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ABSTRACT

The Compact Reconnaissance Imaging Spectral Mapper (CRISM) onboard the Mars Reconnaissance Orbiter (MRO) obtains pole-to-pole observations (i.e., full MRO
orbits) of vertical profiles for visible/near-IR spectra (A = 0.4-4.0 um), which are ideally suited to identifying the composition and particle sizes of Mars ice and dust
aerosols over 50-100 km altitudes in the Mars mesosphere. Within the coverage limitations of the CRISM limb data set, a distinct compositional dichotomy is found in
Mars mesospheric ice aerosols. CO, ice clouds appear during the aphelion period of Mars orbit (Solar Longitudes, L; ~ 0-160°) at low latitudes (~20S-10N) over
specific longitude regions (Meridiani, Valles Marineris) and at typical altitudes of 55-75 km. Apart from faint water ice hazes below 55 km, mesospheric H,O ice
clouds are primarily restricted to the perihelion orbital range (L;~160-350°) at northern and southern mid-to-low latitudes with less apparent longitudinal de-
pendences. Mars mesospheric CO, clouds are presented in CRISM spectra with a surprisingly large range of particle sizes (cross section weighted radii, R = 0.3 to
2.2 um). The smaller particle sizes (R <1 um) appear concentrated near the spatial (latitude and altitude) boundaries of their global occurrences. CRISM spectra of
mesospheric CO, clouds also show evidence of iridescence, indicating very narrow particle size distributions (effective variance, V.5 ~ 0.03) and so very abrupt CO,
cloud nucleation. Furthermore, these clouds are sometimes accompanied by altitude coincident peaks in 1.27 um O, dayglow, which indicates very dry, cold regions
of formation. Mesospheric water ice clouds generally exhibit small particle sizes (Res = 0.1-0.3 um), although larger particle sizes (R, = 0.4-0.7 um) appear
infrequently. On average, water ice cloud particle sizes decrease with altitude over 50-80 km in the perihelion mesosphere. Water ice mass appears similar in clouds
over a large range of observed cloud particle sizes, with particle number densities increasing to ~10 cm ™ for Reg = 0.2 um. Near coincident Mars Climate Sounder
(MCS) temperature and aerosol profile measurements for a subset of CRISM mesospheric aerosol measurements indicate near saturation (H,O and CO-) conditions for
ice clouds and distinct mesospheric temperature increases associated with mesospheric dust loading. Dayside (3 pm) mesospheric CO, clouds with larger particle
sizes (Re = 0.5 um) scatter surface infrared emission in MCS limb infrared radiances, as well as solar irradiance in the MCS solar band channel. Scattering of surface
infrared emission is most strikingly presented in nighttime (3 am) MCS observations at 55-60 km altitudes, indicating extensive mesospheric nighttime CO, clouds
with considerably larger particle sizes (Rg~7 pm). Mesospheric CO, ice clouds present cirrus-like waveforms over extensive latitude and longitude regions
(10°x 10, as revealed in coincident Mars Color Imager (MARCI) nadir imaging. Solar tides, gravity waves, and the large orbital variation of the extended thermal
structure of the Mars atmosphere influence all of these behaviors. Mesospheric dust aerosols appear infrequently over the non-global (planet encircling) dust storm
era of the CRISM limb data set (2009-2016), and exhibit smaller particle sizes (R = 0.2-0.7 um) relative to dust in the lower atmosphere. One isolated case of an
aphelion (L = 96°) mesospheric dust layer with large dust particle sizes (R.s ~ 2 um) over Syria Planum may reflect high altitude, non-local transport of dust over
elevated regions.

1. Introduction emphasizes mesospheric aerosol distributions, where global aerosol
definitions are more restricted in prior observational studies relative to
The current CRISM limb analysis of aerosol scattering/absorption the lower atmosphere but are nonetheless eclectic with a long pedigree.
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Mariner 9 (1971-1972), Viking (1976-1982), Pathfinder (1997), Mars
Global Surveyor (MGS, 1997-2006), Mars Odyssey (MO, 2001-cur-
rent), Mars Express (MEx, 2003-current), and Mars Reconnaissance
Orbiter (MRO, 2006—current) observations from a variety of measure-
ment wavelengths (ultraviolet to thermal IR) and observational ap-
proaches (nadir and limb imaging, spectroscopy, and occultations) have
characterized individual elements of ice and dust aerosols in the Mars
mesosphere. Mariner 9 (Anderson and Leovy, 1978) and Viking (Jaquin
etal., 1986) limb imaging first defined the vertical extension of aerosols
to altitudes above 50 km.

Pathfinder descent and imaging observations first suggested the
existence of mesospheric CO, ice clouds (Clancy and Sandor, 1998;
Magalhaes et al., 1999). Since then, low latitude aphelion CO, clouds
have become the most actively studied of Mars mesospheric aerosols,
partly because they are (were) novel but also due to the range of Mars
missions and instruments deployed shortly after their discovery. The
very distinct spatial/seasonal distributions of these clouds have been
characterized from MGS Thermal Emission Spectrometer (TES) limb
scans and Mars Orbiter Camera (MOC) limb imaging (Clancy et al.,
2007), OMEGA (Observatoire pour la Minéralogie, I'Eau, les Glaces et
I'Activité) nadir imaging (Madttdnen et al., 2010; Montmessin et al.,
2007), THEMIS (Thermal Emission Imaging System) mapping
(McConnochie et al., 2010), and CRISM nadir imaging (Vincendon
et al., 2011). Direct spectroscopic confirmation of their CO, composi-
tion was first obtained from nadir OMEGA observations (Montmessin
et al., 2007), and most recently from Planetary Fourier Spectrometer
(PES) observations (Aoki et al., 2018). Mesospheric CO5 clouds have
also been tentatively identified in MCS observations (Puspitarini et al.,
2016; Sefton-Nash et al., 2013). Several observational approaches have
been applied to define CO, cloud particle sizes (Maaittanen et al., 2010;
Montmessin et al., 2007; Vincendon et al., 2011).

Specific water ice aerosol identifications in the mesosphere are
surprisingly limited to date. The distribution of “loop” cloud detections
in MRO Mars Climate Sounder (MCS) thermal infrared and visible (solar
integrated) band limb scans within the mesosphere indicate detached
layer aerosols must be quite common in the perihelion season over a
wide range of latitudes (Sefton-Nash et al., 2013, including geometric
definition of “loop” clouds), although the presented spectral band
analysis is not very specific to composition. MCS profile retrievals do
return dust and water opacities (but not CO, ice, which affects the
temperature retrieval) up to 80 km altitudes, based on thermal infrared
(e. g.; 12pm for water ice, 22 um for dust — Kleinbohl et al., 2009)
radiance distinctions. These have not, as yet, been a focus of published
analysis apart from specific dust studies indicated below (Heavens
et al., 2015; Kleinbohl et al., 2015), and a more recent analysis of hy-
drogen escape rates as inferred from MCS profile retrievals for meso-
spheric water ice clouds (Heavens et al., 2018). There are also a number
of mesospheric aerosol analyses that clearly point to widespread me-
sospheric water ice clouds, based on near-IR spectral analysis
(Vincendon et al.,, 2011), correspondence with vertical-horizontal
structure or thermal considerations (Clancy et al., 2010; Fedorova et al.,
2009; Maittianen et al., 2010; McConnochie et al., 2010; Vincendon
et al., 2011).

Specific dust aerosol identifications in the Mars mesosphere, in the
absence of global dust storm conditions, are still rarer. Mariner 9, MGS,
and MRO limb observations presented the global extension of dust and
related ice aerosols into the mesosphere during the 1972 (Anderson and
Leovy, 1978), 2001 (Clancy et al., 2010), and 2007 (Kleinbohl et al.,
2013) planet encircling dust storms, respectively (MY9, MY25, MY28).
As we indicate in the following CRISM analysis of the 2009-2017
period during which such global dust storms did not occur, mesospheric
dust aerosols are uncommon. This conclusion supports a recent analysis
of 50-80 km MCS dust retrievals (Kleinbohl et al., 2015), challenging
the identification of widespread dust layers at 50-60 km based upon
TES limb retrievals (Guzewich et al., 2013). However, MCS observa-
tions of mesospheric detached dust layers are reported over high

Icarus 328 (2019) 246-273

elevation regions, associated with topographically forced, mesoscale
circulations (Heavens et al., 2015).

The following analysis and presentation regard the distribution of
Mars atmospheric aerosols over the 50-100 km mesospheric region, in
which the seasonal (solar longitude, L), spatial (latitude and altitude,
primarily), compositional (water ice, CO ice, and dust), particle size
distribution (effective radius, R, primarily and effective variance, Vg,
in special cases), and limb path averaged abundances (optical depths)
are derived from limb imaged visible/near-IR (0.4-4 um) spectra. These
2009-2016 CRISM (Compact Reconnaissance Imaging Spectrometer for
Mars) limb spectra extend from the surface of Mars to above
120-150 km altitudes with better than 0.5 km vertical resolution, and
obtain full latitudinal and nearly complete (although irregularly sam-
pled) seasonal coverage as accumulated over multiple Mars years
(MY29-33, as defined in Clancy et al., 2000). The retrieved aerosol
behaviors are considered in the context of mesospheric water vapor
abundances (including anomalous o, Ag) dayglow peaks), water and
CO, ice formation processes (including cloud iridescence), and near-
coincident Mars Color Imager (MARCI) and Mars Climate Sounder
(MCS) observations from the same Mars Reconnaissance Orbiter
(MRO).

The extended spatial/temporal coverages of CRISM visible/Near-IR
limb spectra prove quite diagnostic for the study of Mars mesospheric
aerosols; due to reduced limb optical depths (relative to the lower at-
mosphere) that support uniform vertical coverage, and contiguous
0.4-4 pm spectral resolution (6A.~ 0.01 um) that supports accurate de-
finitions of an extensive range of aerosol particle sizes (and sometimes
V) presented by Mars mesospheric aerosols. This study demonstrates
that Mars mesospheric aerosol distributions are quite distinct from
those extensively characterized at altitudes below 50 km; in terms of
considerably smaller particle sizes, distinct dust and ice spatial and
temporal distributions, and the presence of low latitude CO, ice clouds
in the aphelion season. Dust aerosols (apart from global dust storm
activity) are much less prominent and water ice and CO, ice aerosols
appear nearly exclusively within perihelion and aphelion annual por-
tions of the Mars orbit, respectively. These distinctions in the spatial/
temporal distributions of mesospheric dust and ice aerosols and their
particle size distributions are a focus of this study. Although this CRISM
limb analysis primarily employs 1-D limb profile spectra, we also pro-
vide a subset of CRISM limb images characterizing the ~50km hor-
izontal structure of mesospheric aerosols as viewed orthogonally to the
limb optical paths.

MCS and MARCI near-coincident and near-simultaneous compar-
isons provide a key component of the current study as well. In parti-
cular, MARCI wide-angle (daily global) imaging provides character-
ization of kilometer resolved morphologies and horizontal scales of
mesospheric aerosol distributions along the ~300km CRISM limb
sampling path. Hence, MARCI comparisons serve to constrain cloud
particle densities and processes sampled in CRISM limb retrievals. MCS
has obtained the most complete temporal (including diurnal) and spa-
tial limb profiling data set of Mars atmospheric aerosols over
2006-2018, including mesospheric (50-80km) profiling with dense
latitudinal coverage contributed by rapid in-orbit-plane limb scanning.
MCS obtains thermal infrared (12-45 um) limb radiances appropriate to
dust and water aerosol retrievals (Kleinbohl et al., 2009), but also offers
sensitivity to scattering of surface continuum emission by CO, cloud
particles (Hayne et al., 2012; Puspitarini et al., 2016). Apart from
identifying consistent dust and water ice detections in the MCS and
CRISM limb measurements, we consider the distinct sensitivities of MCS
and CRISM limb measurements for mesospheric CO, clouds, and the
unique sensitivity of MCS radiances to nighttime (3 am) mesospheric
CO, clouds. Inter-comparison of MRO MCS, MARCI, and CRISM me-
sospheric aerosol measurements constitutes a unique opportunity for
near-coincident, simultaneous views of Mars atmospheric aerosols in
nadir and limb geometry over two orders of magnitude wavelength
coverage (0.4-45 pm).
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Table 1
CRISM Limb O,(* /\y dayglow observation summary (each entry is one full
orbit of observations).

Date” Year® MY® L Longitudes® Latitudes’
July 10, 11 2009 29 301° H, T 88S-56N
February 10, 11 2010 30 50° T 51S-85N
April 7 2010 30 74° H T 42S-87N
April 28, 29 2010 30 83-84° H T 43S-87N
May 26 2010 30 96° H, T 39S-86N
August 22, 23 2010 30 137° 0, 100-210W  50S-25S

August 22, 23 2010 30 137° 0, 100-140W  41N-84N
October 17 2010 30 166° H, T 64S-82N
December 5, 6 2010 30 193° H T 83S-63N
March 31-April 1 2011 30 265° H T 87S-39N
May 14, 15 2011 30 292-293° H, T 86S-44N
June 28 2011 30 319° H, T 855-52N
August 22, 23 2011 30 349° H, T 81S-65N
September 13 2011 31 0° H T 76S-70N
December 10, 11 2011 31 41-42° H, T 54S-87N
April 24, 26 2012 31 101-102° H, T, M 40S-86N
November 14-16 2012 31 206-208° H, M, V 84S-64N
January 8, 9 2013 31 241° M, V 875-47N
March 7 2013 31 277° H 755-19S

December 11, 13 2013 32 61-62° M, V 38S-87N
February 5, 6 2014 32 86° H,V 27S-86N
April 1-3 2014 32 110-111° H, M, V 36S-81N
May 26-28 2014 32 136-137° H, M, V 37S-85N
July 20, 22, 26 2014 32 164-167° H, M, V 54S-86N
February 13, 14 2015 32 290-291° H, M 79S-48N
April 15, 17 2015 32 326-327° H, M,V 86S—-66N
August 31, September 1, 4 2015 33 35-37° H, M, V 48S-86N
October 25, 30-31 2015 33 59-62° H, M,V 37S-80N
December 20, 23, 25 2015 33 84-86° H, M,V 33S-85N
February 28, March 4, 5 2016 33 115-118° H, M, V 34S-87N
May 10, 11, 15 2016 33 150-153° H, M, V 475-87N
July 3, 5, 6 2016 33 179-181° H, M, V 65S-83N
August 30 2016 33 213° H 83S-3N

December 21 2016 33 284° M 87S-56N

@ Day/Month of CRISM orbit of observations.

> Year of CRISM orbit of observations.

¢ Mars Year of CRISM orbit of observations, as in Clancy et al. (2000).

4 Mars Solar Longitude (90° for northern summer solstice, 70° for aphelion).

¢ EQ Longitude of CRISM orbit of observations (H ~ 295W, T ~ 105W,
M ~ OW, V ~ 75W).

f Latitudinal Coverage of CRISM orbit of observations (at 6-12° latitude in-
tervals).

2. CRISM limb spectroscopic/imaging observations

The CRISM visible-near infrared (A = 0.4-4 um, 7-15nm resolu-
tion) imaging spectrometer has mapped Mars surface mineralogy at
high spatial resolution (15-20 m/pixel) from the MRO near-polar, sun
synchronous orbit (local time, LT, ~3 pm/3am) since November of
2006. CRISM instrumental and science capabilities, including early
results, are provided in Murchie et al. (2007, 2009). CRISM is nomin-
ally operated in the nadir but, beginning in 2009, CRISM limb ob-
servations have been obtained through MRO spacecraft yaw maneuvers
for 1-3 orbits/longitudes scheduled roughly every 30° of Mars solar
longitude (Ls). However, numerous interruptions associated with MRO
spacecraft or CRISM instrumental considerations (particularly de-
grading CRISM coolers in later years) contribute an irregular pattern of
seasonal and MY coverage, as indicated in Table 1. The final CRISM
limb measurements employed for analysis (i. e., with near-IR spectral
coverage) were obtained in December of 2016. CRISM limb observa-
tions formally ended in November of 2017 when IR detector cooling
became inoperable.

2.1. CRISM limb observation coverages

During CRISM limb operations, spacecraft yaws were employed to
place the CRISM field-of-view (fov) at the atmospheric limb in the plane
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of the MRO orbit. The CRISM gimbal drive, nominally applied to obtain
contiguous surface spectroscopic imaging in the nadir, also supports
atmospheric limb scanning from the surface to altitudes above
120-150km (Clancy et al., 2012). This atmospheric limb scanning
mode leads to roughly 500 m vertical resolution with horizontal spatial
imaging of ~200 m resolution spanning approximately 30 km fovs or-
thogonal to the limb path, all with full visible/near-IR spectral cov-
erage. CRISM limb scans were obtained in the aft (backward) direction
of the orbit plane until April of 2012 and subsequently in the bow
(forward) direction. This change in the CRISM limb scan direction
correlates with the appearance of a faint background spectral signature
that sets the lower limit of retrievable aerosol scattering, as discussed
subsequently.

CRISM limb observations were generally taken over 2-3 full orbits
observed within a 1-5day period every 2-4 months (as indicated
above). By comparison, the MRO spacecraft obtains 780 orbits during a
2month period. The near-polar orbit of MRO provides for full latitu-
dinal coverage from each orbit of observation. The longitudinal cov-
erage is limited to 4 selected longitudes of interest, centered on Hellas
Basin (H — 295W), the Tharsis ridge (T — 105W), Meridiani (M —
OW), and Valles Marineris (V— 75W). Longitudes here refer to the
equatorial (EQ) crossing of the orbit, and change considerably at very
high latitudes (particularly over the poles) due to the slightly inclined
MRO polar orbit. As apparent in Table 1, the longitudes of CRISM limb
viewing were limited to 2 orbits centered on Hellas and Tharsis regions
over 2009-2011 and then modified to 3 orbits centered on Hellas,
Meridiani, and Valles Marineris from 2012 to 2016. The latter two
longitude regions correspond to peak occurrences of mesospheric
(55-75km) CO, ice clouds, which are particularly well characterized
by CRISM visible-to-near infrared spectra in limb viewing.

The latitudinal sampling varies with altitude and latitude along the
orbit, depending on the range of solar illuminated latitudes employed
for aerosol scattering analysis (a function of L), and the altitude gimbal
scanning pattern. Generally, there are 6-14° latitudinal offsets between
limb scans, which does not support the kind of detailed discrete
(“loop”) limb cloud analysis associated with the rapid limb scanning
operations of the MCS instrument. A discrete cloud viewed at a true
limb tangent altitude of 65 km in CRISM limb spectra is projected (for
10 degree latitudinal limb scan spacing) to 45 km altitudes in the pre-
ceding and following limb scans. This behavior can be identified for
particularly bright mesospheric CO, ice clouds but is less apparent for
H,0 ice clouds, which are less bright and less spectroscopically distinct
from lower altitude aerosols (particularly in their non-aphelion season
of occurrence when 40-50 km dust and ice aerosols are much more
prominent). With the (sometimes) exception of vertically extended
polar hood clouds, Mars mesospheric cloud scattering is dominated by
horizontally discrete scattering layers exhibited as distinct limb
brightness maxima projected at altitude along the limb viewing path.

Consequently, the following analysis emphasizes CRISM spectral
brightness fits for aerosol composition and R, at the specific altitudes
of such brightness peaks, adopting a very simplified single scattering
approach. In cases where brightness peaks at multiple altitudes are
observed, we model each peak independently, assigning an altitude
equivalent to its projected altitude. This projected altitude (aeroid al-
titudes are used throughout this presentation) is less than or equal to its
true aeroid altitude, depending on its location along the viewed limb
path. We also pursue limb profile retrievals, employing multiple-scat-
tering RT and assuming spherical shell symmetry, for a small subset of
the CRISM limb data. This serves to assess the accuracy of the single-
scattering analysis for aerosol composition and particle size on the full
data set, but also provides determination of limb path aerosol opacity.
In the context of these derived R, limb opacities, and assumptions on
cloud horizontal scales (informed by MARCI nadir imaging), effective
cloud particle number densities are estimated. These approaches are
defined in more detail subsequently, but are mentioned here in the
context of the employed CRISM limb profiling data set. Apropos to the
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CRISM Limb Spectra: Large Particle Dust/Ice Aerosols
0.12[§

CRISM 1/F

C0,0 Ice at Z,,,=61km, 13S77W
Ry"2.0pum (L,=85°) 5Feb2014

1.0 1.5 2.0 2.5

Wavelength (microns)

(a)

CRISM Limb Spectra: Small Particle Dust/Ice Aerosols

CO, Ice at Z,,=60km (IFx4), 22S356W, Ly=37°
Ry=0.3um (6=58°) 45ep2015

3.0 3.5

H,0 Ice at Z,,,=66km, 20N106W, L,=349°
R0.15um (6=70°) 22Aug2011

CRISM I /F

1.0 1.5 2.0 2.5

Wavelength (microns)

(b)

Fig. 1. Two sets of CRISM limb spectra are presented for larger particle sizes
(upper, Ry = 1-2pum) and smaller particle sizes (lower, Ry = 0.15-0.4 um).
Observed limb spectra (solid lines) are compared to single scattering model fits
(dashed and dotted lines) for spectrally identified dust (red), H,O ice (blue,
green), and CO, ice (white) clouds with best fit particle sizes (R.). In the case
of ice particle size distributions, two cases for the size distribution variance
(Vegr = 0.1, 0.01) are plotted to indicate reflectance spectra sensitivity to this
parameter. Later figures more clearly demonstrate observed spectral re-
flectances indicative of very narrow size distributions and, hence, cloud ir-
idescence. Dates, locations, season (L), and scattering angles (6) for the various
observations are presented in the figure.

single altitude approach, the horizontal (orthogonal to the limb optical
path) imaged resolution is averaged to form a single vertical profile for
each CRISM limb scan, although individual cases of mesospheric ice
cloud limb images (CO- clouds, in particular) are presented.

2.2. CRISM limb spectra characteristics for mesospheric aerosols

Fig. 1 presents examples of CRISM limb spectra for the three aerosol
compositions relevant to the Mars mesosphere (dust, H,O ice, CO, ice),
for larger (Rep= 1-2um, Fig. la) and smaller (Ryy = 0.15-0.4 um,
Fig. 1b) effective particle sizes. The solid colored lines (red — dust,
white — CO, ice, blue — H,O ice, green — very fine H,0O ice) display
the observed limb radiances at the indicated tangent altitudes
(35-61 km) in terms of Lambert reflectance (I/F, or 4 X I/F for the
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small particle size CO5 ice case). Limb tangent reflectance spectra at
altitudes below the mesosphere are presented in Fig. 1b for the dust and
H,O0 ice cases in order to provide large aerosol particle cases that are
not common in the mesosphere. Notice that small dust particle sizes
(Reff = 0.4pum) at 48km altitudes overlie larger dust particle sizes
(Rer = 1.0 um) at 45 km altitudes, indicating strong vertical gradients
in dust particle sizes just below the mesosphere at this time (Ls = 265°).
By comparison, large particle size CO, clouds are common in the me-
sosphere. In all of the analyzed mesospheric limb spectra, limb I/F
correspond to optically thin conditions as averaged over the limb op-
tical path, although optically thick conditions may exist locally along
the optical path for bright CO, clouds in particular. Distinct dis-
continuities in the CRISM spectra are exhibited near 0.7, 1.1, and
2.7 um, associated with CRISM spectrometer and order filter boundaries
(Murchie et al., 2007). Dotted and dashed line spectral fits, as described
subsequently, demonstrate how basic single scattering models represent
these observed limb radiances for the indicated aerosol compositions
and particle size distributions (R.s and V.g). We reiterate that these
model single-scattering fits do not obtain aerosol scattering opacities,
but are simply scaled in magnitude to match the observed limb I/F over
the full observed spectral shape.

For the generally small particle sizes of Mars atmospheric aerosols
(i. e., compared to surface ice), visible/near-IR absorption is most ap-
parent in dust aerosol absorption shortward of 0.6 pm (associated with
Fe charge transfer) and dust and H»O ice aerosol absorption over the
2.7 to 3.2um spectral range (associated with OH stretching). Both of
these absorptions (and CO gas absorptions at 2 and 2.7 um) are further
imprinted on limb aerosol scattering spectra through reflected illumi-
nation from the surface and lower atmospheric dust and H,O ice clouds.
CO, ice clouds are non-absorbing over the CRISM wavelength coverage
(apart from 2.7 pym absorption overlain by very strong CO, gas band
absorption), but their limb scattering spectra are also modified by this
reflected illumination of the surface and lower atmosphere. Fig. 2
presents the single scattering cross-section (s, and albedo (e for
dust, H,O ice, and CO, ice spheres with smaller (Rgs = 0.5, Ve = 0.1)
and larger (Ryy = 1.5, Vo = 0.1) particle size distributions (assuming
gamma size parameterizations; Hansen and Travis, 1974). The spectral
character of 0,4 (top panel of Fig. 2) roughly mimics the observed limb
spectra for dust and ices for the limb scattering angles represented in

Single Scattering Properties vs Composition, Ry

SS o (um?)

1.0

1.5 2.0 2.5
Wavelength (microns)

3.0

1.0

1.5 2.0 2.5
Wavelength (microns)

3.0 3.5

Fig. 2. Model single scattering cross sections (upper) and albedos (lower) are
presented for smaller (solid lines, Ry = 0.5um) and larger (dashed lines,
Rey = 1.5um) particle size distributions (Vg = 0.3 for dust — red lines;
Ve = 0.1 for CO; ice — white lines and H,0 ice— blue lines). These scattering
angle integrated properties were calculated for spheres versus wavelength over
the CRISM spectral range, employing optical indices from Hansen (2005),
Warren and Brandt (2008) and Wolff et al. (2009).
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the CRISM spectra of Fig. 1 (0 = 55-71"). However, as demonstrated
below, limb aerosol scattering spectra depend significantly on scat-
tering angle over the extended range of 6 sampled in CRISM limb ob-
servations (34-144").

Nevertheless, the general characteristics of these visible/near-IR
scattering spectra are: 1) peak reflectance at a wavelength near the Ry
of the scattering aerosol, 2) a characteristic H,O scattering peak over
wavelengths of 3-3.5 um that decreases in wavelength and amplitude
with decreasing ice particle size, 3) enhanced scattering by dust over
near-IR wavelengths (1.5-2.5 and 3.2-3.8 um), and 4) spectrally fea-
tureless scattering by CO, ice apart from interference effects associated
with very narrow particle size distributions (dotted lines, Fig. 1 models
— iridescence, as discussed later). One caveat, with respect to the dust
spectral analysis, is that we do not have consistent optical constants
beyond a wavelength of 2.6 um, the wavelength limit of the dust optical
constant analysis of Wolff et al., 2009. Values for dust optical constants
longward of 2.6 um are drawn from Madttanen et al., 2009, which lead
to less accurate dust fits in this region. The mismatch in observed/
modeled dust spectra in Fig. 1 and the dotted lines for the dust scat-
tering properties in Fig. 2 for wavelengths beyond 2.6 um reflect this
limitation. However, mesospheric dust aerosols, particularly for larger
particles (Fig. 1a), are not substantially represented in the 2009-2016
CRISM limb observations of mesospheric aerosols.

The scattering parameters provided as a function of wavelength in
Fig. 2 are integrals with respect to scattering angle, whereas the CRISM
limb spectra reflect direct scattering of solar flux at a fixed scattering
angle and scattering of the approximately hemispheric illumination of
solar flux reflected by the underlying surface and lower atmosphere.
The proportion of these illumination sources is roughly 5:1 for a lower
boundary reflectance of order 0.2. Hence, the scattering observed from
mesospheric aerosols in CRISM limb spectra is dominated by the direct
solar illumination at the specific scattering angle associated with the
latitude, season (Lg), LT, and limb pointing direction. Clearly, the ab-
solute brightness of the observed aerosol scattering will increase dra-
matically from backward to forward scattering, but the spectral shape
of the limb reflectance spectra will also change, particularly for smaller
aerosol particle sizes. Fig. 3 demonstrates such scattering angle (0)

Fine H,O Ice: Limb Spectra vs Scattering Angle
QOBFT ~ "~ T T T T T T T
E 15May2011, L;=293°
E
0.05F  415,291W at limb tangent=59km alt— solid line
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Fig. 3. The sensitivity of the observed (lines) and modeled (symbols) limb re-
flectance spectra to scattering angle is strong, for smaller particle sizes in par-
ticular. H,O ice clouds observed at a scattering angle (6) of 100° (41S, solid
line) are fit with R,y = 0.3 um (triangle symbols). H,0 ice clouds observed at a
scattering angle of 39° (44N, dashed line) are fit with R = 0.15 pm (diamond
symbols). The largest spectral distinction between these observed limb re-
flectance spectra is associated with their very distinct scattering angles of ob-
servation. This is demonstrated by model reflectances calculated for
Ry = 0.2 um at scattering angles of 100° and 39°, both of which plotted as
asterisk symbols.
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sensitivity for fine mesospheric H,O ice clouds observed at 41S
(6 = 100°) and 44N (6 = 39°) at Ly = 293° in MY30. The strong spectral
distinctions between these observed limb spectra are contributed in
large part by the distinct scattering angles of observation. Model fits for
Res for these northern and southern mid-latitude mesospheric clouds
yield 0.15um (diamond symbols) and 0.3 um (triangle symbols), re-
spectively. However, model reflectance spectra for Res = 0.2 um (as-
terisk symbols) indicate that their distinct scattering angles account for
the largest differences in their limb reflectance spectra.

Clearly, it is necessary to simulate scattering phase functions for ice
and dust compositions over a large range of particle sizes in order to
derive accurate values for R, and composition from these limb spectra.
Fortunately, the spectral shape variations with scattering angle in-
dicated in Fig. 3 are not very sensitive to the specific particle shapes
adopted for these scattering phase function calculations. For much of
the following analysis, we adopt equidimensional (D = L), randomly
oriented cylinders for calculation of single scattering phase functions
versus wavelength, employing the T-matrix code of Mishchenko et al.
(1996, 2016). This choice reflects current models for cirrus ice cloud
particle shapes in the upper troposphere (Yang et al., 2003) and is also
qualitatively consistent with the observation of iridescence in meso-
spheric CO, clouds (as discussed subsequently). Fig. 4 demonstrates
that CRISM spectra of mesospheric scattering, for small H,O ice as in
Fig. 3, are not particularly sensitive to this particle shape choice. CRISM
limb spectra calculated for the scattering angles and Res = 0.2 um of
Fig. 3 are compared for assumed particle shapes of spheres (dotted
lines), equidimensional cylinders (D/L = 1, solid lines) and elongated
cylinders with (D/L = 0.5, dashed lines). The differences among the
calculated scattering spectra, which are again scaled for comparison of
spectral shapes, are small and contribute minor uncertainties in terms
of deriving aerosol composition and particle sizes from CRISM limb
spectra of mesospheric aerosol scattering.

Aerosol optical indices versus wavelength for dust, H,O ice, and CO,
ice are adopted from Hansen (2005), Warren and Brandt (2008), and
Wolff et al. (2009), respectively. The aerosol particle size distribution
function (gamma distribution function, Deirmendjian, 1964) and var-
iances (Vo = 0.1 for ice; 0.3 for dust) are assumed from prior analyses
(Clancy et al., 1995; Clancy et al., 2003; Curran et al., 1973; Tomasko
et al., 1999; Toon et al., 1977; Wolff et al., 2009). These assumptions
are effectively unconstrained by the CRISM limb spectra, and the de-
rived compositions and R, are generally insensitive to their adoption.

Single Scattering Phase Function vs Particle Shape
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Fig. 4. While limb scattering spectra are sensitive to scattering angle, they are
much less sensitive to the details of the aerosol particle shapes. Model limb
reflectance spectra for three particle shapes (spheres — dotted lines, equidi-
mensional cylinders — solid lines, and cylindrical columns — dashed lines) are
compared for forward (6 = 39°, thin lines) and side (6 = 100°) scattering an-
gles.
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However, interference patterns exhibited in a significant number of the
observed CO, ice aerosols (i. e., iridescence) do provide some con-
straints on Vg as discussed below. In order to characterize the neces-
sary ranges of composition, Ry, and V. exhibited in CRISM limb
spectra of Mars mesospheric aerosols, over 100 specific single scattering
phase functions were calculated via the T-matrix analysis.

3. Single scattering fits for aerosol composition and particle size
(Reff)

A very simple approach is adopted to derive mesospheric aerosol
composition and particle size versus altitude, latitude, longitude, and
season based on CRISM visible/infrared spectroscopy of the imaged/
scanned atmospheric limb of Mars. The limb brightness spectra of
~470 limb brightness peaks are identified in the full CRISM limb data
set (Table 1) and best fit (by visual inspection) with a two-term single
scattering model for definition of composition (dust, H,O ice, CO, ice)
and particle size (Rgy = 0.1-3.0 um).
1/Fy(1) = [Z(Q DHR@Wx Y Z(G,/I)/IZI]

The first, dominant term contributing to the observed spectral limb
brightness is direct scattering of incident solar irradiance, associated
with the single scattering phase function Z(6, A). The second term is
aerosol single scattering [Z(6, A)] of the diffusely reflected solar irra-
diance from the lower atmosphere and surface, R(A), which is defined
by the CRISM observed surface/atmosphere reflectance spectrum
measured at the lower boundary of each limb scan. This second scat-
tering term is summed over a representative range of scattering angles
(6 = 30-150°) from this lower boundary reflecting layer to the meso-
spheric cloud to the MRO spacecraft. This simple scattering approach
does not account for thermal emission contributions, which can be
significant for wavelengths longward of 3.5 um. However, mesospheric
aerosol emission is reduced by the lower atmospheric temperatures in
this region such that thermal emission contributions are dominated by
aerosol scattering of surface thermal emission rather than aerosol
emission. Furthermore, CRISM spectral noise limits the useful applica-
tion of limb signal beyond ~ 3.8 um. Hence, thermal emission is not
particularly relevant for the current study. It is, however, incorporated
in the set of multiple scattering RT limb retrievals presented for com-
parison in a following section.

The scaling constant, C, indicates that there is no attempt to char-
acterize limb optical depths with this approach, only the aerosol com-
position and particle size are defined through the spectral shape of the
observed limb scattering (Fig. 1). One of the issues in limb analysis is
the assumption of spherical shell symmetry, which is clearly not ap-
propriate for discrete aerosol layers. Such discreteness along the limb
optical path can be identified by an abrupt decay of limb brightness
below the peak brightness altitude (Clancy et al., 2007). We address
limb opacity with a separate radiative transfer approach on a subset of
CRISM limb observations, with added assumptions about the horizontal
cloud extent in order to estimate cloud particle number densities.

Figs. 5-8 provide a sampling of these single scattering best fit
spectra to CRISM limb spectra for a range of aerosol particle sizes and
compositions. As indicated above, best fit solutions (symbols in
Figs. 5-8) to the observed CRISM spectra (lines in Figs. 5-8) are ob-
tained visually rather than by minimization of differences between the
observations and models at specific wavelengths. It is not simple to
devise a stable and accurate least-squares-type fit given the range of
observational parameters (wavelength, scattering angle) and aerosol
properties (composition, R.g V) that characterize CRISM limb spectra
of mesospheric aerosol scattering. In order to verify the visual fitting
method adopted for the full CRISM limb data set, we employ vertical
profile retrievals employing minimization of model/data limb radiance
differences at selected wavelengths. This approach, which is described
in a subsequent section, is applied to a subset of the CRISM observations
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Mesospheric 602 Ice Particle Size Variations
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Fig. 5. CRISM observed (lines) and model fits (symbols) of limb spectral re-
flectance for a set of mesospheric CO, ice clouds, in which cloud particle sizes
(R of 1.3 um (28Feb2016, dash-dotted), 0.7 um (4Sep2015 at 168, solid), and
0.45um (4Sep2015 at 23S, dashed) are derived. Models for three different
particle size distribution variances (Vs = 0.1 for diamond symbols, 0.03 for
asterisk symbols, and 0.01 for X symbols) indicate spectral interference patterns
that are notable for the R, = 0.7 and 0.45um particle size clouds. This evi-
dence of CO, cloud iridescence is less prominent in larger CO, cloud particle
sizes as iridescence in such cases occurs at smaller scattering angles than ob-
tained with CRISM limb observations.
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Fig. 6. CRISM observed (lines) and model fits (symbols) of limb spectral re-
flectance for a set of mesospheric H,O ice clouds, in which cloud particle sizes
(Regp) of 0.6 um (13Feb2015, solid), 0.35 um (21Dec2016 at 43S, dashed), and
0.10 um (21Dec2016 at the equator, dotted) are derived. Models for two dif-
ferent particle size distribution variances (V¢ = 0.1 for diamond symbols, 0.03
for asterisk symbols) indicate spectral interference patterns that are notable for
the Ry = 0.6 um particle size case. This is the strongest case for mesospheric
H,0 cloud iridescence, although the predominantly small particle sizes of
mesospheric H,O clouds presents less sensitivity in CRISM limb spectra for
cloud iridescence.

selected to represent the derived range of mesospheric aerosol com-
positions and particle sizes. This point is mentioned above with respect
to deriving limb path opacities, but it also provides a useful comparison
between the visual fits of the single scattering analysis to minimization
fits with multiple scattering radiative transfer.

Fig. 5 presents a set of mesospheric CO, cloud spectra (lines) for
best-fit (symbols) particle sizes (R.y) of 0.45, 0.7, and 1.3 pm. The oc-
currence of CO, cloud iridescence, not clearly present in the CO, limb
spectra of Fig. 1, is evidenced by spectral interference (diffraction)
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Fig. 7. CRISM observed (lines) and model fits (symbols) of mesospheric limb
spectral reflectance characterizing the vertically decreasing particle sizes of
H,O ice clouds in the northern polar hood (Ls = 293°, 44N). Cloud particle sizes
decrease from R = 0.27 um at 55 km (aeroid) to 0.15pm at 65 km.
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Fig. 8. CRISM observations (lines) and model fits (symbols) to limb spectral
reflectances associated with a 14Nov2012 (L, = 207°) regional storm injection
of dust into the low latitude (here, 8S-equator) mesosphere of Mars. Dust
particle sizes (Rey) of 0.7-0.5um at ~55km decrease to 0.15um by 70 km
(aeroid) altitudes. This event constitutes the most extensive mesospheric dust
aerosols detected in CRISM limb observations for the 2006-2016 period
(MY29-33), during which planet encircling dust storms did not occur. MCS also
observed this regional dust event (Heavens et al., 2015), suggesting the dust
particle size distributions indicated in these CRISM observations reflect a con-
siderably evolved state (see text).

patterns over A = 0.45-2.0um for the two smaller ice particle size
clouds provided in Fig. 5. These spectral variations are reproduced in
single scattering phase function spectra with narrow particle size dis-
tributions (Ve = 0.01-0.03, asterisk and X symbols), but not in broader
particle size distributions (Vs = 0.1, diamond symbols). This behavior
is discussed in detail subsequently in a section specifically devoted to
cloud iridescence.

Fig. 6 presents a set of H,O ice scattering spectra for which derived
ice particles sizes (R.y) vary from 0.1 to 0.6 um. The R.s = 0.6 um case
reflects atypical conditions among the observed set of mesospheric
water ice measurements, in terms of the larger ice particle size and the
tentative identification of iridescence (i. e., a narrower size distribution,
Ve = 0.03). The full set of CRISM retrieved water ice particle sizes is
dominated by Ry < 0.4 um, as presented below. While such irides-
cence is rarely detected (<1%) in mesospheric H,O versus CO, ice
clouds, it is also true that the CRISM scattering spectra of fine
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(Rer = 0.1-0.3 um) H,O ice aerosols provide less capable identification
of spectral interference patterns associated with iridescence. This is due
to the reduced spectral range of observed scattering for such small H,O
ice particles (particularly with small scattering angles, Fig. 3), as in-
dicated by the smallest ice particle case in Fig. 6, and a set of similarly
small H,O ice particles presented for the north polar hood (NPH) in
Fig. 7. These NPH aerosol scattering spectra indicate distinct vertical
gradients in H,O ice particle sizes (R, decreases by a factor-of-two
between aeroid altitudes of 55 and 65 km), as well as the sensitivity of
CRISM limb scattering spectra to small water ice particle sizes.

Fig. 8 presents a set of three CRISM limb spectra of scattering by
mesospheric dust aerosols, for particle sizes (R.) ranging from 0.15 to
0.7 um. For Mars planet encircling dust storm conditions (which did not
occur over the CRISM period of limb observations), larger dust particle
sizes (R = 1-2um) have been observed to altitudes above 70km
(Clancy et al., 2010). Mesospheric dust aerosols over the CRISM period
of limb observations are rare and their particle sizes (R.z) are generally
smaller than 0.7 um. The dust aerosols presented in Fig. 8 correspond to
low latitude initiation of dust lifting activity near Ly = 207° in MY31, as
catalogued among high altitude dust layers in Heavens et al. (2015). At
8S, 356W (Meridiani region) and for the period of CRISM observation,
this dust exhibits a sharp decrease in dust particle sizes between 53 km
(Regr = 0.5pum) and 72 km (Rgy = 0.15 pm). These smaller dust particle
sizes and their vertical gradient, in conjunction with the more spatially/
temporally complete MCS observations (addressed in a later section),
imply an evolved mesospheric dust size distribution rather than the
initial dust size distribution injected into the mesosphere.

3.1. Sensitivity and accuracy of derived aerosol R.g and composition

Sensitivity limits of the CRISM limb observations depend in part on
the particle size of the scattering aerosol. As Figs. 5-8 show, smaller
particle sizes lead to shortwave (0.4-0.7 um) peaks in limb brightness,
whereas larger particle sizes lead to broadwave (0.4-4.0 um) brightness
ramps. The latter case can lead to reduced aerosol sensitivity from a
spectral contrast perspective. In the case of CRISM limb observations, it
also conflicts with an instrumental scattering artifact of the level 0.0005
(in I/F units). This background scattering appears similar in spectral
form to scattering by large (R.s ~2um) ice or dust aerosols, extends
over most latitudes of CRISM limb observations, and decreases slowly
from 50 to 80 km altitudes. These latitude and altitude behaviors sug-
gest an instrumental artifact, but its abrupt appearance in CRISM limb
observations with a change in CRISM scan direction (from backward to
forward with respect to the spacecraft flight direction in late 2012) is
most indicative of an instrumental artifact. This artifact preferentially
limits faint detections of large particle size aerosols, but an I/F limit of
0.001 in limb brightness serves as a general sensitivity limit for CRISM
limb detections of mesospheric aerosol scattering.

Determinations of aerosol effective radii (Rey) via the single scat-
tering analysis yield accuracies of ~10% and precisions of order 20%.
This accuracy figure refers primarily to the average difference between
the SSA solutions with multiple scattering limb RT/profile retrieval
determinations presented in the following section. Systematic un-
certainties associated with the baseline adopted values for the particle
size distribution (gamma) and dust and ice size distribution variances
(apart from iridescence) can lead to similar order biases in derived Ry
for small particle sizes, particularly where the adopted distribution
variances V4 approach derived values for R.g It should also be noted
that the derived R4 values may reflect averaging of substantial particle
size variations (i.e., distinct cloud populations) along the limb path
viewing. The detection limit for small particle sizes is of order
Rey = 0.05um, in terms of Ry discrimination. However, such small
particle sizes lead to substantially reduced scattering brightnesses.
CRISM limb spectra could in principle detect the brighter upper me-
sospheric Ry = 0.08-0.13 um hazes reported by Montmessin et al.
(2006). However, these SPICAM stellar extinction measurements regard
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Fig. 9. The full set of mesospheric aerosol particle size (R.s) and composition
determinations from CRISM limb spectral reflectance profiling over 2009-2016
indicates a distinctive orbital variation in Mars mesospheric aerosol composi-
tion, particle size, and spatial distributions. During the cold aphelion portion of
the Mars orbit (upper panel, reflecting the L; = 35-155° range of CRISM limb
observations), weak water ice clouds with small particle sizes (green symbols,
Re 0.2 um) are restricted to lower mesospheric altitudes (< 55 km, aeroid)
and midlatitudes. Aphelion mesospheric CO, ice clouds predominate low lati-
tudes (20S-10N) at 55-75km altitudes, with smaller cloud particle sizes
(yellow symbols, Rgy <1 um) forming around the altitude/latitude boundaries
of a population of larger particle size CO, clouds (white symbols, Ry > 1 um).
During the warm perihelion portion of the Mars orbit (bottom panel, reflecting
the Ly = 160-360° range of CRISM limb observations), H,O ice clouds pre-
dominate with infrequent fine dust aerosols presented over the 2006-2016
period of CRISM limb observing. On average, larger H,O cloud particle sizes
(blue symbols, Rer > 0.2 um) occur at lower altitudes (~50-60 km). Summer
polar regions exhibit relatively few mesospheric aerosols.

nighttime conditions not accessible with CRISM limb scattering ob-
servations.

Compositional determinations, among the dust and CO,/H50 ice
components, are accurate in an “either-or” sense with the following
caveats. Roughly, 5% of identified mesospheric H,O ice clouds, almost
all of which are presented at aeroid altitudes between 50 and 55 km and
at low to mid latitudes, suggest possible minor components of dust
scattering. The nature of the weak dust signature in these cases is poorly
defined; intimate (dust cores) or spatial (along the limb path) ice/dust
mixing may account for this behavior. All of the CRISM limb views of
mesospheric aerosol scattering incorporate reflected illumination from
lower atmospheric dust/H,0 ice aerosols and the dust covered surface.
This limits the identification of minor aerosol components, such as from
nucleation cores, limb path averaging, or possible H,O ice contamina-
tion of CO, ice clouds.

3.2. Derived distributions of mesospheric aerosol composition and Rz

The detailed distributions of Mars mesospheric aerosol composition
and particle size (R.g), as characterized by the single scattering analysis
of the full set of CRISM limb observations, are presented in Figs. 9-15.
Fig. 9 presents the latitudinal and (aeroid) altitude distribution of dust
(red symbols), CO, ice (Rey <1 pm, yellow symbols; R > 1 um, white
symbols), and H,0 ice (Resr <0.2um, green symbols; Ry > 0.2 um,
blue symbols) aerosols. The upper (L; = 35-155°) and lower
(Ls = 160-360°) panels of Fig. 9 emphasize the sharp compositional
distinctions of Mars mesospheric aerosols between the cold aphelion
portion of the Mars orbit and the warm perihelion portion of the Mars
orbit, respectively. At the most basic level, Fig. 9 shows that H,O ice
clouds extending well into the mesosphere are restricted to the warm
perihelion portion of the Mars orbit, where ~20K increased global
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Fig. 10. The resolved seasonal (L;) variations of CRISM retrieved mesospheric
aerosol compositions and particle sizes (Ry) are presented versus latitude
(upper panel) and aeroid altitude (lower panel). Symbol colors characterize
aerosol particle sizes and composition as indicated on the lower panel and in
the Fig. 9 caption. Larger particle size mesospheric H,O clouds (blue symbols)
begin to appear after Ly = 150°. CO, mesospheric ice clouds (white/yellow)
appear over L; = 35-160° (CRISM limb observations are absent over the
L; = 5-30° range). Mesospheric H,O ice clouds extend to midlatitudes
(50-55NS, sun-lighted latitudes) with a variable decrease at low latitudes.
Maximum mesospheric H,O ice cloud altitudes increase somewhat abruptly
from below 55km to as high as 90 km after Ly = 140°.
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Fig. 11. CRISM limb observations were restricted in frequency (every two
months on average) and number of orbits (1-3 per observational opportunity).
Four Mars longitude corridors were sampled over the 2009-2016 period of limb
observing, corresponding to equator crossing longitudes of ~105W, 75W, OW,
and 300W. The latitude/longitude set of mesospheric (all altitudes over
50-90 km) ice cloud detections is presented versus CO, ice (large triangles) and
H,O0 ice (small crosses) composition. As indicated in prior studies, mesospheric
COy, ice clouds occur over specific longitudes, associated with non-migrating
thermal tides (Gonzdlez-Galindo et al., 2011; Spiga et al., 2013). The limited
longitudinal definition for mesospheric CO, clouds presented here is consistent
with prior studies.

atmospheric temperatures are forced by ~40% increased solar flux/
heating. This orbital forcing of atmospheric temperatures creates strong
orbital forcing of a global hygropause level (Clancy et al., 1996), such
that water vapor abundances above 50 km are reduced by 2 orders of
magnitude over the aphelion versus perihelion periods, as exhibited in
observations (Clancy et al., 2017) and models (Millour et al., 2014).
The restriction of aphelion mesospheric water ice aerosols to below
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Fig. 12. The distributions of mesospheric aerosol particle size (R.4) measure-
ments are presented for dust (dotted line, binsize = 0.1 um), H,O ice (solid line,
binsize = 0.05 um), and CO, ice (dashed line, binsize = 0.1 um). Notice that
the measurement numbers for the less frequently observed dust and CO,
aerosols have been scaled by a factor of 10. Mesospheric H,O ice cloud particles
are narrowly distributed at small Re (0.1-0.3 um). Mesospheric CO ice cloud
particles are broadly distributed over larger R (0.3-2.3 um). Mesospheric dust
cloud particles for this non-planet encircling dust storm era are distinctly
smaller than observed during the 2001 planet encircling dust storm (Clancy
et al., 2010).

Mesospheric Dust and Ice (H,0 and CO,) Altitude Distributions
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Fig. 13. The distributions of observed mesospheric aerosol altitudes are pre-
sented for dust (dotted line), H,O ice (light solid line, Ly = 30-155°; heavy solid
line, Ly = 160-360°), and CO, ice (dashed line). The dust and CO, ice numbers
are scaled by x5 to emphasize the relative altitudes among the aerosols. These
are minimum actual altitudes, assuming that the observed aerosol layers peak
at the limb tangent. Mesospheric CO, cloud altitudes of 60-65km are most
common, whereas mesospheric H,O cloud altitudes are very seasonal, reaching
as high as 90 km in the late perihelion season. Aerosols are not detected in
CRISM limb observations above this level.

55 km and with small particle sizes presumably reflects this water vapor
abundance decline, given that atmospheric temperatures are ~20K
colder in this season.

The top panel of Fig. 9 also displays the latitude/altitude distribu-
tion of aphelion mesospheric CO, ice clouds (white and yellow sym-
bols) resulting from the globally cold aphelion atmosphere and more
specifically, low latitude minimum temperatures associated with solar
tides and gravity waves (Clancy and Sandor, 1998; Listowski et al.,
2014; Spiga et al., 2012; Yigit et al., 2015). Several other key aspects
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Fig. 14. The number of mesospheric aerosol detections versus Mars season (L,
15° bins) is distinguished by H,O ice (heavy solid line, Ror > 0.2 umy; light solid
line, Reg < 0.2 um), CO, ice (dashed line), and dust (dotted line) compositions.
L; periods lacking CRISM limb observations are indicated. The numbers for dust
and CO, ice detections have been scaled x 2 to emphasize the relative L; var-
iations among the aerosol types.

regarding CRISM measurements of mesospheric CO,, cloud distributions
are: 1) 20S-10N latitudes of occurrence, 2) peak projected altitudes of
70-75km, and 3) smaller CO, particles sizes (yellow symbols, Resr <1
um) at the latitude/altitude margins of CO, cloud occurrence.

Fig. 9 also emphasizes the very limited occurrence of mesospheric
dust during the 2009-2016 period of CRISM limb observations, which
falls between the planet encircling dust storm years of 2007 (MY28)
and 2018 (MY34). The majority of perihelion period (lower panel of
Fig. 9) occurrences of mesospheric dust loading are associated with dust
events in 2012 (MY31) at low latitudes (L; = 207°) and at northern
midlatitudes (Ls = 241°). There is one curious aphelion mesospheric
dust occurrence at Ly = 96°, which is discussed in a later section.

Fig. 10 presents the detailed seasonal (L) variations in Mars me-
sospheric aerosols and CRISM limb observational coverage versus lati-
tude (upper panel) and altitude (lower panel). Significant Lg gaps in
CRISM limb coverage are present over Ly = 5-30° (most important with
respect to mesospheric CO, clouds) and several narrower Lg gaps dis-
tributed over L = 220-340°. The latitudinal distribution of meso-
spheric aerosols displayed in the upper panel of Fig. 10 is fairly uniform
over low-to-mid latitudes (50S-50N) with the exceptions of a gap in
50S-30N aerosols centered around aphelion (Lg = 70° = 20°) and a
more variable gap in low latitude (20S-20N) ice aerosols over
L; = 200-360°. Illuminated high latitude regions (latitudes 60° in later
spring/summer/early spring seasons) exhibit few mesospheric aerosols,
with the exception of occasional bright H>O cloud layers presented at
the summer poles around 50 km altitudes. As discussed for Fig. 9, larger
H,0 ice particle sizes (R,z > 0.2um) are largely confined to the peri-
helion period (Ly > 160°).

The altitude/L; distributions of CRISM mesospheric aerosol mea-
surements are presented in the lower panel of Fig. 10, which reflects the
CRISM coverage gaps and the L variation of larger H,O ice particle
sizes (Rgsr > 0.2 um) as discussed for the upper panel of Fig. 10. Me-
sospheric H,O ice clouds exhibit vertical confinement below 55km
(aeroid) altitudes centered over the aphelion season (L; = 30-140°).
They extend to > 70 km altitudes centered over the perihelion season
(Ls = 180-340°), with smaller particle sizes (Rey <0.2m) more pro-
minent at the higher altitudes (> 60 km). Mesospheric ice aerosols
extend as high as 90 km, but are primarily limited to altitudes below
75 km (aeroid). Altitudes above 95-100 km show no evidence of aerosol
scattering, with top altitudes of measurement varying with latitude
from 120 km at southern high latitudes to > 160 km at northern high
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Dust and Ice (H,0 and CO,) Limb Brightness, A=400nm
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Fig. 15. The observed distributions of limb brightness (I/F) at
A = 0.4 um (upper panel) and 1.24 um (lower panel), as dis-
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latitudes. Low latitude mesospheric CO, ice clouds are observed over
L; = 35-155° to as high as 75 km altitudes. The key Ly = 5-30° period,
which is not covered in the CRISM limb data set, is also a prominent
season for such CO, clouds as characterized in previous studies (Clancy
et al, 2007; Maittdnen et al.,, 2010; Montmessin et al., 2007;
Vincendon et al., 2011).

The (W) longitude/latitude distributions of mesospheric CO, ice
clouds incorporated in CRISM limb views are plotted in Fig. 11, which
also indicates the limited longitudinal distribution of CRISM limb ob-
servations. Four distinct longitudes of the MRO orbit characterize the
CRISM limb data set, two of which obtained mesospheric CO, ice clouds
(large triangle symbols). These longitudes (~75W and OW) agree with
results of prior studies regarding the distinct longitudinal distributions
for mesospheric CO, ice clouds (Clancy et al., 2007; Maattanen et al.,
2010; Montmessin et al., 2007; Vincendon et al., 2011), which corre-
spond to surface influences on non-migrating thermal tides (Gonzélez-
Galindo et al.,, 2011) and thermal tide influences on mesospheric
gravity wave forcing (Spiga et al., 2012; Yigit et al., 2015). Fig. 11 (and
Figs. 9 and 10) shows much weaker longitude/latitude influences on
mesospheric water ice clouds (small cross symbols), with the exception
of reduced occurrence frequencies at low latitudes and higher latitudes
for such water ice clouds during the perihelion period.

Fig. 12 presents the specific particle size ranges (number of de-
terminations versus derived R as retrieved for dust (dotted line,
%X 10), CO, ice (dashed line, x10), and H,O ice (solid line). The factor-
of-ten scaling for the number of dust and CO, ice determinations simply
reflects the smaller number of such aerosol detections and the need to
display all three aerosol populations on the same vertical scale. The 2 X
finer size (R, bin employed for mesospheric H,O ice also reflects the
greater number of such measurements, which supports a finer char-
acterization of the detailed distribution of mesospheric H,O ice particle
sizes. The most striking aspect of this figure are the very different
particle size ranges exhibited for mesospheric H,O and CO, ice clouds.
Mesospheric H,O ice particle sizes are very strongly peaked near
R = 0.2 um, whereas mesospheric CO, ice particle sizes exhibit es-
sentially an even distribution of Reg from 0.3 to 2.3 pm. This dichotomy
between mesospheric H;O and CO, ice particle size variations pre-
sumably reflects a distinction in trace versus bulk constituent cloud
microphysics. Mesospheric dust aerosols also exhibit a relatively
narrow range of small particle sizes (Rey = 0.2-0.7 um, with one ex-
ception discussed subsequently) in these non-planet-encircling dust
storm years. All three mesospheric aerosol populations show little
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evidence of a small particle size continuum. For example, mesospheric
H,0 aerosol measurements (with the best measurement statistics) ex-
hibit a distinct decrease in detections for R.s < 0.1 um. This does not
preclude a significantly bimodal particle size distribution associated
with a distinct population of very fine (R, < 0.05 um) ice aerosols, as
proposed by Fedorova et al. (2014). The CRISM wavelength range
would not discriminate such fine aerosols against the scattering of
larger (brighter) particle size aerosols.

Fig. 13 presents the aeroid altitude distribution of CRISM mea-
surements for mesospheric dust (dotted line, X 5), CO, ice (dashed line,
x5), and H,0 ice (thin solid line — L; = 30-155°, thick solid line,
L; = 160-360°). Once again, these are projected altitude distributions
at the limb tangent point, aerosols viewed in the fore or background of
the limb tangent point will have their true altitudes underestimated
(typically by as much as 5km). As also illustrated in Figs. 9 and 10,
mesospheric H,O ice clouds during the earlier (aphelion) period are
primarily confined to altitudes below 55 km, whereas perihelion-period
mesospheric H,O ice clouds extend to higher altitudes (typically
55-70 km, but up to 90 km). Mesospheric dust, which is observed only
in the perihelion season apart from a single aphelion case (also called
out for a large particle size above), is observed at altitudes typically
below 55 km. Whereas there is a tendency for mesospheric H,O and
dust aerosol occurrences and particle sizes (Figs. 6-10) to decrease with
altitude, mesospheric CO, cloud altitudes tend to cluster over 60-70 km
aeroid altitudes. Nevertheless, there do appear to be CO, clouds below
this level, as also suggested by “loop” cloud measurements from MCS in
this aphelion season (Fig. 9 of Sefton-Nash et al., 2013). It is also im-
portant to note that CRISM limb observations were not obtained over
the peak season (L; = 10-30°) of mesospheric CO, cloud occurrence
(Fig. 8 of Vincendon et al., 2011, Fig. 6 of Sefton-Nash et al., 2013), due
to unfortunate timing with MRO safing and CRISM instrument cooling
issues. It is likely that mesospheric CO, cloud altitudes vary with L, as
changes in the mesospheric temperatures over this L range are sig-
nificant in terms of the vertical phasing of mesospheric thermal tides
(Millour et al., 2014). Peak CO, cloud altitudes (~80km) over
L; = 10-30° are suggested in MCS “loop” cloud peak altitudes (Fig. 9 of
Sefton-Nash et al., 2013) and in HRSC cloud altitude determinations
(Fig. 11b of Méaattdnen et al., 2010).

Such seasonal changes in mesospheric thermal structure appear less
likely to explain a distinct pause in mesospheric CO, cloud formation
over Ly ~50-90° that is exhibited in the current and prior L char-
acterizations of such clouds (Clancy et al., 2007; Montmessin et al.,
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2007; Vincendon et al., 2011). Fig. 14 presents the orbital/seasonal
evolution of the relative frequency for observed mesospheric aerosols as
separated by composition (H,O ice — solid lines, CO5 ice — dashed
line, dust — dotted line) and particle size (H,O ice only: Rgy < 0.2 pm
— light solid line; R > 0.2pum — heavy solid line). The observed
frequencies are approximately normalized by the number of CRISM
orbits obtained in each L bin of 15°, and dust and CO, ice populations
are further scaled by a factor-of-two for presentation purposes. The
seasonal coverage of CRISM limb observations is far from uniform, with
four distinct Ly coverage gaps noted on Fig. 14. Nevertheless, several
broad conclusions can be drawn. Mesospheric dust and larger particle
size H,O ice aerosols are primarily confined to perihelion solar long-
itudes (Ls =150°). Both CO, and fine H,O ice clouds appear over
aphelion solar longitudes (L; =160°), and both exhibit the Ly ~50-90°
decreases mentioned above for mesospheric CO, clouds. LMD MCD si-
mulations exhibit distinct minima in mesospheric water vapor and
water ice aerosols over this L; range relative to preceding and following
L ranges (0-40°, 100-140°, Millour et al., 2014). LMD MCD meso-
spheric temperatures over the Ly ~50 — 90° range exhibit a vertical
shift in mesospheric thermal tides, as indicated above, with ~10K
warmer temperatures below ~60km and ~10K colder temperatures
above 60 km. These temperature profile variations are not obviously
related to the notable decrease in mesospheric CO, and H,O cloud
formation over this period. The observed and modeled decreases in fine
water ice aerosols appear related to aphelion minimum altitude hy-
gropause conditions below 40 km altitudes. Perhaps a related reduction
in condensation nuclei (CN) extending into the mesosphere leads to the
observed suppression of mesospheric CO, clouds over this aphelion Ly
period. The nucleation of mesospheric CO, clouds remains poorly un-
derstood even though it constitutes the primary limitation in simulating
mesospheric CO, clouds (Listowski et al., 2014). This critical un-
certainty is discussed in more detail subsequently.

Fig. 15 presents the distribution of aerosol limb brightness (I/F
units) at wavelengths of 0.4 and 1.25 pm (upper and lower panels), as
distinguished among the dust (dotted lines) and ice (CO, — dashed
lines; HoO — solid lines) mesospheric aerosols. The dust and CO,
numbers (vertical scales) are scaled by x 20 (upper panel, A = 0.4 um)
and by x40 (lower panel, A = 1.25 um) for presentation purposes. For
the most part, the limb I/F of mesospheric H,0 ice clouds fall below
0.05 for A = 0.4 um, and below 0.02 for A = 1.25 pm. Dust and parti-
cularly CO, ice aerosol layers exhibit a much broader range of limb
brightnesses. Mesospheric CO, clouds are intrinsically brighter on
average and in peak brightnesses than mesospheric H,O clouds. In-
dividual limb brightnesses characterized in Fig. 15 reflect the opacity of
mesospheric aerosol layer as integrated along the limb path of ob-
servation, the scattering angle of observation, and the aerosol particle
size (through the aerosol scattering properties). The scattering angle of
observation varies widely for mesospheric H,O clouds (6 = 30-150°) as
they are exhibited over a wide range of latitudes. Conversely, the
scattering angles for mesospheric CO, clouds vary over a more re-
stricted range (6 = 50-80°) due to their confinement to low latitudes
(Figs. 9-11). Hence, the broader I/F range of mesospheric CO, versus
H,0 ice clouds reflects a broader range of intrinsic brightnesses (opa-
cities) and particle sizes (Fig. 12).

4. Radiative transfer fits for aerosol composition, opacity, and
particle size (R.z)

The single scattering analysis of the preceding chapter lacks a
quantitative approach to defining mesospheric aerosol opacities. In the
following section, a profile retrieval analysis for mesospheric aerosol
composition, particle size, and opacity employing multiple scattering
radiative transfer (RT) with spherical shell geometry is extended for
mesospheric analysis by co-author Smith for this purpose. These re-
trievals provide both a comparison to the above single scattering so-
lutions for composition and R.s employing a more standard profile
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retrieval analysis, and a measure of mesospheric number densities
based the simultaneous retrieval of particle size and opacity. This
analysis is numerically intense and requires considerable individual
data processing. Hence a much smaller (~10%) but representative set
of CRISM limb observations are analyzed in this fashion.

The RT profile retrievals adopt the numerical approaches developed
for CRISM limb aerosol retrievals by Smith et al. (2013), and also ap-
plied to profile retrievals for Mars water vapor (Smith et al., 2011) and
0, airglow (Clancy et al., 2017). The key elements are a pseudo-sphe-
rical multiple scattering code based upon the discrete ordinates method
(Stamnes et al., 1988) and vertical profile retrieval based upon the non-
linear Levenberg-Marquardt algorithm (Press et al., 1992). The pseudo-
spherical limb RT generates a plane parallel multiple scattering radia-
tion field that is integrated along spherical limb paths, which is shown
to agree with full spherical RT simulations to within a few percent
(Smith et al., 2013). Scattering and thermal emission are included in
the RT, including the effects of aerosol scattering from surface re-
flectance and thermal emitted radiances. Selected wavelengths for RT
calculation and profile retrieval weighting incorporate 12 wavelengths
spanning 0.74 to 3.7 um. Although this wavelength range does not
encompass 0.4-0.7 um wavelengths fit with the single scattering ana-
lysis, it does in fact characterize smaller aerosol particle sizes
(Rer = 0.2-0.4 um) reasonably well due to the diagnostic leverage over
the 0.7-1.0 um wavelength range. Gaseous CO, and H,O absorption is
avoided in the selection of the modeled wavelengths, which are de-
signed to maximize dust and ice (CO, and H,0) aerosol discrimination.

Dust, H>O and CO, ice optical indices are identical to those adopted
for the single scattering analysis. However, Mie phase functions are
employed, in conjunction with these optical indices, to calculate aerosol
scattering and absorption properties for the H,O and CO, ice cloud
particles (whereas the dust particle scattering properties follow the
same shape/phase functions employed in the SSA analysis). As in-
dicated in Fig. 4, the phase function wavelength dependences for
spheres versus cylinders are not substantially different in terms of de-
fining aerosol particle sizes from CRISM limb spectra. Aerosol particle
size distribution functions are defined by gamma distributions with
fixed particle size distribution variances (Vs = 0.3 for dust, 0.1 for
ice), as is the case for the single scattering analysis with the exception of
modeling CO, cloud iridescence. As in Smith et al. (2013), the RT
employs 50 vertical layers over 0-80 km, and 32 terms in the Legendre
polynomial expansion for the angular distribution of the radiation field.
The non-linear iterative profile retrieval algorithm searches for best fit
solutions to opacity and effective particle sizes (R.q) versus altitude
from the surface to 80 km.

The retrievals are designed to either assume a single component
aerosol composition or fit for a two component composition, such as
dust and H,O ice or CO, and H,0 ice. While dust and H,0 ice aerosols
are commonly found in association in the lower Mars atmosphere (e. g.,
dust vertically capped by H,0 ice, McCleese et al., 2010; Smith et al.,
2013), mesospheric dust is rare over non-planet encircling dust storm
years and H,O and CO, ice aerosols are spatially and seasonally seg-
regated by their distinct condensation temperatures. As discussed ear-
lier, reflected illumination from surface dust and lower atmospheric
dust and H»O0 ice aerosols limits the capability of CRISM limb spectra to
constrain minor mixing components of mesospheric aerosols. Analysis
of an isolated December 2013 (L, = 62°, 65 km, 15S, 73W) CO,, cloud in
terms fractional CO, and H,O composition provides only an upper limit
of ~20% for H,0 ice fraction. Furthermore, the limb observing geo-
metry does not specify whether this upper limit applies to intimate
(condensation core) or spatial (along the limb path) mixing.

The retrieved opacity, Ry profiles exhibit altitude-to-altitude os-
cillations on the ~1.5km vertical resolution of the retrievals, con-
tributed by retrieval correlations between these aerosol parameters and
the limited signal-to-noise ratios at wavelengths beyond 2 pm (parti-
cularly for weak or small particle size limb aerosols). The more spatially
discrete character of Mars mesospheric aerosols in comparison to lower
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atmospheric dust and H,O aerosols contributes additional profile noise.
The horizontal discreteness of mesospheric aerosols is indicated in
nadir imaging, in MCS “loop” scan structure, and in the sharp decreases
in CRISM limb brightnesses below the peak brightness altitude. It is also
expected for mesospheric clouds in their predicted association with
gravity wave forcing. The spherical shell RT model cannot reproduce
the sharp decrease in limb brightness below such discrete scattering
layers (e. g., Clancy et al., 2007), and this adds to the oscillatory vertical
variations in retrieved opacity and R4 profiles. To reduce noise asso-
ciated with vertical profile oscillations resulting from both sources, we
apply 3-layer vertical smoothing to the retrieved opacity and Ry pro-
files. Average uncertainties for these vertically smoothed optical depth
(referenced to A. = 2.2 um) and R profiles are ~20%, although there
is considerable variation in the quality of fit among the ~30 CRISM
mesospheric aerosol profile retrievals performed.

Fig. 16 presents a set of four retrieved profiles, smoothed to 4-5 km
vertical resolution, including mesospheric aerosols for dust (upper left),
H,0 ice (upper right) and CO, ice (lower panels) compositions. The
dashed lines provide layer optical depths (upper scale for 1.5 km layers,
Tp—2.2 um Scaled by 10?), the solid lines provide cloud particle effective
sizes (lower scales for Res in um). The presented optical depths refer to
cloud/aerosols extended uniformly over spherical shells, which is to say
with horizontal scales of order 300 km. As we argue below, mesospheric
ice clouds are more horizontally confined such that considerably higher
(e. g, 5-10x) cloud opacities pertain to the discrete mesospheric
clouds sampled in the CRISM limb views.

Generally, retrieved mesospheric aerosol opacities yield minimal
vertical optical depths (z,a4ir < 0.001). However, the brightest CO, ice
clouds, in particular, present vertical optical depths of order several
tenths, as apparent in OMEGA, THEMIS, CRISM, and MARCI nadir
imaging of mesospheric CO, ice clouds. For example, the CO, cloud
presented in the lower right panel of Fig. 16 corresponds to a vertical
optical depth of ~0.05, if it is assumed to extend over ~30km hor-
izontal scales.

Fig. 17 presents a comparison of RT/profile retrieved R, to Res best
fit with the single scattering analysis, for ~40 specific mesospheric
aerosol layers as selected for a variety of aerosol compositions, R, and
peak limb brightnesses. The vertical axis indicates the RT/profile re-
trieved R.s and the horizontal axis indicates the % difference between
this Ry and the R4 returned with the single scattering analysis. Aerosol
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Fig. 17. Comparison of Mars mesospheric aerosol particle sizes (R.g) as derived
from the single scattering approximation (SSA — e. g., Fig. 12) to the reduced
set of true profile retrieval solutions (RT — e. g., Fig. 16). The difference in Ry
between the two approaches (in %) is presented versus the RT derived Ry
Dust, CO; ice, and H,O ice aerosol compositions for each R solution are de-
noted by square, asterisk and diamond symbols, respectively. Overall, R so-
lutions for the two approaches are observed to agree within + 15% with per-
haps somewhat larger differences for Ry =1 um.

composition is denoted by distinct symbols (squares — dust, asterisks
— CO, ice, diamonds — H,O0 ice). Fig. 17 indicates that the two distinct
methods of aerosol particle size determination provide agreement
within, generally, = 15%, although with differences as high as 40% for
roughly 10% of the comparisons. These increased differences between
the techniques are most prominent for particle sizes with Res ~1 pm,
although this effect may simply be a consequence of the statistics of
small numbers. Overall, the simplified RT and single layer limitations of
the single scattering analysis do not impart significant average errors in
retrieved R for mesospheric aerosol layers.
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4.1. Estimated aerosol number densities and implications for condensation
nuclei densities

The RT/profile retrieval solutions for Ry and opacity further sup-
port an assessment of particle number densities for mesospheric aerosol
layers, with the assumption of average horizontal extents for these
aerosol layers. The retrieved aerosol opacity refers to a uniform sphe-
rical shell, or roughly a horizontally projected 300 km limb scattering
path. The actual spatial filling of this limb path by mesospheric clouds
will be variable and depend both on individual mesospheric cloud
scales and their multiplicity along the limb path. These parameters are
best known from nadir imaging of mesospheric CO,, and to a lesser
extent H,O, ice clouds from THEMIS (McConnochie et al., 2010), HRSC
and OMEGA (Maittdanen et al., 2010; Montmessin et al., 2007; Scholten
et al., 2010), and CRISM (Vincendon et al., 2011) nadir imaging ob-
servations. In a following section, we add MARCI images to this list.
Generally, mesospheric CO, clouds appear as cirrus-like filamentary
structures with spatial dimensions of order 10 X 100km and with
wave-like patterns of multiplicity. Individual clouds are preferentially
oriented east-to-west with wavelike periodicities often extending north
and southward over 100-300 km scales. Mesospheric H,O ice cloud
forms are less constrained, they appear to extend over similar spatial
scales but perhaps with less filamentary, more “clumpy” morphologies
(Vincendon et al., 2011).

The CRISM limb views are north-south along the MRO orbit plane,
such that they preferentially intersect the short axis of the filamentary
mesospheric CO5 clouds. However, the wave-train character of these
clouds in the north-south direction will lead, on average, to multiple
clouds incorporated in CRISM limb views. To obtain a coarse estimate
of cloud particle number densities, we assume that retrieved limb op-
tical depths correspond to 20% filling by mesospheric CO, or H,O
clouds. Hence, we scale retrieved ice opacities by a constant factor of 5.
Mesospheric dust aerosols are not obviously characterized by such
spatial variations such that we do not scale dust opacities by this factor.
Clearly, a fixed scaling factor for mesospheric cloud filling does not
account for the variable cloud sampling obtained among the CRISM
limb observations, and so will contribute an effective noise to the de-
rived distribution of mesospheric aerosol number densities.
Furthermore, uncertainty in the estimated average limb path filling
factor likely contributes ~50% uncertainties to estimated average
cloud particle number densities. Nevertheless, these estimated particle
number densities prove interesting in their magnitude and dependence
with particle size (Rg).

Fig. 18 presents these estimated particle number densities versus
derived particle size (R.y), where dust and CO,/H,0 ice aerosols are
distinguished by separate symbols. Determination of these particle
number densities employs extinction cross sections calculated at the
2.22 um wavelength of the retrieved limb opacities, as a function of the
derived aerosol composition and R, and for gamma particle size dis-
tributions with V.5 = 0.1. The primary source of error in the resulting
particle number densities arises from the adoption of a constant aerosol
filling factor along the limb optical path, which likely contributes of
order —50%, +100% noise in the individual particle number densities
presented in Fig. 18.

A range of particles number densities from 0.01 to 30 cm ~ > exhibits
a distinct inverse relationship with particle size (Ry). In particular,
average mesospheric H,O ice and dust aerosol number densities scale
with R similarly to a constant aerosol mass dependence (dashed line).
This behavior is notably less evident for estimated mesospheric CO,
cloud particle number densities. This behavior may be influenced by
observational biases including the fact that small aerosol particle sizes
require larger number densities for detection. Smaller aerosol particle
sizes may also imply hazes that lead to more extended horizontal scales
(i. e., the 5x scaling factor overestimates their number densities or,
alternatively, underestimates the compactness of clouds with larger
particle sizes).
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Mesospheric Aerosol Number Densities vs Particle Size
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Fig. 18. Estimated aerosol particle number densities (ecm™3) are derived from
the set of limb RT retrievals for aerosol composition, Ry, and optical depth
(Figs. 16 and 17). These are plotted against the RT retrieved R,y values and
distinguished in composition by symbols as indicated. In all cases, peak optical
depths are selected from the RT profile retrievals, and these peak optical depths
have been scaled by x5 for the CO, and H,O ice aerosols only, as an estimated
average correction for their discrete horizontal extents. The dashed line curve
provides a reference to the number density/particle size dependence for a
constant aerosol mass.

Alternatively, a constant mass behavior for mesospheric H,O ice
aerosols could indicate that these mesospheric clouds incorporate, on
average, a fixed proportion of available mesospheric water vapor in-
dependent of microphysical processes that affect their particle sizes,
such as condensation nuclei (CN) number densities. If we assume the
average altitude of ~60 km for the set of H»O ice clouds represented in
Fig. 18 and an average particle number density of 1 cm ™3, the implied
water mass density is roughly equivalent to 15% of the LMD MCD water
vapor abundance at this altitude over the perihelion season. The LMD
MCD simulated water ice mass is similarly ~10% of the simulated LMD
MCD water vapor abundance. However, the LMD MCD simulated water
ice particle sizes at this altitude level are both very large
(Refr = 2—4 ym) and confined to low latitudes. These behaviors conflict
sharply with the mid-latitude and small particle size characteristics
determined from CRISM limb observations of mesospheric H,O ice
clouds.

A key limitation in modeling Mars mesospheric ice aerosols regards
uncertain sources and number densities for mesospheric condensation
nuclei (CN). This problem is most fully described in the analysis of
mesospheric CO, ice clouds (Listowski et al., 2014), but applies equally
to mesospheric H,0 ice clouds. Fine (R = 0.2-0.3 um) dust particles,
which presumably are related to CN for water ice nucleation in the LMD
MCD, are similar in size to those retrieved for 60 km altitudes in the
CRISM limb observations. The LMD MCD number densities for these
dust populations are ~0.01cm ™3, as compared to ~1cm ™3 number
densities estimated from 60 km CRISM limb observations for dust and
H,0 aerosols in this particle size range. This difference in dust particle
number densities at least partly reflects the atypical dust opacities re-
presented in the CRISM dust profile retrievals, which correspond to
relatively rare CRISM dust measurements in the mesosphere. However,
the H,O particle size and number density values are typical of the Mars
perihelion mesosphere. Consequently, the large mesospheric H,O ice
particle sizes simulated in the LMD MCD may reflect a related paucity
in the model CN dust number density as the CRISM and LMD MCD
water mass contents of mesospheric H,O aerosols are similar. Along
these lines, it is tempting to argue that the “constant mass” curve in
Fig. 18 reflects a variation in available mesospheric CN.

Listowski et al. (2014) show small CN number densities in the LMD
MCD model lead to similar (two orders of magnitude) under predictions



R.T. Clancy, et al.

in mesospheric CO, ice cloud opacities. The number densities of H,O
mesospheric aerosols presented in Fig. 18, as indicative of available CN,
could support increased model simulated opacities for mesospheric CO5
ice clouds. However, these dust and H,O aerosol sizes and densities do
not extend to the aphelion season of mesospheric CO, cloud occurrence
(Figs. 9, 10, and 14). Much smaller dust or H,O ice CN particle sizes,
not detectable with CRISM limb spectra (R < 0.1 pm), would be re-
quired to explain the observed mesospheric CO, cloud number densities
of order 1 cm™3. Most recently, clusters of water molecules on metal
ions have been proposed as abundant mesospheric CN, based on
MAVEN (Mars Atmosphere and Volatile Environment) orbiter ob-
servations of Mg™ ions near 90 km altitudes (Plane et al., 2018). An-
other factor may be a distinct population of very fine dust particles
(such as for the bimodal distribution identified by Fedorova et al.,
2014), which has been considered in Mars GCM microphysical simu-
lations of lower atmospheric H,O clouds (Shaposhnikov et al., 2018).

All of these arguments remain poorly constrained, but the wide-
spread occurrence of H,O and CO, ice clouds in the Mars mesosphere is
clear evidence that CN densities are significantly more abundant than
current modeling studies have managed to reproduce. As developed
below, the extensive occurrence of these clouds with large observed
(relative to modeled) particle number densities implies efficient het-
erogeneous nucleation within minimum temperature perturbations as-
sociated with gravity waves and thermal tides in the Mars mesosphere.
We return to the subject of mesospheric CN in subsequent discussion of
CO, cloud iridescence.

5. Mesospheric cloud images

Two sets of mesospheric cloud images are presented here, regarding
the CRISM limb observations and coincident MARCI nadir daily global
imaging. The CRISM limb images are the spectral/spatial limb scan data
from which the limb scan spectra are derived, with spatial averaging
along the limb, to support the above aerosol analyses. This imaging
resolution of order 0.5km along the limb orthogonal to the limb fov
extends roughly 30 km in Mars longitude. Because of several hundred
kilometer optical paths along the limb fov and the longitudinal extent of
mesospheric clouds, CRISM limb imaging generally reveals modest
spatial variations in cloud brightness along the atmospheric limb over
the ~30km horizontal scales imaged. While this spatial resolution is
not emphasized in the previous analysis, it does provide a limited op-
portunity to detect horizontal (longitudinal) variations in aerosol par-
ticle sizes.

MARCI nadir imaging can provide a more diagnostic characteriza-
tion of the horizontal scales and extents of Mars mesospheric aerosols,
to the degree they are bright enough to be seen in the nadir and their
mesospheric altitudes are defined by (visible) color separation asso-
ciated with parallax between the offset filter images of MARCI wide
angle observing (Bell et al., 2009). In practice, this limits such meso-
spheric cloud detections to the brighter CO, clouds above reduced
cloud and dust loading in the lower atmosphere. Nevertheless, this
provides a rare opportunity to complement the mesospheric aerosol
properties revealed in CRISM limb views with near-simultaneous de-
scriptions of their horizontal distributions. The ephemeral nature of
Mars mesospheric ice clouds in particular, with timescales as short as
minutes (Listowski et al., 2014), is perhaps uniquely supported by the
near-simultaneity of MARCI nadir and CRISM limb observations.

5.1. CRISM limb images

Fig. 19 presents a set of greyscale CRISM limb images for meso-
spheric CO, (panels A-E) and H,O (panels F-G) ice clouds. Visible
colors for these distinct mesospheric cloud layers are generally muted
and affected by reflected illumination from the lower surface and at-
mosphere of Mars. Cloud particle sizes, which affect near-IR color ra-
tios, vary among the presented mesospheric CO, ice clouds (panels
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A-E) from Res = 0.4-0.7 um (panel B) to R, = 2 um (panel A). Meso-
spheric H,O ice clouds typically exhibit much smaller particle sizes
(Fig. 12) and so are generally much less bright than mesospheric CO5
clouds (Fig. 15). The mesospheric H,O ice clouds in Fig. 19 (panels F,
G) are both brighter and with slightly larger particle sizes
(Rer = 0.25-0.3 pm) than typical for such clouds. Both CO, and H,O ice
clouds often exhibit vertical layering where different altitude layers
exhibit different particle sizes (panel B), although it is difficult to de-
termine whether such layers are vertically or horizontally (along the
limb path) stratified in limb viewing geometry. Mesospheric polar hood
(H,0 ice) clouds, which are more widely distributed than wave clouds
by nature, clearly exhibit vertical gradients in ice cloud particle sizes (e.
g., Fig. 7).

The CRISM limb images of Fig. 19 offer limited views of horizontal
gradients in mesospheric cloud opacities and particle sizes. The stron-
gest horizontal variation in cloud brightness for a mesospheric CO,
cloud in Fig. 19 is for 27May2014 (panel E, Ly = 137°). Fig. 20 presents
4 vertical profiles of limb brightness (I/Fy-0.6 um) and corresponding
reflectance spectra at 60-61 km (aeroid) for the color symbols/lines
sampled horizontally across the limb image. Although the limb
brightness varies by more than a factor of two among these positions,
there is no indication that the cloud particles sizes vary by > 5-10% in
association with these brightness changes. These are of course limb
path integrated values that can lead to considerable spatial averaging
along the limb fov. Maittdnen et al. (2010) characterize perhaps +
20% variations in cloud particle sizes within individual nadir, HRSC
imaged mesospheric CO, clouds. These are quite bright clouds with R
of order 1.5-2.5 um and optical depths of several tenths. Nadir imaging
of mesospheric clouds requires such large optical depths both for
identification and especially for surface-shadow derived opacities and
cloud particle sizes.

5.2. MARCI nadir images

Wide-angle MARCI imaging provides daily global image maps of the
Mars surface and atmosphere in ultraviolet and visible bandpasses
(Malin et al., 2001), on the same MRO spacecraft from which CRISM
limb observations are obtained. This provides nearly simultaneous
nadir views of mesospheric clouds observed by CRISM, although with
important limitations. The wide-angle global images provide the most
extensive spatial coverage for mesospheric clouds, but also lead to
modest spatial resolution (~1km) that limits morphological assess-
ments (e. g., cirrus versus cumulus) and cloud-surface contrast. In ad-
dition, there is a ~8 min offset in time between when a mesospheric
cloud is observed by CRISM at the forward limb and when MARCI
images the same cloud in the nadir. This introduces both a temporal
offset, which is a significant fraction of mesospheric CO, cloud decay
timescales (~20 min) outside of saturation conditions within gravity
wave cold pockets (Listowski et al., 2014), and a longitudinal offset
associated with Mars rotation over this time interval (~2° westward).
The latter effect is more than compensated by the > 10° longitudinal
extent of MARCI image swath widths. MARCI visible images also do not
provide cloud compositional information, such as provided by CRISM
and OMEGA near-IR spectral coverages (Montmessin et al., 2007;
Vincendon et al., 2011). MARCI nadir imaging can, however, distin-
guish the high altitudes of mesospheric clouds through color image
registration (parallax), similar in fashion to how high altitude clouds
are defined in THEMIS, CRISM, and HRSC nadir images (McConnochie
et al., 2010; Scholten et al., 2010; Vincendon et al., 2011).

As displayed in Figs. 21 and 22, MARCI nadir imaging provides
extensive 2D imaging coverage in relation to CRISM limb measure-
ments of Mars mesospheric CO; clouds. The left panels in each figure
present color images with MARCI color filter registrations assigned to
MOLA surface elevations. In this case, surface features (and near surface
clouds) present good color registration while substantially elevated
atmospheric clouds show distinct color separations. Color images (not
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Fig. 19. CRISM limb images of mesospheric ice
cloud layers: [A] CO, ice, 13Dec2013, L, = 62°, 15S
73W, I/F (A =0.6um) = 0.08 at Z,, = 65km,
Rer = 2.0 um; [B] CO; ice, 4Sep2015, Ly = 37°, 16S
356W, I/F (L =0.6um)=0.07, 0.18, 0.02 at
Zian = 57, 64, 67km, Ry = 0.6, 0.7, 0.4 um; [C] CO,
ice, 28Feb2016, L,=115°, EQ. 76W, I/F
(A =0.6um) = 0.16 at Z,,, = 64km, Rey = 1.5um;
[D] CO, ice, 5Feb2014, L, =86°, 13S 77W, I/F
(A =0.6um) = 0.13 at Z,, = 62km, Ry = 1.8 um;
[E] CO, ice, 27May2014, L, = 137°, 8S 73W, I/F
(A = 0.6 um) = 0.08 at Zy, = 61km, Rey = 1.3 um;

[F] H0 ice, 31Mar2011, L, = 265°, 36S 100W, I/F (A = 0.6 um) = 0.05 at Z, = 62km, Ry = 0.25um; [G] H,O ice, 31Mar2011, L, = 265°, 255 102W, I/F

(A = 0.6 um) = 0.03 at Z, = 68 km, Ry = 0.3 um.
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Fig. 20. The presented aerosol analyses employ limb profile brightness spectra that have been averaged along the in-orbit horizontal imaging direction of the CRISM
observations. Spatial variations are typically modest over this ~30km limb imaging direction (e. g., Fig. 19). The above image displays among the larger such
variations (left, also in Fig. 19E), binned profiles of limb brightness across this horizontal extent (center, color coded to the locations), and binned spectra from 60 to
61 km peak scattering altitudes (right, same color coding versus position). Although the aerosol optical depth clearly varies along the limb, the CO, cloud particle
sizes apparently do not. A fitted Ry = 1.3 * 0.2 um spectral dependence for CO; ice (solid, dashed white lines) implies modest, if any, particle size variations.

shown) with registration set to the 60-70 km altitudes of mesospheric
CO,, clouds (as spectrally identified in coincident CRISM limb spectra),
display white wispy (CO,) clouds above strongly color-separated sur-
face features. The right panels of Figs. 22-21 present violet-only MARCI
images, registered spatially to a fixed altitude of 70-65 km above the
surface. The widespread extent and wavelike patterns of linear, wispy
cloud structures of mesospheric level clouds in these MARCI image sets
correspond to the most extensive (in latitude) set of CRISM limb de-
tections for bright mesospheric CO, clouds.

In the case of Fig. 21, a 4Sept2015 set of CRISM limb observations of
mesospheric CO, ice clouds at Ly = 37° in MY33 (Figs. 5, 16, 19B)
corresponds to both linear arcuate and clumpy bands of wispy high
altitude clouds that extend for 10° or more in latitude and longitude
over the Meridiani region. CRISM limb spectra taken along the OW
longitude of the MARCI image show CO ice clouds at latitudes of
23S-6N, but the brightest such clouds are observed over the 13S-6N
region of clouds exhibited in the MARCI image of Fig. 21. In the case of
Fig. 22, a 28Feb2016 set of 17S—equator CRISM limb observations of
mesospheric CO, ice clouds at Ly = 115.5° in MY33 (Figs. 5, 19C)
corresponds to remarkably dense MARCI display of mesospheric clouds
visible over a 10" x 10" expanse of latitude and longitude centered on
the Valles Marineris region (75W, another center of mesospheric CO,
cloud occurrence). They appear as a series of linear cloud streaks, or-
iented SE to NE or E to W and extending over ~30-100km spatial
scales individually. They are most prominent in the MARCI image
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where CRISM limb spectra show the brightest cloud I/F, from 10S to the
equator.

A unique aspect of these MARCI views of mesospheric CO, clouds is
their extended spatial range. Current nadir images of mesospheric
clouds have generally extended over longitudinal ranges of 1° or less,
and over latitudinal ranges of 1-3°. The MARCI images of Figs. 21 and
22 demonstrate that extensive latitudinal and longitudinal ranges can
occur for these mesospheric CO, clouds, indicating the wave forcing
conditions for these clouds are similarly extended at these times. Only
quite bright mesospheric clouds can easily be identified in MARCI
global color images, and such clouds are most easily discriminated
when the lower atmospheric clouds and dust are minimized to provide
peak surface-atmosphere contrast. Hence, fainter H,O ice clouds pre-
valent during the perihelion season and CO, clouds presented above the
aphelion cloud belt are not well characterized in MARCI imaging.

6. MCS comparisons

The Mars Climate Sounder (MCS) obtains limb scanned radiances in
8 thermal IR bandpasses (A. = 12 to 45 um) and 1 solar band average
bandpass from the Mars Reconnaissance Orbiter (MRO). The MRO orbit
supports MCS and CRISM limb scans with pole-to-pole latitudinal
coverage in ~ 13 orbit/longitude swaths per Mars day. However, MCS
observes the atmospheric limb in the backward versus the forward
(CRISM) direction of the MRO orbit, which leads to a ~ 16 min offset, in
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Fig. 21. MARCI daily global color imaging of the Mars surface and atmosphere on the MRO spacecraft provides contemporaneous (within 10 min) nadir imaging of
the CRISM limb views, providing an extended spatial view of bright mesospheric CO, clouds through parallax separation of the MARCI color bands. In the left image,
the MARCI color registration is based on a surface image plane such that wispy mesospheric CO, clouds at 60-70 km altitudes (compositionally identified in CRISM
limb observations, Figs. 1B, 5, and 19B) are color misregistered. The violet (437 nm) MARCI image at right, which provides optimum cloud-surface contrast, is
registered to a surface elevation of 65 km to reveal CO, cloud waveforms extending over Terra Meridiani (45ep2015, Ly = 37°). The arrow indicates the approximate

location of the corresponding CRISM limb observation.

measurements for the same limb tangent latitude. This also leads to a
~4 longitudinal offset, westward, for the MCS versus CRISM limb
tangent longitudes, for the same viewed latitude. Despite these tem-
poral/spatial offsets in MCS/CRISM limb observations, reasonably good
comparisons are found between CRISM and MCS dust and H,O ice
profile retrievals for the lower atmosphere (Smith et al., 2013). The
spatial/temporal offsets between MCS and CRISM limb observations
are, however, more significant with respect to the temporal and spatial
scales of variation for mesospheric ice clouds.

February 28, 2016 (Lg = 115.5)

8OW 79 78 77 72 T 7OV\1/
+

MCS and CRISM dust and H,O ice aerosol measurements are very
distinct in their wavelength coverages such that aerosol absorption
versus aerosol scattering opacities are returned from MCS versus CRISM
limb observations. Because aerosol scattering cross sections (and phase
functions) are much more sensitive to aerosol particle sizes, CRISM limb
aerosol retrievals are more dependent on, and sensitive to, aerosol
particle sizes. MCS aerosol retrievals (and the lower atmospheric CRISM
aerosol retrievals of Smith et al., 2013) assume larger Mars dust and
H,0 aerosol particle sizes (R = 1.06 and 1.41 um, respectively, for

February 28, 2016 (Lg = 115.5)

80W79 78 77 76 75 74 73 72 71 TOW
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Fig. 22. MARCI daily global color imaging of the Mars surface and atmosphere on the MRO spacecraft provides contemporaneous (within 10 min) nadir imaging of
the CRISM limb views, providing an extended spatial view of bright mesospheric CO, clouds through parallax separation of the MARCI color bands. In the left image,
the MARCI color registration is based on a surface image plane such that wispy mesospheric CO, clouds at 60-70 km altitudes (compositionally identified in CRISM
limb observations, Figs. 5 and 19C) are color misregistered. The violet (437 nm) MARCI image at right, which provides optimum cloud-surface contrast, is registered
to a surface elevation of 70 km to reveal CO, cloud waveforms extending over the elevated Valles Marineris region (28Feb2016, L; = 115.5°).
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MCS; Kleinbohl et al., 2011) typical of lower atmospheric aerosol po-
pulations, but less appropriate for Mars mesospheric aerosols. In these
respects, MCS and CRISM mesospheric aerosol retrievals present chal-
lenges in terms of direct quantitative comparisons. An interesting
counterpoint to these distinctions regards the presence of mesospheric
CO, ice clouds, which scatter conservatively over all MCS wavelength
channels except within the 15 um CO, gas band absorption. In fact, CO,
ice clouds are not retrieved in MCS data processing in part because they
lead to 15-16um (MCS channels A1-A3) scattering/emission en-
hancements that interfere with MCS temperature retrievals. Never-
theless, larger particle-size (R =1 um) mesospheric CO, ice clouds are
identifiable due to their scattering of Mars surface thermal IR emission
into all MCS channels. These scattering contributions in MCS limb ra-
diances can be presented in a similar fashion to the CRISM single
scattering spectral analyses versus CO, ice cloud R4, but in even sim-
pler terms as the direct (solar) component is not important except for
the solar band MCS channel (A6) radiances. Hence, the single scattering
phase function is less important because these clouds are only illumi-
nated diffusely (i. e., over a large range of scattering angles) from
below.

The following MCS and CRISM mesospheric aerosol comparisons
are limited in numbers and purpose. The basic goal is to assess their
consistency in terms of defining the seasonal/spatial distributions for
Mars mesospheric dust and H,O aerosols, and in their consistency in
defining mesospheric CO, ice cloud occurrences and particle sizes.
Published MCS mesospheric aerosol results include the spatial and
seasonal dependences of MCS loop cloud detections (i. e., discrete
aerosol layers) in MCS mesospheric limb radiances (Sefton-Nash et al.,
2013), constraints on mesospheric dust loading in non-global dust
storm conditions (Kleinbohl et al., 2015), and the identification of
mesospheric CO, cloud scattering in MCS radiances at 60 km altitudes
(Puspitarini et al., 2016). This current study considers the spatial/sea-
sonal distribution of MCS mesospheric loop clouds in the context of
CRISM mesospheric aerosol distributions, specific comparisons of me-
sospheric dust and H,O/CO- ice identifications in the two data sets,
mesospheric CO, ice particle sizes implied in MCS day and nighttime
loop cloud radiances, and MCS mesospheric temperature profiles as-
sociated with specific CRISM dust and H,O/CO, aerosol measurements.
The selected comparisons are representative rather than comprehen-
sive, consistent with the limited goals of this study.

6.1. Aerosol distribution comparisons

Overall, the spatial and seasonal distributions of MCS loop clouds
presented in Figs. 7-9 of Sefton-Nash et al. (2013) are quite similar in
character to those exhibited by the CRISM limb observations of Mars
mesospheric aerosols (current Figs. 9 and 10). Fig. 7A of Sefton-Nash
et al. (2013) presents solar band (A6) distributions in latitude/Lg
characteristic of daytime mesospheric CO, clouds with low latitudes,
altitudes of 53-80km, and a seasonal range of L, = 0-150° with a
distinct minimum over L, = 40-100°. A somewhat similar low latitude
distribution is apparent for band A4 (12 pm), although less distinct and
with somewhat lower altitude ranges (surface altitudes of 53-70 km).
Additional mid-latitude loop clouds are identified in this season in both
channels, but the altitudes of these distinct latitude populations for
aphelion clouds are not distinguished in Fig. 9 of Sefton-Nash et al.
(2013). The MCS loop cloud distribution for the perihelion season
(Ls ~150-360°) is also similar in many respects to that presented in the
CRISM limb observations, although the low latitude minimum in me-
sospheric aerosols is more pronounced in the MCS versus the CRISM
observations.

The MCS spatial/seasonal distributions of mesospheric loop clouds
presented in Figs. 7, 9, and 11 of Sefton-Nash et al., 2013 are not very
specific to mesospheric aerosol composition as they present MCS
channel radiances in solar band (A6) and H,O ice band (A4, 12 pum)
MCS channels. Solar band scattering does not distinguish aerosol
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composition and while the MCS A4 channel is most sensitive to H,O ice
emission, it is also very sensitive to CO, ice scattering, as shown below.
In order to characterize potential mesospheric aerosol compositions,
Sefton-Nash et al. (2013) employ MCS mesospheric temperatures,
which indicate cold atmospheric temperatures suggestive of aphelion
CO, ice and perihelion H5O ice (their Fig. 11). In addition, MCS long
wave channel ratios (B1/B2, where B1 ~ 31 ym and B2 ~ 42 um) are
modeled in terms of their capability to distinguish dust from ice (their
Fig. 12). Sefton-Nash et al. (2013) conclude that dust constitutes a
modest fraction of the MCS loop cloud detections. It is not clear whe-
ther the 2007 (MY28) global dust storm period is included in the pre-
sented MCS loop cloud detections, but the employed loop cloud de-
tection algorithm is not designed to detect spatially extended
mesospheric dust loading associated with such storms (Heavens et al.,
2015).

6.2. Daytime and nighttime CO, clouds

Mesospheric CO, clouds exhibit relatively few absorption bands,
which also coincide with strong gas CO, absorption bands. Given that
MCS temperature profiling depends on strong 15um CO, gaseous
emission/absorption and Mars CO, ice clouds contribute scattering
rather than emission, CO, ice opacities are not a standard product of
MCS profile retrievals. Nevertheless, this scattering signal is well re-
cognized for polar winter (Hayne et al., 2012) and aphelion meso-
spheric (Puspitarini et al., 2016) CO, clouds. Here, we consider the CO,
ice particle size dependence of MCS spectral radiances in the context of
near-coincident CRISM CO, ice cloud particle size determinations.

Figs. 23 and 24 present latitude cross sections of MCS radiances in 1
visible (A6) and 7 thermal infrared (A1-A5, B1, B2) channels that in-
clude distinct mesospheric ice cloud “loops” associated with CO, ice
clouds. The daytime MCS loop clouds in Fig. 23 correspond with CRISM
limb observations of a particularly bright set of mesospheric CO clouds
on 28Feb2016 (MY33, Ly = 115.4°) with relatively large particle sizes
(Refr = 1-2 um). CRISM observed aspects of these clouds are presented
in Figs. 5, 19C, and 22. Although the CRISM limb observations of CO,
clouds are offset in longitude by ~ 4°E relative to the MCS limb scans,
the MARCI cloud imaging of Fig. 22 shows that the CRISM and MCS
limb observations pertain to an extensive (=10°) longitudinal and la-
titudinal set of mesospheric CO, clouds. Three consecutive CRISM limb
scans from 17S to the equator present CO, clouds; the MCS limb ra-
diances of Fig. 23 exhibit loop clouds centered at 17S, 10S (very faint),
and 7S (very bright), but not at the equator.

The channel or wavelength dependence of MCS loop clouds ap-
parent in Figs. 23 and 24 (nighttime, discussed subsequently) reflects
the particle size dependence of CO, cloud particle scattering. With re-
spect to the bright 6S daytime MCS loop cloud of Fig. 23, scattered
surface IR emission is identified in thermal IR channels A1-A5 (A range
of 12-22 uym), very faintly in B1 (A = 32 um), and scattered direct and
reflected solar irradiance in the solar band A6 channel. With respect to
the weaker 18S daytime MCS loop cloud of Fig. 23, scattered surface IR
emission is identified in thermal IR channels A1-A4 (A range of
12-17 um) and scattered direct and reflected solar irradiance in the
solar band A6 channel. Fig. 25 compares the relative radiance in MCS
CO, loop cloud scattering versus MCS channel center wavelength, for
two daytime (3 PM) observations (diamond and square symbols) and 1
nighttime (3AM) MCS observation (asterisk symbols). The plotted
wavelength variations in relative (arbitrary vertical scale) MCS channel
radiances represent radiance departures from uniform (wavelength-in-
dependent) limb scattering of surface blackbody emission.

The various lines plotted in Fig. 25 represent the wavelength de-
pendence of CO, scattering cross sections as a function of the ice par-
ticle size (R = 1-7pum), in relative units and scaled to match in-
dividual MCS observations. As indicated in the figure, the magnitudes
of these scattering cross sections vary by orders of magnitude over the
Res = 1-7 um range, such that larger CO, ice particle sizes are much
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Fig. 23. Daytime (3 pm) 28Feb2016 (MY33, L; = 115.4°, UTC = 15:10) loop clouds, extending over 17S-6S (80W), are presented for MCS thermal IR channels,
corresponding to mesospheric CO, ice cloud scattering of surface thermal emission; and for band 6 (solar band, panel f), which is dominated by scattering of solar
flux. These MCS latitude cross sections of brightness temperatures (apart from band 6) correspond to near-coincident (see text) CRISM limb measurements of CO,
clouds (Figs. 5 and 19C) and to the MARCI nadir view of these clouds presented in Fig. 22. Such thermal IR scattering is strongly dependent of cloud particle sizes,
such that larger particle sizes (R =1 um) scattering in the MCS A channels (A <22 um) are most apparent.
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Fig. 24. Nighttime (3 am) 6Mar2008 (MY29, L; = 41.1°, UTC = 00:38) loop clouds over the Xanthe Terra region (EQ42W) appear in all MCS thermal IR channels
(with no solar illumination for band A6), indicating surprisingly large particle sizes (Ryy ~ 7 um) at much lower altitudes (55-60 km aeroid) than previously
recognized for nighttime mesospheric CO, clouds (> 90 km in Montmessin et al., 2006). These nighttime lower mesospheric CO, clouds appear frequently over the
same locations and seasons as daytime mesospheric CO, clouds, based on Figs. 6, 7C of Sefton-Nash et al. (2013).
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Fig. 25. The MCS channel, or wavelength, depen-
dence of surface thermal IR emission scattered by
mesospheric CO» clouds is strongly indicative of
cloud particle sizes. The relative variations of MCS
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brighter for a given cloud particle number density.

In this comparison of CO, ice scattering cross sections to relative
MCS limb radiances, it is assumed that the wavelength-dependent de-
parture of the MCS channel radiances from simple illumination by black
body surface emission arises only from the wavelength-dependent
scattering cross sections for CO ice particles as a function of the ice
particle size. Towards the modest goals of this analysis, the comparison
of Fig. 25 serves to demonstrate the coarse sensitivity of the observed
MCS limb radiances to CO5 cloud particle size.

The MCS daytime cloud loops presented in Fig. 23 (28Feb2016) are
denoted by square symbols in Fig. 25, where only an upper limit is
indicated for the channel B2 radiance (indicated by arrow symbol).
These loop clouds are consistent with cloud particle sizes of order
Res = 2 pm, similar to CRISM derived CO, cloud particle sizes for this
same season and approximate location (Res = 1.5um). The diamond
symbols in Fig. 25 represent an isolated daytime mesospheric CO, cloud
detected in near-coincident MCS and CRISM limb observations on
4Mar2016 over Meridiani. MCS channel radiance detections for this
case extend over channels A1-A4 (and A6), indicating much smaller
CO, ice particle sizes (Rgs < 1 um). CRISM observations near-coin-
cident with this MCS observation indicate CO, ice particles with
R = 0.5 pm.

One of the more striking aspects of mesospheric aerosol loop cloud
distributions presented in Sefton-Nash et al. (2013) regards the night-
time (3 AM) A4 (12 um) radiances in the aphelion season at low lati-
tudes (Fig. 7C of Sefton-Nash et al., 2013). The seasonal variation of
these MCS nighttime A4 loop clouds matches the seasonal character of
daytime mesospheric CO, clouds (with a slight minimum over
Ls = 40-90°), as do their latitudinal distributions. The plotted altitude
distributions of Fig. 9 in Sefton-Nash et al., 2013 do not distinguish day
and nighttime measurements, but overall peak altitudes extend from 55
to 65km with latitudes of 15S-15N (longitudes are not specified).
These nighttime mesospheric loop clouds, as displayed in Fig. 24, are
also identified in MCS preprocessing that rejects scans with A2
(A~ 15.9 um) signals associated with potential high altitude CO, clouds
to prevent aerosol-biased MCS temperature retrievals. Such CO, cloud
scattering is frequently identified (~5% of scans) in nighttime MCS
limb radiances for the seasonal range of mesospheric daytime CO,
clouds identified in non-MCS observations. This behavior strongly in-
dicates nighttime mesospheric CO, clouds well below the high altitudes

(90-100km) of nighttime CO, clouds reported by Montmessin et al.
(2006).

Fig. 24 shows MCS nighttime loop clouds observed over south-
eastern Xanthe Terra (EQ42W) on 6Mar2008 (L = 41.1°), corre-
sponding to such lower mesospheric (~56 km), nighttime (3 AM) CO,
clouds. In addition to the unexpected presence of such clouds, which
further challenges the capability of Mars dynamical models to simulate
CO, condensation temperatures in the Mars mesosphere, these clouds
can exhibit surprisingly large particle sizes. This is evidenced by the
presence of cloud scattering in the MCS longwave B1 (A~ 32 um) and
B2 (A~ 42um) channels in Fig. 24. As indicated in Fig. 25, the MCS
channel radiances for this nighttime CO, ice cloud loop (there is also a
weaker cloud feature to the south evident in the A1-A4 channels of
Fig. 24) are consistent with cloud particle Ry ~7 um. Although the
influence of minimum ~70km temperatures associated with thermal
tides is emphasized in the formation of daytime CO, clouds, thermal
tides also produce nighttime minimum temperatures near 55km, al-
though not as cold a minimum as modeled for the daytime lower me-
sosphere (e. g., Fig. 5 of Gonzalez-Galindo et al., 2011).

6.3. Temperature comparisons

Given the distinct mesospheric thermal conditions associated with
dust, H,0 ice, and CO, ice aerosols, it is instructive to compare near-
coincident MCS and CRISM aerosol measurements for each aerosol type
with near-coincident MCS mesospheric temperature profile retrievals.
Fig. 26 presents such comparisons, including LMD MCD temperatures
(Millour et al., 2014), for CRISM/MCS near-coincident measurements
of mesospheric dust (a), H,O ice (b), and CO, ice (c). Fig. 26a regard the
most widespread indication of mesospheric dust aerosols in CRISM
2009-2016 limb observations, as measured on 14Nov2012 for
L; = 207°. This mesospheric dust loading corresponds to the early onset
of MY31 regional dust lifting reported in MCS observations (Heavens
et al., 2015), which is characterized by considerable spatial variations
at this time. In the limited longitudinal coverage of CRISM limb ob-
servations, this regional dust storm is evidenced by relatively small
particle size dust aerosols (Res= 0.7-0.5pm at 50-55km, and
Res = 0.2 um at 60-70 km) extending over latitudes of 8S to 26N for a
central longitude of 3E (spectra presented in Fig. 8). Minor dust aero-
sols below 53 km are also identified in CRISM limb scans centered on
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longitudes of 75W and 70E for latitudes of 26N and 30S, respectively.
MCS equatorial profile retrievals for this period indicate mesospheric
dust loading up to 60 km altitudes at 29E longitude, none detected at a
longitude of 26W, and small dust opacities presented over 50-52 km
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Fig. 26. MCS mesospheric temperature retrievals in close association in time
and space with CRISM limb aerosol measurements indicate correspondences
with dust heating (top panel A), and H,O (middle panel B) CO, (bottom panel,
C) saturation conditions. A) MCS and CRISM limb observations detect equa-
torial mesospheric dust associated with an L; = 207° regional storm in MY31.
MCS mesospheric temperatures indicate atmospheric heating over the
26W-56E longitude region, as compared to LMD MCD simulations of MY31 and
Dust Storm conditions; B) CRISM detection of a mesospheric H,O ice cloud
(shown in Fig. 6) corresponds to a distinct minimum in retrieved MCS tem-
peratures, approaching H,O saturation conditions based on LMD MCD water
vapor (but not temperature) simulations; C) CRISM detection of a mesospheric
CO,, ice cloud corresponds to a minimum in MCS mesospheric temperatures
measured 8 degrees southward. This is ~10 K above CO, saturation conditions,
which is comparable to the MCS temperature error. LMDGCM simulated tem-
peratures are ~15K warmer than returned by MCS.

altitude for a longitude of OE. However, MCS retrieved temperatures for
all three of these longitudes are significantly elevated over 50-70 km
altitudes, as shown by the solid line temperature profiles in Fig. 26a.
LMD MCD simulated mesospheric temperatures for average dust ac-
tivity (MY31, thin dashed line) and global dust loading conditions
(thick dashed line) indicate considerable dust heating of the meso-
sphere applies for all three MCS observed longitudes.

In Fig. 26b, we consider MCS mesospheric temperatures retrieved
near-coincident with CRISM limb measurements of mesospheric H>O
ice clouds on 13Feb2015 (L; = 290°) at 73S (338W). Mesospheric water
ice clouds are observed over a larger latitudinal range (20N-40N,
20S-75S) in CRISM limb observations at this time, but the 75S ob-
servation is notable in terms of larger particle sizes (R = 0.5-0.7 pm)
and indications of water ice cloud iridescence (Fig. 6). MCS limb ob-
servations exhibit increased A4 (12 um) and A6 (solar band) radiances
at 40S-70S latitudes for altitudes of 40-60 km, although not sufficient
for water ice opacity retrievals. MCS retrieved mesospheric tempera-
tures, near-coincident with the CRISM identified H,O ice cloud at 72S
over 58-64 km altitudes, are presented in Fig. 26b in terms of H»O
saturation mixing ratios for the MCS retrieved temperature profile
(heavy solid line) and these MCS temperatures decreased by 5K at all
altitudes (thin solid line). The LMD MCD model H>O vapor mixing
profile and H,O saturation profile (based on LMD MCD temperatures)
are indicated by dashed and dotted lines, respectively. The MCS re-
trieved mesospheric temperatures indicate that H,O ice condensation is
approached at the altitudes of the CRISM water ice cloud detection, the
lack of MCS retrieved water ice opacity presumably reflects the
ephemeral timescales for these mesospheric clouds relative to the
temporal/spatial offsets of the MCS and CRISM limb measurements.

Similarly, Fig. 26¢ presents CO, ice saturation conditions relevant to
CRISM limb measurements of a bright (limb I/F = 0.15) CO, ice cloud
observed on 4Mar2016 (Ls = 117°, MY33) at 1S5E and an altitude of
70 km. This is an isolated, iridescent CO5 cloud in CRISM limb ob-
servations with relatively small cloud particle sizes (Regr = 0.5 um). It is
also detected in MCS Al, A2, and A4 radiances (diamond symbols in
Fig. 25) and occurs 4 days after the extensive set of mesospheric CO5
clouds presented in the MARCI images of Fig. 22 (see also Fig. 27). The
observed MCS 15 um scattering by CO, ice precludes MCS temperature
profile retrievals for CO, saturation calculations so that we must em-
ploy MCS temperatures ~8 to the south (9S2E) to consider potential
CO, saturation conditions for this cloud observation. Fig. 26¢ presents
such CO, saturation conditions for MCS retrieved (solid lines) versus
LMD MCD simulated mesospheric temperature profiles, relative to the
MCS derived CO, partial pressure profile (dashed line). Despite the 8°
shift in latitude between the CRISM (and MCS) CO, cloud detections
and the employed MCS temperature profile, there is a strong suggestion
that ~70km CO, saturation conditions accompany these clouds
(Fig. 26¢). However, we stress that MCS does not measure CO, ice sa-
turation temperatures. MCS observed (at 9S2E) temperatures at 70 km
are 117 K, whereas CO, saturation temperatures fall below 105 K. Due
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Fig. 27. A set of four CRISM limb reflectance spectra indicating narrow particle size distributions (V. ~0.03) for mesospheric CO, ice clouds. The CRISM observed
spectra (bold + symbols) are compared to SSA fitted reflectance spectra employing T-Matrix scattering phase functions generated for CO, ice with cylindrical shapes
(D/L = 1). Modeled spectra with solution R,y indicated on each panel are generated for gamma particle size distributions employing size distribution widths
(variances, V) of 0.1 (solid lines), 0.03 (dashed lines), and 0.01 (dotted lines). The observed diffraction interference patterns are roughly consistent with V5 = 0.03,

implying that Mars mesospheric CO, ice clouds are significantly iridescent.

to 15 pm scattering by CO, ice, MCS mesospheric temperature retrievals
are not configured to measure CO, saturation temperatures in the
presence of mesospheric CO5 ice clouds. It is also true that MCS tem-
perature retrieval uncertainties increase to 10-15K for the very low
temperatures corresponding to these conditions (versus ~2K for the
temperature profiles of Fig. 26a and b).

7. Cloud iridescence

As discussed earlier, iridescence associated with Mars mesospheric
clouds (and in particular, mesospheric CO, ice clouds) is expressed by
interference patterns within CRISM limb 0.4-4 um reflectance spectra
(Fig. 5). This behavior is also presented in at least one CRISM limb
observation of mesospheric H,O ice clouds (Fig. 6). In Fig. 27, we
present a set of CRISM limb spectra of mesospheric CO, ice clouds with
spectral reflectance interference variations. All of the model compar-
isons derive from T-matrix code (Mishchenko et al., 1996; Mishchenko
et al., 2016) simulations of scattering by specified size distributions of
randomly oriented cylinders (D/L = 1) with CO, ice optical indices
(Hansen, 2005). The phase of the observed interference patterns ex-
hibited in Fig. 27 is dependent on particle shape, as demonstrated in
Fig. 28a. Such particle shape dependence limits our ability to fit the
observed interference variations in the observed limb spectra in detail.
Averaging of different ice populations along the tangent cloud sampling
further complicates precise model fits.

Roughly a third of the CRISM identified mesospheric CO, clouds
indicate such cloud iridescence, but it is possible (perhaps likely) that
most of the CRISM observed mesospheric CO, clouds are iridescent.
This conclusion reflects the fact that, apart from one case, all of the
observed CO, clouds with particle sizes (Rey) less than ~1 pm exhibit
iridescence, whereas CO, clouds with particle R > 1 um do not with
one possible exception. This is generally consistent with the predicted

scattering angle dependence of cloud iridescence versus cloud particle
size (see Fig. 1 of Sassen, 2003), where the scattering angle for cloud
iridescence display increases strongly with decreasing cloud particle
size. The minimum scattering angle obtained from the CRISM limb
observations of mesospheric CO, clouds is 51°, the largest is 79° (cor-
responding to the one case of small CO, cloud particles where irides-
cence is not detected). Optimum iridescence of cloud particle sizes (Rz)
of 1-3 um is presented at scattering angles of 10-30°, versus > 30 for
smaller particle sizes. The large scattering angles observed from CRISM
indicate that even for smaller CO,, particle sizes, interference diffraction
orders will significantly overlap and iridescence will be weak (see
below).

Terrestrial cloud iridescence is associated with diffractive inter-
ference by forward illuminated clouds with very narrow size distribu-
tions (nearly mono-dispersed), small water (or ice) particle sizes (e. g.,
R <10 pm), and equidimensional particle shapes (Neiman and Shaw,
2003; Sassen, 1979; Sassen, 2003). Terrestrial iridescent clouds are
infrequently observed, due in part to their formation at high, cold al-
titudes (10-12 km) in isolated cirrus forms and jet contrails. They are
closely related to coronal optical displays, but localized and extending
to larger scattering angles (6—40°) due to smaller cloud particle sizes (e.
€., Rer =<5-7 pm). Hence, small cloud particle iridescence is ideally
separated from the bright Sun for optimum optical display. Iridescence
in clouds refers to their vibrant diffractive interference, blue-to-red
color variations corresponding to changes in particle sizes of nearly
mono-dispersed cloud particle populations along the cloud horizontal
extent.

The observational geometry of CRISM limb spectroscopic imaging is
not conducive to observing strong visible iridescence of mesospheric
CO,, clouds, given the lack of observational scattering angles < 50, the
limb path viewing through the horizontal extents of the clouds, and the
predominance (in the case H,O ice) of particle sizes smaller than visible
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Fig. 28. A) The detailed spectral phase of diffraction
interference patterns exhibited in CRISM limb scat-
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wavelengths. These conditions lead to increased multiple scattering,
averaging of cloud particle size gradients, and overlapping of diffrac-
tion orders, all of which reduce iridescent colors. The CRISM limb
images of Fig. 19 are presented in black and white because it is difficult
to discern distinct visible colors for these clouds. On the other hand,
Mars mesospheric clouds should be well suited to producing brilliant
iridescent colors as viewed from the surface, at smaller scattering angles
and along more normal (hence smaller) optical paths. This reflects the
Res = 1-4um particle sizes of Mars ice clouds in general and the
narrow size distributions of Mars mesospheric clouds in particular, both
of which are optimum for forming iridescent displays. Fig. 28b presents
scattering angle variations in red/blue phase function ratios for ran-
domly oriented cylinders (D/L = 1) of CO, ice for three particle size
distributions (Res = 0.4, 0.7, 1.5 um), all with narrow size dispersions
(Vg = 0.03, cf. Fig. 27). Distinctly red cloud colors are indicated near
scattering angles of 10 and 20° for ice particle Rey of 1.5 and 0.7 pm.
Weaker red colors (as increasingly affected by order overlap) are pre-
sented at scattering angles beyond 30° for smaller CO, ice particle sizes
(Reggr =0.4 um).

7.1. CO; cloud formation conditions

The mono-dispersed particle sizes for iridescent clouds reflect uni-
form histories of cloud particle growth (referred to as “top hat”) gen-
erally consistent with abrupt forcing due to topographically (or jet)
forced atmospheric waves. Uniform condensation conditions (tem-
perature and condensation nuclei, CN) are also implied. The identifi-
cation of iridescence in relatively small particle size CO, clouds
(Fig. 27) indicates that CN particle sizes are small (R, < 0.03 um) in
order to avoid CN related increases in particle size variance. This lim-
ited constraint, coupled with the condition of (locally) uniform CN
density, implied mesospheric cloud densities (0.1-10 cm ™3, Fig. 18),
and the persistence (within seasonal and spatial constraints) of meso-
spheric CO, (and H,0) clouds, suggest widely distributed CN sources
with relatively high number densities that are not derived from sea-
sonally dependent lower atmospheric aerosols. Meteoric ion chemistry,
such as proposed by Plane et al. (2018) for molecular water clustered
on Fe,MgCO; products of meteoric ablation, could perhaps meet such
conditions. This argument is quantitatively supported by MAVEN IUVS
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measurements of mesospheric Mg* ions in the context of observed
upper limits for Mg (Plane et al., 2018). Plane et al. (2018) further show
that coagulation of these metal carbonate-molecular H,O clusters can
produce CN of sufficient size and densities to produce mesospheric CO,
ice clouds with particle number densities of order 1 cm ™3, consistent
with modeled (Listowski et al., 2014) and observed (Fig. 18) meso-
spheric CO, (and potentially H,0) cloud particle number densities and
optical depths. Other candidates include very fine dust or ice back-
ground aerosol particles, as suggested in SPICAM solar extinction
measurements (Fedorova et al., 2014), although the widespread (in
season and latitude) extent of mesospheric H,O and CO, clouds would
appear to favor a more global and seasonally independent CN source.
Particle size variations in such aerosol CN will also tend to broaden the
CO, particle size distribution variance (Eric Jensen, personal commu-
nication, 2018), which may not satisfy the observed, very narrow size
distributions for mesospheric CO, clouds reflected in the current study.

8. Mesospheric O, singlet delta emission (0,(* AP)

CRISM limb profiling of electronically excited O, emission at
1.27 um in the lower Mars atmosphere is described in Clancy et al.
(2017), in which such O, singlet delta (0,1 Ag)) volume emission rate
(VER) profiles are retrieved from the same CRISM limb profile data
analyzed in the current study for mesospheric aerosols. Photolysis of
03, which dominates Og(lAg) production in the lower Mars atmo-
sphere, leads to an anti-correlation of o, Ag) volume rates with water
vapor, as water vapor photolysis products catalyze destruction of Mars
odd oxygen species O3 and O (Clancy et al., 2017; Nair et al., 1994).
These CRISM 02(1Ag) profile retrievals extend to mesospheric altitudes
(up to 76 km aeroid), but detections of emission peaks above 40 km are
rare, although at high latitudes atomic O recombination creates dis-
tinctive winter polar peaks in 40-60 km 0,( Ag) emission rates (see
below). In fact, for latitudes below 40NS, there are only 7 CRISM
measurements of O,(* Ag) at altitudes above 60 km in this data set and
they all occur in the cold aphelion period. Fig. 29 presents 1.27 um limb
brightness profiles (left panel) for 5 of these mesospheric 02(1Ag)
measurements, compared to coincident (i. e., same limb observations)
1.2 pm limb brightness profiles (right panel) indicating bright CO, ice
clouds.
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Fig. 29. Vertical profiles of CRISM limb radiance
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Fig. 30. A pseudo-spherical RT, non-linear profile inversion is performed on the
14May2016 limb observation presented in Fig. 29 (green profile, Ly = 152°,
1S356W) to retrieve CO, (and H,0) ice optical depth and 0, Ag) VER. The
observed (black) and fitted (grey) O,(* /\y) band depth limb profiles are pre-
sented in the upper panel. The retrieved vertical profile of Oz(lAg) VER (black)
and 1o uncertainty (grey, ~20%) are presented in the lower panel. 02(1Ag)
VER are in units of 10° photons/cm ~3/s.

269

000 0.05 0.10 0.15 0.20 0.25
CRISM Limb Brightness (I/F @ A=1.2um)

Fig. 29 indicates enhanced Oz(lAg) emission in the presence of
mesospheric CO- ice clouds, but does not separate the local 0,( ANg
emission at CO, cloud heights from scattering of lower atmospheric
0,( Ag) emission (below 40 km in Fig. 29) by these clouds. In order to
establish the magnitude of the mesospheric O,(* /\) emission, meso-
spheric 0,( /\g) VER and CO, ice opacity are simultaneously retrieved
for the 14May2016 CRISM observation in Fig. 29 (green lines, 1S356W,
L, = 152). In this case, CO, ice indices are employed for mesospheric
aerosol retrieval (versus H,O ice in Clancy et al., 2017). Fig. 30 presents
the results of this retrieval for the full Oz(lAg) VER profile (lower
panel) and the observed versus retrieved 0,( Ag) band depth (upper
panel). The employed multiple scattering, limb RT (described in Clancy
et al., 2017) includes scattering of lower atmospheric 0, Ag) emission
by the simultaneously retrieved mesospheric CO, ice cloud opacity.
Notice that the observed mesospheric O,(* /\p) emission profile is ef-
fectively zero below the mesospheric emission peak at 65-75km (i. e.,
over 45-65km), which indicates the enhanced mesospheric 02(1Ag)
emission occurs over discrete spatial scales as does the CO, ice cloud.
The employed spherical shell RT cannot simulate this behavior such
that the modeled Oz(lAg) emission does not fall to zero below the
cloud (top panel), whereas the retrieved 0, Ag) VER does. This be-
havior increases the effective error of the retrieved mesospheric peak in
0,( Ag) VER to roughly 20%. The VER units of the bottom panel of
Fig. 30 are 10° photons/cm ~3/s, as compared to 10° photons/cm™3/s
units presented in Clancy et al. (2017).

8.1. LMDGCM simulations of mesospheric O,(* ag)

Surprisingly, the LMD (Laboratoire de Météorologie Dynamique)
GCM (General Circulation Model, Lefevre et al., 2008) simulates com-
parable mesospheric peaks in O,(* /\g) VER corresponding to periods
(Ls, LT) and locations (latitude, longitude, altitude) of mesospheric
cloud occurrence, but not actually for conditions (i. e., cold atmospheric
temperatures) of mesospheric CO, cloud formation. LMD GCM simu-
lations of such mesospheric 02(1Ag) emission peaks correspond to
warm atmospheric layers associated with thermal tides, in which
downwelling of atomic oxygen leads to increases in O,(* /\g) emission
associated with three body recombination of 0,(0O + O + M —
Oz(lAg) + M), similar to the origin of polar night Oz(lAg) emission
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near 60 km (Bertaux et al., 2012; Clancy et al., 2012). This model be-
havior occurs fairly frequently at the same locations and times as for
Mars mesospheric CO, ice clouds, although clearly not with the cold
temperatures that lead to such clouds. Rather, the warm phase of me-
sospheric thermal tides produces increased o, A\ over similar spatial
and seasonal ranges. CRISM limb measurements of mesospheric
0, Ag) at low latitudes are rare (6-7 such measurements) and always
correspond to coincident detections of mesospheric CO, clouds, which
are indicative of very cold atmospheric temperatures. Hence, the
CRISM and model results for low latitude mesospheric o, Ag) emis-
sion peaks are not consistent with one another in terms of atmospheric
conditions or frequency of occurrence.

It is also true, however, that mesospheric water vapor does sub-
stantially affect mesospheric OZ(IAg) emission rates. LMD model si-
mulations in which water vapor is arbitrarily decreased by a factor of
ten yield 3-4 X increases in O,(* /\) emission rates, which approach
CRISM measurements of mesospheric o, Ag) increases. The increased
model O,(* /\) emission reflects reductions in odd oxygen (O and O3)
loss rates associated with reduced catalysis by odd hydrogen (OH, HO,,
H) products of water vapor dissociation. The resulting increase in
atomic O leads to the largest increase in 0,( Ag) emission at meso-
spheric altitudes, but both O and O are shown to be regulated by water
vapor decreases. A factor of ten decrease in water vapor abundance is
likely to be an underestimate of water vapor decreases in the presence
of mesospheric CO, ice clouds, which require local temperature to fall
below ~100K (Listowski et al., 2014). In such conditions, water vapor
abundance should decrease by several orders of magnitude. However, it
is not straightforward to calculate such water vapor conditions given
the complex (and not understood) microphysics and dynamics (in terms
of local water transport) of cold mesospheric layers consistent with CO5
ice cloud formation.

9. Rocket dust?

The final subject of this paper is the singular occurrence of a discrete
mesospheric dust layer with large particle sizes (Ryg = 2 um), observed
on 26May2010 in northern summer (L; = 96°) at low latitudes (14S)
over the elevated Syria Planum region (104W), as presented in Fig. 31.
The observed (solid line) and fitted (dashed line) limb reflectance
spectra are presented for an aeroid altitude of 55 km in the left panel,
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which corresponds to the peak reflectance altitude as demonstrated in
the vertical I/F profile presented for a wavelength of 1.24 pm in the
right panel. The vertical profile of limb reflectance also indicates that
this is a horizontally discrete dust layer due to the vanishing brightness
observed below the layer peak. This is a quite faint (I/F ~ 0.005) limb
scattering feature, that might not be detectable for limb observations
after early 2012 due the change to forward versus backward in orbit
limb scanning, after which a diffuse (in altitude) scattered light artifact
of similar signal appears in the CRISM limb spectra (although with a
very different spectral character). Hence, it is a bit difficult to assess the
true frequency of such dust scattering layers in the full CRISM limb data
set, although it likely falls below several percent. This compares to the
~1% frequency of detached dust layers reported over Ly = 35-155 in
MCS observations (Heavens et al., 2015). It is also interesting to note
that the aerosol scattering exhibited in this limb profile just below
40km altitude indicates water ice clouds with small particle sizes
(Refr ~0.3um). This is very distinct from a large particle size, dust
scattering layer some 15 km above it, indicating this mesospheric dust
layer is not injected locally. The large dust particle sizes indicated for
this mesospheric dust layer would seem to indicate it is of recent origin,
given the short fall times for such particle sizes (order of hours, Kahre
et al., 2008). Although one such observation is hardly diagnostic, it is
interesting to consider this mesospheric dust layer in the context of
recent modeling of enhanced dust injection mechanisms (Rafkin, 2012;
Spiga et al., 2013; Daerden et al., 2015; Tyler et al., 2017), proposed in
part to explain altitude increasing dust mixing ratios in northern
summer as observed by MCS (Heavens et al., 2015). However, the
mesospheric dust layer reported here (Fig. 31, 55 km) lies well above
the maximum dust heights so far simulated in these models (30-40 km
in Spiga et al., 2013).

10. Conclusions

A dedicated analysis of 2009-2016 CRISM limb spectra
(A = 0.4-4 um) regarding dust and ice (H,O, CO,) aerosols in the Mars
mesosphere (50-100 km) supports the following conclusions:

1) Mesospheric aerosols present a very distinct orbital dichotomy in
which CO, clouds are restricted to the cold aphelion period
(Ls = 0-160°), and H5O ice clouds and dust are largely restricted to
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Fig. 31. A unique observation of a northern summer
(Ls = 96°) dust layer presents a reflectance spectrum
(left panel) indicative of large (Rey = 2pm) dust
particle sizes. The vertical profile of near-IR
(A = 1.27 um) limb radiance (right panel) indicates
the dust layer, centered at 55 km (projected, aeroid),
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the perihelion period (L; = 160-360°).

2) Mesospheric dust aerosols were relatively rare over the non-planet
encircling dust storm era of the CRISM limb observations, con-
stituting < 3% of the detected mesospheric aerosols.

3) Mesospheric CO, clouds are observed over specific latitude
(20S-10N), longitude (0, 70W), and altitude (55-75km) ranges
identified in previous studies. These spatial distributions largely
conform to minimum temperatures in the mesosphere around Mars
aphelion (e. g., Millour et al., 2014).

4) Mesospheric H,0O ice clouds extend over all four longitude corri-
dors sampled in CRISM limb data, over 50-90 km altitudes, and
over 50S-50N sun-lighted (observable) latitudes with a distinct low
latitude minimum. These spatial distributions also largely conform
to minimum temperatures in the mesosphere around Mars perihe-
lion (e. g., Millour et al., 2014).

5) No aerosol scattering is identified above 90 km altitudes, up to the
120-160 km vertical limit of CRISM limb profiling.

6) Mesospheric CO; ice clouds exhibit a broadly distributed range of
particle sizes, from Reg of 0.3 to 2.2 um. The smaller particle sizes
are concentrated on the altitude and latitude margins of CO5 cloud
occurrence.

7) Mesospheric H,O ice clouds exhibit a narrower range of much
smaller particle sizes, with Ry predominately falling within
0.1-0.3 um. On average, mesospheric H,O cloud particle sizes de-
crease with increasing altitudes.

8) Peak mesospheric aerosol number densities of 0.1-10 cm ™2 are
estimated from profile retrievals of Res and 7z for a subset of the
CRISM limb measurements. H,O ice clouds with particle number
densities of 1 cm 2 and R, ~ 0.3 um roughly correspond to 10% of
available water vapor mass at 60 km altitudes.

9) Mesospheric CO, ice clouds (and some H,O ice clouds) exhibit ir-
idescence associated with narrow particle size distributions (Vg
~0.03), indicative of abrupt and uniform particle growth histories
(and perhaps non-aerosol CN).

10) Near-simultaneous CRISM limb spectra and MARCI cloud images
determine widely distributed (=10°x10° in latitude and long-
itude) waveform mesospheric CO, clouds.

11) MCS mesospheric loop cloud distributions (Sefton-Nash et al.,
2013) are broadly consistent with CRISM definitions of the spatial
and seasonal distributions of mesospheric aerosols.

12) Near-simultaneous/coincident CRISM and MCS limb observations
demonstrate correspondence of near-saturation conditions asso-
ciated with mesospheric CO, and H,O clouds, and atmospheric
heating associated with mesospheric dust aerosols.

13) Near-simultaneous/coincident CRISM and MCS limb observations
of mesospheric CO, cloud scattering imply similar particle sizes for
larger Res (=1 um). Smaller CO,, particle sizes are less apparent in
MCS IR channels beyond A = 16.5um (A1), which limits size de-
terminations.

14) Nighttime (3 am) MCS IR channels indicate very large (R.g ~7 um)
particle size CO, clouds with seasonal/spatial distributions similar
to daytime (3 pm) CO, clouds, very distinct from the fine nighttime
CO,, clouds reported by Montmessin et al. (2006) for the upper
mesosphere (> 90 km).

15) Mesospheric CO, clouds are occasionally accompanied by (coin-
cident with) mesospheric 0,(t Ag) emission peaks of order
10° photons/cm ~3/s. Low water vapor abundances associated with
the cold temperatures of CO, cloud formation can produce such
behavior.

16) A singular case of a discrete dust layer with large particles
(Ref ~2um) occurs over Syria Planum at an altitude of 55km in
northern summer (Lg = 96°), as perhaps evidence of non-local dust
lifting argued from MCS northern summer dust profiles (Heavens
et al., 2015).
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