section 3, we show the retrieved
values of the dust particle size and analyze its seasonal and interannual variability during the first 1413 sols
(Martian solar days; sols = 24.6 h) of the MSL mission. In section 4, we discuss the impact of atmospheric
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Figure 1. (left) Empirically derived angular response of the UVE channel (red line) and current angular response (gray line)
used to obtain processed UV fluxes (in units of W m™2) available in the NASA PDS as ENVRDR data. Our empirically
derived calibration function has been obtained by iteratively calculating the ratio as a function of zenith angle between
measured and simulated output currents, both normalized. The angular response that we derive is consistent with that
obtained by Smith et al. [2016]. (right) Empirically derived field of view (FOV) of the REMS UVE channel. The region
blocked by the masthead and by the mast of the rover is shown in dark blue.

circulations at Gale Crater on the relationship between atmospheric opacity and dust particle sizes. We also
discuss the seasonal evolution of the UV radiation at Gale Crater and the impact of particle size on it. Finally, in
section 5 we summarize the main results of our study.

2. Methodology

2.1. Data Selection

The REMS/UVS nominal strategy for data acquisition consists of 5 minutes of measurements at 1 Hz every
hour, with at least an additional hour of measurements at 1 Hz during each sol [Gémez-Elvira et al., 2014],
while the Mastcam nominal strategy for atmospheric opacity retrievals consists of measurements made every
three to seven sols [Smith et al., 2016].

This study uses the photodiode output currents (stored as TELRDR products in the NASA Planetary Data
System (PDS)) of the REMS/UVS UVE channel (300-350 nm), the ancillary data records (ADR) containing the
geometry of the rover and the Sun, and the values of the atmospheric opacity at the reference wavelength
of 880 nm retrieved from the Mastcam measurements. The UVE channel is selected for this study because
it matches the 320 nm UV channel of the Mars Color Imager on board the Mars Reconnaissance Orbiter, from
which the refractive indices that we use in the calculations of the radiative properties of the dust particles are
obtained [Wolff et al., 2010].

We use UVS TELRDR measurements conducted when the Sun is temporarily blocked by the masthead or the
mast of the rover because values of the photodiode output currents depend on the dust aerosol particle size
during these shadow events. As the Sun moves toward the edge of the blocked region of the field of view
(FOV), the relative change in the irradiance measured by the UVS decreases with decreasing aerosol particle
size. This effect is illustrated in Figure S1 (see supporting information). In order to accurately calculate the
fraction of the incoming radiation that is blocked, we use only UVS TELRDR measurements made when the
masthead is in its most typical position (azimuth ~ —179° and elevation ~43°).

2.2, Calculation of Radiative Properties and Radiances

Dust radiative properties, in particular single scattering albedo and scattering phase function, are key to
determine radiation at the surface accurately. These two parameters depend on the refractive indices, the
shape, and the size distribution of the dust particles. We calculate the single-scattering albedo and scattering
phase function using a T-Matrix code [Mishchenko and Travis, 1998], assuming that particles are cylinders with
diameter-to-length ratio D/L = 1 [Wolff et al., 2009] that follow a power law distribution [Hansen and Travis,
1974; Mishchenko and Travis, 1994] with a typical effective variance of 0.3 [Rannou et al., 2006; Madeleine
et al,, 2011]. Next, we simulate the hemispherical UV radiance at the surface during shadow events using a
Monte Carlo radiative transfer scheme. UV fluxes and radiances simulated using this scheme are in
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2.3. Simulation of the
Photodiode Output Current

We calculate the photodiode out-
put current using the simulated
UV radiance and an empirical
model that considers the tilt and
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Figure 2. (top) Seasonal variability of dust aerosol particle effective radii for and the region of the FOV blocked
MY 31 (blue), 32 (black), and 33 (red). (bottom) Seasonal variability of aver- by the masthead and the mast.

aged Mastcam atmospheric opacity for MY 31 (blue), 32 (black), and 33 (red). .
The empirical angular response of

the UVE channel obtained using
TELRDR and ADR products is shown in Figure 1 (left). The angular response used to obtain processed UV
fluxes (in units of W m~2, stored as ENVRDR products in the NASA PDS) from the TELRDR products is shown
for comparison. Our empirically derived calibration function differs from the one used to produce the
ENVRDR products. Thus, for physical consistency, we use the photodiode output currents (TELRDR products)
and the empirical angular response in our calculations instead of the processed UV fluxes (ENVRDR products).

The empirically derived blocked region of the FOV is shown in Figure 1 (right). The black line represents the
trajectory of the Sun across the FOV on sol 1362, the red dots represent REMS measurement sessions, and the
green dots represent the selected shadow event.

2.4. Particle Size Retrieval

We use UVS TELRDR measurements covering the full duration of each shadow event. For each of these
measurements, we simulate the output currents (S) as a function of the effective radius as

N
S:Zi:1Li'ﬂi'Ri'Fi'Qi7

where L is the simulated radiance, u is the cosine of the zenith angle, R is the value of the normalized angular
response, Findicates whether the incoming radiance is blocked (F = 0) or not (F= 1), Q is the solid angle, and i
denotes each of the N = 360 grid cells separated by 0.25° in zenith angle and by 1° in azimuth. The computed
radiances are stored in a 5-D lookup table as a function of opacity, solar zenith angle, and dust aerosol effec-
tive radius.

Then, the ratios between the output currents as the Sun moves toward the edge of the blocked region of the
FOV, simulated as a function of the dust aerosol effective radius, are calculated. From these simulated ratios,
we determine the radii that best match the measured ratios. Finally, for each solar longitude (L;) and Martian
year, we calculate the mean and the standard deviation of the corresponding retrieved radii. Error bars in
Figures 2 and 3 represent these standard deviations.

Our estimations of the dust aerosol effective radii are robust to changes in dust opacity. To illustrate this,
we select sol 1362 (when the atmospheric opacity () was ~0.7 and the dust particle size that we retrieve
is slightly above 1.5 pm). Table 1 shows that when reg = 1.5 pm, underestimated and overestimated opacities
of 0.5 and 1.0 lead to departures of only —0.4% and 4% in the simulated ratio with respect to the
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Figure 3. Dust aerosol particle size at the MSL landing site as a function of
atmospheric opacity () and solar longitude (L).

In this study, we have not consid-

ered the contribution of water ice
clouds to atmospheric opacity. However, the impact of clouds on the retrieved value of dust particle sizes
is generally small. As an example, we select a shadow event on sol 1280, when the total atmospheric opacity
is around the annual minimum (L, = 122°) and the water ice contribution to opacity is expected to be max-
imum [Smith, 2004]. Assuming that the fraction of opacity contributed by ice is 10%, 20%, 30%, and 40%,
we obtain increases in the retrieved effective radius below 3%, 9%, 18%, and 28%, respectively. In Gale
Crater, this fraction is typically below 20% except during the low opacity season (especially around
Ls ~ 120°), when it can be in the range 30-40% [McConnochie et al., 2015]. The water ice radiative properties
were determined using the refractive indices given by Warren [1984], assuming spherical particles with a size
distribution characterized by an effective radius of 3 um [Wolff and Clancy, 2003] and an effective variance of
0.1 [Wolff and Clancy, 2003; Madeleine et al., 2012].

Other sources of uncertainties include simulated radiances (which are mainly affected by the scattering
phase function) and the empirically derived angular response. These and other sources of uncertainty are
explained in detail in the supporting information (Text S3).

3. Results

The seasonal and interannual variability of the dust particle effective radius is shown in Figure 2 (top) as a
function of L for MY 31 (blue), MY 32 (black), and MY 33 (red). Mastcam dust opacity values obtained using
a running mean of 10 sols are shown in Figure 2 (bottom) for comparison.

Dust particle size shows a significant seasonal variability, with values of the effective radius ranging from ~0.6
to ~2 um. During the aphelion season (L; = 0°-180°), the dust particle size is relatively small, with an annual
minimum of ~0.6 um at L ~ 125°, coinciding with the lowest annual values of atmospheric opacity. During
the perihelion season (L, = 180°-
360°), the dust particle size is signif-
icantly larger with two relative
maxima associated with periods of

Table 1. Discrepancy (%) Between Simulated and Observed UVS TELRDR
Ratios During a Shadow Event on Sol 1362 as a Function of Atmospheric
Opacity (r) and Dust Effective Radius (reg)®

Teff (um) enhanced dust activity between
G - - - Ly =210°-270° and L, = 310°-350°,
and one relative minimum coincid-
4 8; ;Z; 112 :(3)2 ::gz ing with a local minimum in the
10 277 15.6 4.0 _114 atmospheric opacity at L; ~ 300°.
1.5 26.0 17.0 6.8 —7.6

@0n this sol, the opacity is ~0.7 and the retrieved dust particle effective

radius is slightly above 1.5 um.

From an interannual perspective,
the seasonal cycle of the dust aero-
sol particle size is similar from MY
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Figure 4. (top) Daily UV irradiation at the TOA (black) and at the surface (red) ~ during the perihelion season are
of Gale Crater calculated using Mastcam opacities (gray) and the retrieved associated with interannual variabil-
effective radii during the perihelion season of MY 32 and the aphelion season ity in the events of enhanced opacity

of MY 33 shown in Figure 2. (bottom) Ratio between the daily UV irradiation
assuming reff = 1.5 um and the one using the retrieved radii.
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(Figure 2, bottom).

Our results are consistent with those

obtained for the Mars Exploration
Rovers (MER) Spirit and Opportunity landing sites. At both MER locations, particle sizes were found to range
from 0.7 to 2.1 pm, with the lowest values occurring during the low atmospheric opacity season, and the
largest values generally occurring when the opacity peaks [Lemmon et al., 2015].

4. Discussion

4.1. Implications of Atmospheric Circulations on the Correlation Between Opacity and Dust
Particle Size

Figure 3 shows the retrieved effective radii as a function of atmospheric opacity measured by Mastcam, with
color code indicating L,. The correlation between the two variables is apparent (R> = 0.67), especially during
the aphelion season, when 7 < 1. This behavior is physically consistent because dust particles are expected to
be smaller during the low atmospheric opacity season because larger particles lifted during dust events settle
more rapidly than the smallest particles.

The lack of a clear correlation between atmospheric opacity and dust particle size during the perihelion
season (when 7 > 1) suggests that Gale Crater is affected by dust events originated at various distances from
the observation site (likely outside Gale Crater). The larger particle radii and smaller opacity of the events
represented by the brown points suggest that they are associated with dust events originated closer to
Gale Crater than the higher opacity and lower radii events represented by yellow-orange points because lar-
ger particles are expected to be deposited more rapidly during transport (smaller particles remain suspended
for longer periods of time). This is further supported by strong and persistent northerly and northwesterly
winds at Gale Crater during the perihelion season centered around L = 270° [Rafkin et al., 2016]. The lack
of correlation between atmospheric opacity and dust particle size at high opacity values has also been
observed at the MER sites [Lemmon et al., 2015].

4.2. Implications of Dust Particle Size on the UV Environment

Quantification of the UV radiation at the Martian surface is important for assessing the habitability of the pla-
net [Cérdoba-Jabonero et al.,, 2003]. The daily UV irradiation (defined as the total amount of solar energy
received during 1 sol from the ultraviolet region of the spectrum) is of particular interest because of its effects
on microorganisms [Cockell and Raven, 2004] and the correlation that appears to exist with variations in
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background methane concentrations measured at the MSL landing site [Webster et al., 2016]. The daily UV
irradiation is controlled by the seasonal evolution of the solar radiation at the top of the atmosphere (TOA)
and by the radiative properties of the atmosphere, in which dust particle size plays an important role.

Figure 4 (top) shows the seasonal evolution of the daily UV irradiation at the TOA and at the surface of Gale
Crater, along with opacity values retrieved from Mastcam. To calculate the daily UV irradiation at the surface,
we use the COMIMART radiative transfer model [Vicente-Retortillo et al., 2015] with retrieved Mastcam
opacities at 880 nm and calculated dust particle effective radii shown in Figure 2 as inputs. In this model,
these opacities are scaled to UV wavelengths using the ratio of the computed extinction efficiencies, calcu-
lated using the refractive indices obtained by Wolff et al. [2009] and Wolff et al. [2010], and which in turn
depend on the retrieved effective radii. We consider the perihelion season of MY 32 and the aphelion season
of MY 33 to cover one full Martian year. The highest values of the UV irradiation at the surface are found at
Ls ~ 185°-200° and L, ~ 295°-310°, when the UV irradiation at the TOA is relatively high and the atmospheric
opacities are the lowest of the dusty season. The lowest annual values occur between L, = 0° and 100°, when
the radiation at the TOA is relatively low and its decrease toward the annual minimum is partially compen-
sated by the decrease in opacity. Minimum values also occur at Lg ~ 230°, when the irradiation at the TOA
is close to the maximum but the atmospheric opacity shows the highest annual values, and at L; ~ 335°, when
the second maximum in atmospheric opacity occurs.

In order to illustrate the impact of considering a variable particle size on the calculations of the ultraviolet
radiation at the Martian surface, we show in Figure 4 (bottom) the ratio between the daily UV irradiation at
the surface assuming a constant effective radius of 1.5 pm and that assuming a time-dependent size as
shown in Figure 2. When the fixed effective radius of 1.5 um is assumed, daily UV irradiations are underesti-
mated during the low opacity season (L; = 60° — 140°) and around the local minimum in opacity and effective
radius at L, ~ 300°, while they are overestimated during the periods of enhanced opacity (L; = 210°-270° and
Ls ~ 335°), when particles are larger.

5. Conclusions

We have developed a novel methodology to calculate dust aerosol particle size at Gale Crater and analyzed
its temporal variability during the first 1413 sols of the MSL mission. We have used measurements of UV radia-
tion acquired at the Martian surface for the first time by the REMS UVS and atmospheric opacity values
retrieved from the Mastcam instrument.

Dust aerosol particle size shows a significant seasonal variability, with effective radii ranging from ~0.6 to
~2 um. The lowest values are found during the low opacity season, whereas the highest ones are typically
associated with events of enhanced dust content. From an interannual perspective, the general behavior
of the particle size evolution in MY 31-32 is similar to that in MY 32-33. During the low opacity season
(Ls = 60°-140°) in MY 33, the retrieved dust effective radii are significantly lower than in MY 32. A larger con-
tribution of water ice clouds to the total atmospheric opacity during the aphelion season of MY 33, which we
have not considered in our calculations of the effective radii, can partially explain such a departure.

The correlation between atmospheric opacity and dust aerosol particle size is apparent during the aphelion
season, when the atmospheric opacity is low. The lack of a clear correlation between both quantities during
the perihelion dusty season suggests that Gale Crater is affected by dust events originating at various dis-
tances from the rover site.

The determination of dust aerosol particle size is important because it leads to improvements in the accuracy
of calculations of the UV environment at the surface and aerosol atmospheric transport, including gravita-
tional settling rates. In addition, it leads to improvements in predictions of atmospheric heating rates, which
affect the atmospheric thermal and dynamical fields.
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