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Abstract Mars' atmosphere typically supports dust aerosol with an effective radius near 1.5 um, varying
from ~1 pm during low dust times near northern summer solstice to ~2 um during higher dust times in
southern spring and summer. After global dust events, size variations outside this range have not previously
been observed. We report on imaging and spectral observations by the Curiosity rover through the 2018
global dust event. These observations show that the dust effective radius was seasonally normal prior to the
local onset of increased opacity, increased rapidly above 4 um with increasing opacity, remained above 3 um
over a period of ~50 Martian solar days, then returned to seasonal values before the opacity did so. This
demonstrates lifting and regional-scale transport of a dust population ~3 times the size of typical

dust aerosol.

Plain Language Summary During the global dust storm of 2018, the Curiosity rover measured
the variation of atmospheric dust over time. During the onset of the dust storm, typical Martian dust was
enhanced by much larger particles that were freshly lifted off the surface in distant storms and then carried
to the rover site at Gale crater. The larger dust particles persisted for weeks, but fell out of the atmosphere
faster than the typical dust as normal conditions were restored.

1. Introduction

Radiative balance in the Martian atmosphere is dependent upon the time-variable and spatially variable dis-
tribution of dust within it. Airborne dust has a dominant impact on the modern climate through the absorp-
tion and scattering of shortwave radiation and absorption and emission of longwave radiation (e.g., Gierasch
& Goody, 1972). The composition, shape, and size of the dust particles govern their interaction with
radiation in the atmosphere (e.g., Lemmon et al., 2015; Smith, 2008; Wolff et al., 2006). These dust particle
properties can be retrieved directly from observations of the Martian atmosphere (specifically the
wavelength-dependent way it scatters, absorbs, and/or emits radiation) and have been done so by a broad
set of spacecraft missions and instruments from both the surface and orbit (see Dlugach et al., 2003, for a
review): Mariner 9 (Pang et al., 1976; Toon et al., 1977), Viking orbiters (Clancy & Lee, 1991; Ockert-Bell
et al., 1997), Viking landers (Pollack et al., 1995), Pathfinder (Tomasko et al., 1999), the Mars Exploration
Rovers (Lemmon et al., 2004), Mars Global Surveyor Thermal Emission Spectrometer (Clancy et al., 2003;
Clancy et al., 2010; Wolff et al., 2006; Wolff & Clancy, 2003), Mars Express (Miittinen et al., 2013;
Rannou et al., 2006), the Mars Reconnaissance Orbiter (Guzewich et al., 2014; Wolff et al., 2009), and the
Mars Science Laboratory Curiosity rover (Chen-Chen et al., 2019; McConnochie et al., 2018; Vicente-
Retortillo et al., 2017). With a few exceptions, most of these results have found that dust particle size varies
by approximately 50% around a canonical value of ~1.5 um in effective radius (e, a term of convenience in
describing the particle size distribution; e.g., Deirmendjian, 1964). Occasional evidence of smaller particles
(e.g., Rannou et al., 2006) and larger particles, particularly in global dust events (Clancy et al., 2010), has also
been observed. However, limited systematic studies of dust size evolution after such events show mixed
results: no evidence for a change in size after the 1971 storm (Toon et al., 1977) and a slow decay of particles
size from about 1.5 to about 1.1 after the 2007 event (Vincendon et al., 2009).

The Martian global dust event of 2018 (Mars year 34 in the calendar of Clancy et al. (2000)) represented a rare
opportunity to observe dust particles during an extreme event from the surface at low latitudes with a
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spacecraft unaffected by the loss of solar energy. The Mars Science Lander (MSL, or Curiosity rover) per-
formed a dedicated science campaign to study the event, which raised the local dust optical depth from
0.6 to 8.5 despite a lack of dust lifting by storms at the site (Guzewich et al., 2019). Curiosity's location in
Gale crater, just south of the equator, placed it nearer to the major centers of dust lifting than the Viking
landers during the 1977/Mars year 12 global dust events, while the Mars Exploration Rovers had to reduce
or cease science operations during the global dust storm of 2007/Mars year 28 due to the significant reduc-
tion in generated electricity by their solar panels.

In this work, we describe a series of independent retrievals of dust particle effective radius by the Curiosity
rover's Mast Camera (Mastcam) and Chemistry and Camera (ChemCam) instruments during the 2018/Mars
year 34 global dust event.

2. Data and Models
2.1. Optical Depth Data

Through the dust event, atmospheric optical depth was tracked via direct solar imaging with Mastcam
(Guzewich et al., 2019). Images were taken through 440- and 880-nm filters, reduced to radiance on sen-
sor and integrated to flux. A standard Beer-Lambert-Bougher law, similar to Smith and Lemmon (1999)
and Lemmon et al. (2015), produces normal optical depth. For several observations early in the event,
the signal was weak—leading to a low signal-to-noise measurement—or nonexistent. In order to supple-
ment the standard solar filters, with their neutral-density-5 extinction (Bell et al., 2017; Malin et al.,
2017), nonsolar filters were employed for times of high path opacity. Several observations at transitional
optical depths (expected path opacity of 9.6-11.5) were used to cross-calibrate the Mastcam R2 (447-nm)
with R7 (440-nm ND5) and the L5 (867-nm) with L7 (880-nm NDS5), while other observations used only
the nonsolar filters. For this work, unlike for Guzewich et al. (2019), the 440-nm filters are of
particular interest.

2.2. Cross-Sky Imaging

Mastcam cross-sky imaging surveys were specifically designed to retrieve dust particle size and shape infor-
mation based on the angular dependence of solar radiation scattering by dust particles at several wave-
lengths. They involve a series of near-Sun images with Mastcam's L1 (527 nm), L2 (445 nm), and L4 (676
nm) filters, a series of images at constant elevation and increasing azimuth (and hence, increasing scattering
angle), and a series of images at varying elevations opposite the Sun, such that midrange scattering angles
were sampled at different elevations. Sky surveys also included a contemporaneous Mastcam opacity obser-
vation. Sky surveys were scheduled in the late afternoon, when the solar elevation angle was between 25 and
35°, on several sols. Images used in this study have been radiometrically calibrated as described by Bell et al.
(2017). Information on dust particle size primarily results from the change in I/F as a function of scattering
angle within ~40° of the Sun. A discrete ordinate radiative transfer forward model (Smith & Wolff, 2014) was
used to model the light scattering (directly, the sky brightness in I/F) using the sky survey image geometry,
observed Mastcam atmospheric opacity, and a series of assumed dust particle effective radii (see Guzewich
et al. (2014) for details on dust particle size distributions and effective variance). The results from the forward
model were compared to the observations and the dust particle effective radius was determined based on the
lowest chi-square fit to the observations.

2.3. Systematic Near-Sun Imaging

Before and through the dust event, most opacity sequences included near-Sun sky imaging. Others omitted
the sky imaging to save time or (e.g., for the images that included both solar-filter- and nonsolar-filter-
opacity) truncated the sky images to fit within mission-imposed limits on commands within 22° of the
Sun. Beginning with sol (Martian solar day) 487, such near-Sun images typically included L2 for 445-nm
radiometry to constrain particle size via diffraction-dominated measurements. Images capturing scattering
angles of ~5-20° were aimed such that the camera baffle prevented direct sunlight from hitting the optics.
Calibrated radiances in this range were reduced to I/F using the L2/R2 response ratio measured via sky ima-
ging (Bell et al., 2017) and solar fluxes measured directly with R2 contemporaneously with standard opacity
measurements, resulting in a consistent, relative calibration.
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Figure 1. The variation of radiance with scattering angle. From the top, the g the presence of an unusually large component to the size distribution is

data (black lines and gray 1-o confidence intervals) for sols 2144 (magenta
fits), 2080 (red fits), 2170 (green fits), and 2115 (blue fits) are shown.
Deviations from smooth curves are caused by corners of the image that have
systematic departures from average zenith angles.

clearly seen. Future work will examine more aspects of constraints on the
size distribution.

Except for the dust event, interannual variability was limited (Figure 2),
with repeatable variation around an average size of 1.47 um. Near Ly
135, minimum sizes were 0.8-0.9 pm in MY 32-34; the minimum was broadest in MY 32 and narrowest
in MY 33. Highs near L; 220 and 340 were seen in both MY 32 and 33, with identical behavior from L;
150 until 60. For MY 32, the retrieved sizes were similar to those reported by Chen-Chen et al. (2019) from
650-nm diffraction observations, by Vicente-Retortillo et al. (2017) from ultraviolet fluxes, and spectral
determination of opacity by McConnochie et al. (2018). In each case, the seasonal pattern of variation is
the same as seen in this work. For MY 33, there is more divergence near L; 90, which may be related to dif-
fering treatments of water ice. Complete agreement across these methods is not expected given poor knowl-
edge of how the shape affects the scattering behavior.

2.4. Sky Spectral Data

ChemCam passive-mode spectra of the sky were acquired on several sols to retrieve dust aerosol size from
spectral variations. Observations were performed and aerosol size was modeled as described in
McConnochie et al. (2018), although minor modifications to the aerosol property fitting procedure were
required for cases where the Mastcam-derived optical depth exceeded 2.5. As McConnochie et al. (2018)
describe, for ChemCam passive-mode sky observations aerosol size was constrained by the spectrum of
the ratio of high- and low-elevation-angle pointing positions. Those two pointing positions (65° and 20° ele-
vations angles) had azimuths chosen to have as nearly as possible matching predicted sky brightness at 720
nm, and thus, they often had similar scattering angles. A single aerosol shape model (equant cylinders) was
modeled for reg < 8 um.

When the Mastcam-derived optical depth exceeded 2.5 the standard fitting procedure described by
McConnochie et al. (2018) produced poor fits. This occurred because at high dust opacity the ratio spectra
become more sensitive to uncertainty in the Mastcam-derived opacity (which the ChemCam aerosol models
were constrained to match), and become less sensitive to ice aerosol abundance. To solve this problem, we
performed downhill-simplex fitting for a single parameter—dust aerosol r.g—with fixed assumptions for ice
aerosol opacity, ice aerosol particle size, and percent error in the Mastcam-derived opacity. We repeated the
fitting procedure for a matrix of reasonable values of these fixed assumptions, adopting the dust reg from the
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Figure 2. Dust properties with time. (a) Retrieved dust reg for MY 31 (blue), 32 (black), 33 (red), and 34 (green) is shown: circles, this work; triangles, Vicente-
Retortillo et al. (2017); diamonds, McConnochie et al. (2018); and squares, Chen-Chen et al. (2019). (b) The 440-nm optical depth (blue diamonds) and retrieved
dust refr (gray circles, every third error bar) is shown. At the top, Mars year numbers indicate Lg (solar longitude) 0, or northern spring equinox, and additional
L values are noted. (c) The 440- to 880-nm Angstrom exponent is shown. Light gray, dashed lines indicate mean values of (b) ref and (c) Angstrom exponent.

fit with the lowest chi-square value as our preferred solution and adopting a 95% confidence interval based
on the chi-square values of all of the fits (Figure 3).

The range of values considered for these fixed assumptions was 1-3 um for ice particle effective radius (with
no significant effect), 0 to 1.5 for 880-nm ice aerosol opacity, and +5% for 880-nm optical depth error. For the
one case where ChemCam sky spectra coincided with low signal levels in the Mastcam optical depth (sol
2085, Ly = 195.4), we used a +10% optical depth error.

The upper limit of 1.5 for the ice aerosol contribution is 50% larger than the largest ice aerosol opacities that
have been inferred for the Mars equatorial region (Wilson et al., 2007) and so represents an extreme upper
limit for a global dust storm scenario. Adopting a much lower upper limit for an ice aerosol contribution
would have changed our estimate of the dust aerosol res significantly in only one case: sol 2118 (Lg =
215.8°), for which lower maximum ice contribution leads to higher dust particle size but much poorer fits
to the ratio spectrum data. While poorer fits seem to suggest a large contribution from ice aerosol, it is more
likely that our adopted dust aerosol shape model is inadequate and the apparent ice aerosol only compen-
sates for the incorrect dust shape.

We tested the grid of fixed assumptions on all of the ChemCam sky spectra cases with optical depth <2.5, but
we found no case in which it produced results different from our standard procedures. For these low optical
depth cases we give confidence intervals of +£0.1 um based on the sensitivity testing of McConnochie et al.
(2018). We also adopt the +0.1-pum confidence interval for high optical depth cases when it would be wider
than given by the grid of fixed assumptions.

2.5. Ultraviolet Fluxes

Rover Environmental Monitoring Station (REMS) ultraviolet (UV) observations have also been used to ana-
lyze variations in dust aerosol particle size using a methodology that relies on the output of the REMS UV
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Figure 3. The best model fit (heavy black line) to the continuum ratio spectrum (black points) is shown for sols 2085,
2096, 2118, and 2140. The light-weight lines represent models identical to the best fit except for an alternative dust aero-
sol particle ref wWhich is given in the legend. The error bars were obtained by scaling an assumed constant fractional
uncertainty in order to obtain a reduced—)(2 of 1 for the best fit.

sensor when the view of the Sun is blocked by the mast of the rover. The particle size was retrieved by
comparing the measured photocurrents to those simulated using a Monte Carlo radiative transfer model
and the empirically derived angular response and field of view of the sensor and have previously been
reported by Vicente-Retortillo et al. (2017). Retrievals from REMS UV measurements are in good
agreement with those from Mastcam observations during a typical annual cycle (see Figure 2). However,
the methodology shows a loss of sensitivity for large particles. However, REMS UV fluxes indicated a
sudden increase in dust particle size during the onset of the global dust storm, with reg of ~1.5 pm on sol
2060, ~1.8 um on sol 2077, and significantly above 2 um on sol 2096.

3. Results
3.1. Optical Depth Color Ratio

The Angstrom exponent (o) is defined such that opacity (1) varies with wavelength (1) as (t/15) = (Ao/2)“. The
Angstrom exponent approaches four for molecular scattering, and has small positive or negative values for
large particles. Mars dust opacity typically increases slightly with wavelength in the visible range (Smith &
Lemmon, 1999), indicating a small, negative exponent. Smith and Lemmon (1999) used the Tomasko et al.
(1999) model to derive a wavelength dependence of opacity that corresponds to an Angstrom exponent of
—0.16, but added a small-particle scattering term to fit the actual opacity profile (which sometimes fell from
blue to red, but increased from red to near-infrared). Lemmon et al. (2015) used 880- to 440-nm flux ratios to
derive an opacity ratio with reduced systematic error compared to the opacity ratio; these correspond to
Angstrom exponents of —0.047 and —0.036 for Spirit and Opportunity, respectively, but were likely influ-
enced by spectral leaks.

Through sol 1450, the observed flux ratios corresponded to an average exponent of —0.082 + 0.011, where the
uncertainty is driven by the absolute flux uncertainty rather than the statistics of individual points
(Figure 2b). Little variation was seen, compared to the typical measurement uncertainties of 0.06, except
additional variability around Lg 100-130 and a percent-scale secular change around sol 1450 to 1600 that
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Sun images (gray circles), sky passive spectra (green diamonds), and UV fluxes (magenta triangles). For context, size
measurements are shown from near-Sun images in MY 32 (light green circles) and 33 (light blue circles), as are 440-nm
optical depth (blue diamonds). (b) The 440- to 880-nm Angstrom exponent are shown.

was likely related to changes in transmission into the optics caused by external contamination. Over sols
1450-1600, the changes do not look like other changes in the same season, and correspond to a time
when debris contaminated the MastCam baffles. Season for season, the Angstrom exponent appears to be
higher by ~0.042 after this, which is likely to be an artifact of differing camera response (the mean « in
Figure 2b adjusts to —0.40 to compensate for this).

During the dust event, the exponent became larger, suggestive of larger particles (Figure 4). The values
shown in Figure 4 differ from those shown in Figure 2 in being corrected for the change in a. The uncertainty
is lower during the event, due to the long path length of dust in all observations. However, the exponent is
only weakly dependent on size within the few-micrometer size range, so size cannot be retrieved indepen-
dently of possible other changes. Nonetheless, the Angstrom exponent provides evidence for a change in
the aerosol population during the event that is consistent with an increase in dust size.

3.2. Aerosol Size Variations Over Seasons and the Dust Event

During Mars year 34, reg fell from ~1.7 to ~1.3 um at the southern winter solstice, fell to ~1 um, and recov-
ered to ~1.4 um by sol 2000 and ~1.5 um by the southern spring equinox immediately before the dust event.
The opacity rose from 0.79 on sol 2075 to 2.11 on sol 2081, while re increased to 1.89 + 0.09 um. Figure 4
shows two peaks in particle size: a sharp spike at sols 2084-2087, with best fits above 7 pm and lower limits
above 6 um, and a broader peak around sol 2110-2120, reaching 6 um. Dust size remained above 3 um until
sol ~2130, and fell essentially monotonically to seasonal values by sols 2140-2160. Smith et al. (2019) report a
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double peak in boundary layer opacity that they attribute to an influx of dust into the crater. Their result
aligns with the size peaks, suggesting that large particles may be confined low.

Sky survey results confirm the pattern, with sparser temporal sampling, but a wider range of angles to con-
strain the scattering. The last prestorm size was 1.4 um on sol 2065, 1.65 + 0.1- and 1.75 + 0.1-um sizes were
seen on sols 2077 and 2080 as opacity began to rise, and there was a peak at 4.3 + 0.7 um on sol 2097 followed
by a decline to 1.7 + 0.1 um by sol 2162.

Spectral measurements with ChemCam showed particles sizes of 0.9-1.1 over L; 144-170, climbing to 7.25
um (lower limit, 6 um) on sol 2085 and 2.3-4.0 um on sols 2096 and 2118, and falling to 1.81 + 0.1 um on
2140. With the sol 2084 near-Sun images, the sol 2085 ChemCam measurement shows the early spike in dust
size. These may be outliers; however, the Angstrom exponent also shows a small but significant extreme on
these sols.

For ~4 um, the sedimentation rate is expected to be ~1 km/sol in the bottom scale height (Kahre et al., 2008),
implying an ~10-sol sedimentation time scale. This, with the variable opacity and dust size, suggests episodic
resupply over sols 2084-2133 as dust lifted in the last 1-10 sols was transported to Gale crater.

Mariner 9 observations after the 1971 dust event showed the fallout of dust occurring without a change in the
relative abundance of large and small particles, indicating turbulent eddies dominated Stokes-Cunningham
fallout (Toon et al., 1977). However, the Mariner 9 observations began approximately two months after the
peak of the dust storm, and thus correspond to a period when our measurements of size had nearly returned
to normal. Mars Express observations after the 2007 event showed a slow decline, but with particles always
below 1.6 um. As those measurements preferentially sample the upper atmosphere, it is possible that large
particles existed at low altitude or that the 2007 event was different. For the Viking Lander 1 and
Opportunity events of 1976-1977 and 2007, Pollack et al. (1979) and Lemmon et al. (2015) reported faster
fallout rates shortly after the peak of the event, followed by a slower exponential decay later. While not
unique, this could correspond to a shift from sedimentation of large particles to slower diffusion of all par-
ticles. While a change in rate was not reported in the MSL opacity data (Guzewich et al., 2019), the observa-
bility is complicated by the L; 252-276 data gap due to a rover anomaly.

4. Conclusions

Curiosity rover instruments were used to measure aerosol size before and during the 2018 global dust event.
Prior to the event, an extensive set of new size measurements agrees with previously reported patterns of a
size minimum near 1 um during early northern summer and two size maxima in southern spring and sum-
mer near 1.8 and 2 um.

During the first sols of the dust event at Gale crater, the average dust radius increased rapidly from seasonal
values near 1.5 to over 4 um immediately after the opacity peak. The radius remained >3 um for ~50 sols
before declining to seasonal values by 90 sols after the event was first observed locally. A double peak in size
correlates with a double peak in boundary layer opacity, suggesting the possibility that the large particles are
confined low and difficult to detect from orbit.

The observed size increase demonstrates that large particles (compared to typical Martian dust aerosol) were
lifted in the dust storms and transported over regional scales to Gale crater. The mean particle size approxi-
mately tripled, then returned to normal by about sol 2165, 10-40 sols before opacity reached its seasonal
value (which was obscured by a rover anomaly). This happened while opacity was falling approximately
as fast as it had in the aftermath of the Viking Lander 1 and Opportunity dust events of 1976 and 2007
(Guzewich et al., 2019), suggesting that the observed change in aerosol size distribution may be a typical fea-
ture of such storms.
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