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Abstract

We constrained the phase function of Martian water ice clouds (WICs) in the aphelion
cloud belt season using data from both Mars Science Laboratory (MSL), and the Mars Color
Imager (MARCI). The modeled ice crystal phase functions which best fit our derived results
were aggregates (with p-values ranging from 0.908-0.940 for MARCI, and 0.60 for MSL),
closely followed by bullet rosettes and columns, while the least likely were spheres (0.399-
0.454 for MARCI and 0.2 for MSL). Additionally, this work probed the opposition surge to
examine the Martian atmosphere’s relationship between ice water content and extinction,
and found it to be less than was previously proposed for particles at the Phoenix landing
site by a factor of 2, with a large dependence upon particle radius. Half-width-half-
maximums of the 180° peak in five MARCI images were analyzed and compared to models

for WICs and found to agree better than those for dust.
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Chapter 1

Introduction

1.1 Atmospheric Water on Mars

Although 10,000 times less abundant on Mars than Earth, water vapor is a
powerful and dynamic trace gas in the Martian atmosphere (Maltagliati et al., 2011).
Approximately ten percent of the total water vapour in the Martian atmosphere
contributes to the seasonally-driven formation of water ice clouds (WICs) through
saturation and deposition at equatorial regions, as well as the formation of WICs
driven by atmospheric waves and dynamics near the poles.

The significance of Martian WIC’s was initially down-played following the
unusually warm and dusty Viking era observations of the 1970’s (Tamppari et al,,
2000), and this led to Martian WICs remaining greatly underappreciated until the
1990’s when the Aphelion Cloud Belt (ACB) was discovered (Clancy and Lee, 1991).
The global scale (as observed in Figure 1.1), duration, and year-to-year repeatability
of the ACB led to new speculation and investigation into the range of physical and

thermal impacts of Martian water ice clouds on the atmosphere and climate.



HST WFPC2 410nm 30 March 1997

Figure 1.1: A Hubble Space Telescope image of Mars highlighting the ACB, as observed
in 1997 at a wavelength of 410nm (Malin et al.,, 2009). The brightest pixels within the
lower latitudes in this image are the clouds that make up the ACB during the aphelion

season.

1.2 The Aphelion Cloud Belt

Mars has an orbital eccentricity of 0.0934 (Simon et al., 1994), so its position
in orbit around the Sun has a noticeable impact on its seasonal meteorology and
climate. As Mars approaches its greatest distance from the Sun at aphelion around a
solar longitude of L; = 71° (a measure of Mars’ position in orbit where 0°
corresponds to the vernal equinox in the northern hemisphere), the planet’s
atmosphere cools and a decrease in dust lifting is observed along with a marked

increase in cloud formation and density. Figure 4 from Kloos et al. (2018)



demonstrates the seasonal peak in cloud opacities as observed by Mars Science
Laboratory (MSL), spanning approximately L;=50°-180° over multiple Martian
years. As Mars approaches the northern hemisphere’s autumnal equinox at

Lg =180°, the atmosphere begins to warm and active dust lifting resumes while
cloud formation declines (Newman et al., 2005). The decrease in cloud formation
continues as Mars reaches and surpasses its closest approach of the Sun at
perihelion, at L;=250°. This process repeats annually and gives rise to the

phenomenon known as the Aphelion Cloud Belt.
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Figure 1.2: The observed cloud opacities from MSL for Mars Years (MYs) 31, 32, and 33
(Kloos et al., 2018) show the peak opacities occur on an annual basis within the

aphelion season (approximately Ly=50°-180°).



The ACB typically extends from -10° to 30° latitude, with a range of optical
depths (7) from 0.05-0.5 (Wolff et al., 1999) spanning Ly = 70° — 180° (Smith,
2009). With such a broad geographical and temporal extent, the ACB offers an
annually re-occurring opportunity to study a variety of Martian WICs, both globally
and locally. As aresult, there has been great interest in the last two decades to map

and characterize Martian WICs, as well as to conduct retrievals of cloud physical

properties.
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Figure 1.3: THEMIS retrieved water ice optical depths at 825¢cm ™1 show the spatial

and temporal repeatability of the ACB over four MYs (Smith, 2009).

Globally, these investigations have utilized the Thermal Emission Imaging
Spectrometer (THEMIS) aboard Mars Odyssey, as seen in Figure 1.3 (Smith, 2009),
the Mars Color Imager (MARCI), the Mars Climate Sounder (MCS) (Kleinbohl et al.,
2009), and the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)
(Guzewich et al., 2014) aboard the Mars Reconnaissance Orbiter (MRO), the IR
Mapping spectrometer OMEGA aboard Mars Express (Madeline et al., 2012b), and
Mars Orbiter Camera (MOC) and Thermal Emission Spectrometer (TES) aboard

Mars Global Surveyor (MGS) (Clancy et al., 2003). These analyses have returned



cloud and haze optical depths, ice crystal particle sizes, cloud morphologies and
qualitative classifications.

From the surface, Mars Pathfinder (Smith & Lemmon, 1999), the Mars
Exploration Rovers (Lemmon, 2004), the Phoenix Lander (Whiteway et al., 2009 and
Moores et al.,, 2010) and Mars Science Laboratory (Moores et al., 2015 and Kloos et
al., 2016) have also completed extensive high-resolution local observations. These
surface studies have led to the discovery of precipitation and near-surface fog on
Mars (Whiteway et al., 2009, Moores et al., 2011), as well as an understanding of
how cloud optical depths vary seasonally, and diurnally (Wilson et al., 2007; Kloos et

al, 2018).

1.3 Cirrus Clouds as an Analog for Martian WICs

Many parallels can be drawn between terrestrial cirrus clouds and Martian
WICs, as both are clouds composed of frozen water ice deposited onto cloud
condensation nuclei (CCN) with temperatures well below 273 K. They are formed in
similar conditions, as the Martian troposphere has similar temperatures and
pressures to the Terrestrial stratosphere (Petrosyan et al.,, 2011). For nucleation in
the presence of CCN, only slightly supersaturated conditions are required for
nucleation (Comstock et al., 2008), making that the likely scenario for WIC
formation on both Earth and Mars.

On Earth, cirrus clouds have a large impact on the global radiation budget, as
they contribute to a warming greenhouse effect by absorbing infrared (IR) radiation

emitted from the surface and re-emitting it into the atmosphere. They also reflect a



great deal of solar radiation back out to space, thereby producing a cooling effect
(Poetzsch-Hefter et al., 1994). When the sum of these effects is tallied, cirrus clouds
are found to be the only terrestrial cloud that has a net warming effect on Earth’s
radiation budget, as they are nearly transparent in the visible range of wavelengths,
but optically thick in the infrared.

Similar effects from Martian WICs have been investigated and modeled,
finding the average effect to be net cooling below 15 km and net warming above
(Madeleine et al., 2012), but models are still struggling to constrain the cloud
microphysics to properly output what is being observed in sounder profiles.
Schlimme et al. (2005) demonstrated that in the case of terrestrial water ice clouds,
the most sensitive parameters for modelling the solar broadband radiative transfer
of clouds are (in order of importance): optical thickness, ice crystal shape, ice
particle size, and spatial structure. If any of these parameters, let alone the most

sensitive ones, are not well constrained, the model will be impaired.

1.4 Scattering Phase Function and Ice Crystal Geometries

One aspect of Martian WICs that has yet to be thoroughly investigated via
direct observation from the surface is the scattering phase function. The phase
function is a parameter that describes the angular distribution of scattered radiation
from a scattering center. Because the WIC phase function is determined by the
shape of the ice crystals within the WICs, it can be used to constrain the dominant

geometries of those ice crystals.



Publications that span from the Viking era to present day have largely
utilized a method of fitting radiative transfer (RT) models to emission phase
function (EPF) data taken over a finite range and resolution of emission angles
(Pollack et al,, 1979, Clancy and Lee, 1991, Clancy et al., 2003, Wolff et al., 2009).
When the resultant phase functions are plotted against their respective scattering or
phase angles, they typically produce flat curves lacking many of the peaks expected
across all scattering angles. Figure 1.4 shows an example of the retrieved flat phase
functions from Clancy and Lee (1991) in panel a, compared to the modeled phase
functions of 14 different ice crystal geometries from Yang and Liou (1996) and Yang

etal. (2010) in panel b.
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Figure 1.4: Panel a features the flat RT fit phase functions of mid latitude and northern
polar latitude clouds from Viking data (Clancy and Lee, 1991) and panel b displays the
modeled phase functions of seven ice crystal models and diagrams from Yang and Liou

(1996) and Yang et al. (2010).



The phase functions from the ensemble models in panel b are what one
would expect to see in the phase function of Martian WICs, yet the RT fit phase
functions in panel a tell a different story. The peaks observed at various scattering
angles in the Yang and Liou (1996) and Yang et al. (2010) phase functions are also
found in similar investigations, including 9 ensemble ice crystal models from
Chepfer et al. (2002). Many of those features correspond to optical scattering
phenomena such as halos and parhelia, both of which are frequently observed on

Earth, as seen in Figure 1.5.

46° halo

22° halo

— Parhelic circle

- parhelia (Sun Dogs) .

Figure 1.5 : Visual examples of some of the scattering phenomena caused by water ice
crystals suspended in the Terrestrial atmosphere, that correspond to peaks in their
modeled phase functions around 22° 46° and many more (International Cloud Atlas;

Atmospheric Optics).

To help resolve this discrepancy, other WIC observations such as fall streaks
can be utilized to constrain crystal size. A fall streak (also known as virga) is a form
of precipitation that evaporates before it reaches the surface. Figure 1.6 displays the
contour plot of a lidar detection of virga from the Phoenix lander mission in the

northern Martian arctic (Whiteway et al., 2009). From the fall rate of the observed



virga, dimensions similar to those sampled in terrestrial cirrus (Whiteway et al.,
2004) were approximated (42 microns x 127 microns) for a columnar ice crystal
shape. Despite this, detections of optical effects at specific scattering angles
commonly associated with columnar ice crystals such as pillars, halos, arcs etc.,
(Greenler, 1980) have yet to be confirmed on Mars regardless of the similarities in

temperature and pressure to the Terrestrial stratosphere.
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Figure 1.6: The lidar contour plot from Whiteway et al. (2009) showing the detection
of Martian WICs on the left, and precipitation in the form of virga on the right. The fall

streaks were consistent with columnar ice crystals 127 microns in length.

This disparity could be related to the dynamics required for various

scattering phenomena; parhelia and pillars require unified orientations of hexagonal

10



plates and columns caused from the crystals falling through still air, while circular
haloes require randomly oriented plates and columns in a more turbulent
atmosphere. With that being said, at least one of those dynamical conditions should
be met at any point in time, and thus it cannot be simply assumed that the ice crystal
geometries dominating Martian WICs are identical to those that dominate terrestrial
cirrus clouds.

While there exists one claim of a type of halo referred to as a “subsun” being
observed within an MOC image (Koénnen, 2006), it is much more likely that the
observed feature in Figure 1.7 was the opposition surge, which is visible in a great
number of MOC (Wang, 2002) and MARCI images. A subsun is a reflective halo
caused by specular reflection off horizontally oriented ice crystal plates (Greenler,
1980), however the feature in question occurred at a point in the image where the
scattering angle approached 180° (Wang, 2002). Kénnen (2006) attributed the
feature to a specular reflection off of hexagonal plates with a 1° tilt, but did not take
into account the viewing geometry over the entire image. The reflection occurred at
a point on Mars where from the reflector’s perspective, MOC was directly in-
between the sun and the reflecting surfaces (producing the 180° scattering angle).

Taking MGS’s 2am-2pm sun-synchronous orbit into consideration, the
common zenith angle of MOC and the Sun with respect to the location of the
reflector would have been larger than the 1° tilt of the plates that Kénnen (2006)
calculated. Thus it would not be possible for MOC to detect a specular reflection
within the scenario Kénnen (2006) described, and is much more likely that what

was observed was in fact the opposition surge.

11



Figure 1.7: The bright feature in this image captured by MOC was labelled a subsun by
Konnen (2006), but given the orbit and viewing geometry of MOC at the time the

image was captured, it is more likely that the feature is the opposition surge.

The refraction and scattering processes that produce pillars and halos are
directly related to the geometries of the ice crystals in the atmosphere, and their
orientations (Greenler, 1980). This would lead one to conclude that if such
phenomena have yet to be observed on Mars, then the geometries of the ice crystals
in the Martian atmosphere differ from those commonly found on Earth.

While all scattering phenomena are dependent on scattering angle, certain
features such as arcs are also dependent upon solar elevation, making them tricky

or impossible to observe from orbit. When it comes to observing from the Martian

12



surface, even if everything else is done correctly, the added optical depth and
reduced visibility from the dust suspended in the atmosphere can hinder detection
of these often diffuse and faint features.

Having a better understanding of the ice crystal habit and phase function of
Martian WICs would directly benefit Martian climate modelers who currently
assume spherical and cylindrical particles for their models (Clancy et al., 2003, Wolff
et al., 2009). Therefore, this knowledge would also benefit future work to model the

role of WICs in Mars’ radiation budget.

1.5 Constraints on the Phase Function and Ice Crystal Habits of

Martian WICs

In 2016, Kloos et al. used a technique that was similar in nature to the
terrestrial retrievals outlined in Chepfer et al. (2002) to constrain the general phase
function of Martian WICs. That study resulted in a low resolution constraint on the
lower bound of the Martian WIC phase function over a scattering angle range of 70°-
115°. In order to achieve this, Kloos et al. (2016) utilized a number of single pointing
cloud movies taken by the MSL navigation cameras (Navcam) at various observation

times, for a little over a Martian year.
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Scattering Phase Function vs Scattering Angle
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Figure 1.8: A low resolution constraint of the lower bound of the Martian WIC phase
function from Kloos et al. (2016) was derived from Navcam cloud movies captured
over the span of a Martian year. The upper bound of the data points from Kloos et al.
(2016) act as the lower bound of the phase function in this plot because the method
used to derive the data inputs for the phase function calculation produces a value that
is on the lower bound of the actual value, and thus the resultant phase function also

becomes a lower bound.

This thesis work improved upon the phase function investigations of Kloos et
al. (2016), by determining a higher resolution constraint for the scattering phase
function. The increased resolution and scattering angle range necessary for the

improved phase function determination were achieved through the development of
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a new Navcam activity onboard MSL specifically designed for this purpose. This new
observation labeled the ‘Phase Function Sky Survey’ (PFSS) was implemented
regularly during the ACB season to document Martian WICs at different times of day,
over a wide range of scattering angles.

The resultant data was compared with previously developed composite EPF
and RT modeled phase functions from Clancy and Lee (1991) and Clancy et al.
(2003) along with the modeled phase functions of 7 randomly oriented ice crystal
habits from Yang et al. (2010), in order to constrain dominant ice crystal geometries
and the observed phase function curve for Martian WICs.

In addition to investigation of the Martian WIC phase function from the
Martian surface, this work also extended its reach into Martian orbit with the
analysis of publicly available MARCI image data. The extension of the phase function
investigation to include data from MARCI’s primary science phase (PSP) allowed for
the broadening of the range of observations of clouds from a single aphelion season
at one distinct location within a crater, to a globally expanded range of Martian
longitudes and latitudes over two MYs, and five distinct wavelength filters. It was
important to try to go beyond the MSL observations within Gale crater, as the local
meteorology and dynamics within the crater produce a microclimate that is not
necessarily indicative of other regions on the Martian surface at similar latitudes
(Miller et al., 2018).

Once the phase functions of Martian WICs observed via MARCI were
constrained, the results were compared to the phase functions from Clancy and Lee

(1991), Clancy et al. (2003), the modeled phase functions of the 7 randomly oriented

15



ice crystal habits from Yang et al. (2010), and our MSL-derived phase functions from
the surface. Additionally, the MARCI-derived phase function at 180° was used to
appraise the use of a Terrestrial empirical relationship for deriving ice water
content (IWC ) from water ice extinction or opacity from Dickinson et al. (2011) in
the case of Martian WICs, and to compare the visible half-widths-half-maximums
(HWHMs) of five composite MARCI images to the HWHMs modeled by Chepfer et al.

(2002), Yang and Liou, (1996) and Yang et al. (2010) for water ice crystals.

1.6 Organization of Thesis

Chapter 2 of this thesis will discuss the MSL data and analysis methods in
detail, while Chapter 3 will look at the results and discussion of the MSL dataset.
Chapter 4 will cover the calibration of the MARCI dataset and the methods used to
analyze the data, while Chapters 5 and 6 will discuss the results and discussion,
respectively. Chapter 7 will conclude the thesis with a summary of the methods and
findings of both data sets and how they can contribute to our understanding of the

role that Martian WICs play in the Martian atmosphere.
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Chapter 2

MSL Dataset and Analysis Methods

2.1 MSL Navcam Phase Function Sky Survey (PFSS)

The MSL Navigation Camera (Navcam) is composed of two sets of stereo
cameras mounted to the rover’s mast with a 200 nm spectral bandpass (600 to 850
nm) and a 45° x 45° field of view
(MSL Camera Software Interface Specification, 2015, and Maki et al., 2012). It was
chosen based upon the fact that clouds have been detected in Navcam data products
at a relatively predictable rate since MSL landed at Gale Crater (Moores et al., 2015,
Kloos et al., 2016) and that a properly exposed image has a signal to noise ratio of
200:1 (Maki et al.,2012).

The Navcam PFSS sequence was designed to be executed onboard MSL
during the aphelion season, when clouds are most likely to be observed near the
equator (Wolff et al., 1999). Each PFSS is composed of nine sun-relative pointings,
and three images captured at each pointing to total 27 images. The nine pointings
were divided into two elevation tiers for maximum coverage of the sky around the
rover, as seen in Figure 2.2. Six ‘lower tier’ pointings had their centres at +30°
elevation above the local level (LL) horizon and were separated by 48° in azimuth,
and the three remaining ‘upper tier’ pointings had their centres at +70° LL elevation

with 120° separation in azimuth.
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Phase Function Sky Survey Image Pointing Projections

Figure 2.1: Projections of PFSS frame pointings on a dome, with MSL assumed to be at
the centre. The gap in the pattern prevents the NavCam from pointing close to the sun
where the variation in radiance over the frame exceeds the 200:1 SNR of the imager.

The colour represents the cosine of the zenith angle.

The gap shown at lower right in panel a and lower left in panel b of Figure 2.1
was intentionally pointed towards the sun and to avoid exposing other science
instruments to a prolonged sun pointing. The sequence was modified as part of the
tactical planning process to accommodate a range of morning and evening
observations to investigate diurnal variations in Martian WICs through their phase
functions. An example mosaic from a single PFSS observation is shown in Figure 2.2

for reference.
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Figure 2.2: An example of the two tiers of PFSS frames at each of the nine observation
pointings. In this particular observation taken on Sol 1924 at 07:05 local true solar
time (LTST), the frames corresponding to pointings 1 and 2 contained surface features
causing the rover’s onboard auto exposure algorithm to expose for the foreground,
resulting in a lightened appearance. Frames 4, 5, and 6 had increased elevations to
avoid larger surface features, and were further amplified by the tilt of the rover at the
time of image capture. Cloud features resembling gravity waves were observed from

horizon to horizon in this early morning observation.

The desired cadence for the PFSS was to obtain two observations within the
span of 14 Martian sols, and 50% of the total observations should occur before noon
and the remaining 50% after noon, within the time constraints previously
mentioned. This cadence only existed for the areocentric Ls range of 50° to 150°, or
until clouds were no longer consistently observed. This range was determined based

on Figure 6 from Kloos et al. (2018).
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2.2 Deriving the Phase Function from MSL Navcam Imagery

In the context of this work, the phase function, P(cos ©), is a non-
dimensional parameter that describes the angular distribution of scattered radiation
by WICs, as a function of scattering angle. The phase function describes the
scattering properties of individual aerosols or collections of aerosols, and is
normalized by definition (e.g. Equation 3. 3. 10 Liou, 2002). When considering
radiative transfer, the phase function enters through the source term of the
radiative transfer equation, given as Equation 3.4.5 in Liou (2002):

al(zt,pu, @)
ll—

dt = I(T, u, ‘P) —](T, u, ‘P) (21)

Here I(z, i, @) is taken to be the upward radiance from the atmosphere or
WIC, and J(t, 4, @) is the source term. Both are functions of optical depth t, the
cosine of the emission zenith angle y, and the azimuthal angle ¢. The geometry
described by Equation 2.1 can be seen graphically in Figure 2.3. The increase in
radiance as radiation propagates is represented by the source term, and as the main
source of the radiation being considered is solar radiation scattered off optically
thin WICs (such as those observed from the surface of Mars in Moores et al., 2015
and Kloos et al.,, 2016), a single scattering approximation will be used. The single-
scattering assumption can be further justified by the fact that scattering from the
dust in the atmosphere, and diffuse upward reflectivity from the surface (~25% of
the downward flux within the Navcam bandpass; Johnson et al., 2003), is uniform

across an image and thus disappears with implementation of the mean frame
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subtraction technique outlined later in this section. The source term may be

approximated as:

T

J@.1,0) = o FP(@)eo (22)

The core parameters of this term are optical depth 7, phase function P(0),
and a single scattering albedo w equal to 1 for Martian WICs (Clancy et al., 2003).
Equation 2.2 (Equation 3.4.10 from Liou, 2002) denotes the adopted WIC source

term where F is the flux at the cloud, P(0) is the single scattering phase function

=T

dependent on scattering angle 0, and e*o is the transmittance through the

atmosphere to the location of the cloud.

F zenith

z col

e
—
b e

Figure 2.3: A visual representation of the phase function redirecting incident radiation
I(F) from (—uo, @) at the top of the Martian atmosphere to (u, @) after scattering off

water ice crystals in a cloud (note: —p, is equal to —cos(6,) , 1 is equal to cos(6),
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and 6, 0 are the corresponding zenith angles). The angle between (- 6,,, ¢,) and
(6, @) is denoted the phase angle, and the scattering angle 0 is therefore equal to (1 —
phase angle); simply the angle that radiation was scattered from its incident

trajectory. During the process depicted, the radiation is attenuated through an optical

depth of atmosphere % before scattering off a cloud toward Navcam.
0

As most of the clouds observed in the ACB are assumed to be located at
several scale heights above the surface based on MCS retrievals (Kloos et al., 2016;
Moores et al., 2015; Kleinb6hl et al., 2009), it is reasonable to assume that most
atmospheric dust lies between Navcam and the cloud, and that no additional
scattering exists above the cloud. The downward scattered light intensity is reduced
to the cloud’s source term integrated over its optical depth. Adopting the
assumptions outlined by Kloos et al. (2016), the downward scattered light radiance
originating from a cloud is reduced to Equation 2.3, where At is the integrated

optical depth of the cloud (Equation 6 from Kloos et al., 2016):

At
I(At, 1, @) = HFP(G) (2.3)

This equation does not include the intervening dust between the Navcam and
the cloud. To take the dust into account we use measurements of optical depth, T,
made by MSL’s Mast Camera (Mastcam) (Lemmon et al., 2016 and Vasavada et al,,
2017), with average uncertainties of 10%, adjusted for the viewing angle. The

lowest elevation angle in an image was 7.3°, making the plane-parallel
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approximation t.,;/u valid for the observed range of Mastcam column optical
depths of 0.224-0.587, giving the highest possible path optical depth of 4.6.

Finally, we restrict the measurement to the width of the camera band-pass of
250 nm (Maki et al., 2015). Equation 2.3, which gave the downward radiance of
WICs, is altered with the addition of these parameters to produce the resultant

radiance observed at the imager (Kloos et al., 2016):

~Tcol

AT “Tcol
I Al =——FP(0O K 2.4
AVAR 4 (®)e (2.4)

Equation 2.4 (Equation 10 in Kloos et al,, 2016), gives the varying radiance, I yarAA,
from the WICs observed in a PFSS.

In order to isolate the downward spectral radiance I; ;45 of the cloud from
the PFSS data, a mean frame subtraction (MFS) technique was used to remove the
constant radiance of the atmosphere, isolating the radiance that varied due to the
motion of WICs. This technique has been previously used on Phoenix (Moores et al,,
2010) and MSL (Moores et al., 2015) data. At least three images are acquired at each
observation pointing to allow for a mean frame to be created, and that resultant
mean frame is then subtracted from the images used to create it. I 45 is then
calculated by differencing adjacent regions of comparatively high and low spectral
radiance (as seen in Figure 2.4). The region with low spectral radiance is assumed to
be completely cloud-free, thus I; ;4 is considered a lower bound on the spectral

radiance of the cloud.
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Time-Variable Component of PF §S (Pointing S on Sol 1924, Frame 2)
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Figure 2.4: An example of the MFS time-variable component used to calculate one
instance of variation in spectral radiance in a PFSS run executed on Sol 1924. The
outlined regions are just one example of a region that could be used to calculate the
variation in spectral radiance within this image. The second MFS frame from each of

the 9 pointings was chosen to isolate this variable.

Two regions were selected from the middle perturbation frame of each of the
9 pointings in every phase function observation for the determination of I ;4. The
exact location of the cloud in the image was used to calculate the scattering angle for
the subsequent phase function derivation. Equation 2.5 was then used to solve for
the phase function once values for I 4z were derived from the MFS of the PFSS

data. The integrated cloud optical depths used were derived from MCS integrated
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cloud optical depths with uncertainties ranging from 0.1% to 10%, averaged over
the last three MYs within a 5° Ls range from the Ls of each PFSS observation. They
were normalized from thermal infrared to 880 nm for Navcam by a factor of 3.6
(Guzewich et al., 2017, Kleinbohl et al.,, 2011 and 2017, and Montabone et al.,, 2015).
The use of MCS optical depths provides a way to uniquely determine the phase
function as the radiance observed by Navcam is a function of both the phase
function, i.e. how much light is scattered into the solid angle that the camera can
observe, and how much material there is to scatter light. In previous work, such as
Kloos et al (2016; 2018) an assumed value of the phase function was used to
calculate optical depth. Rearranging Equation 2.4 using this information yields:

Aty yap AL

_Tcol
AtycsFre H

P(0) = (2.5)

Note that in Equation 2.5 spectral irradiance, Fj, is integrated over A1 from
the extraterrestrial spectrum provided in the ASTM G-173 model (ASTM
International, 2012), adjusted for Mars’ distance from the Sun corresponding to
each observation. The labels of the data files also provided the pertinent information
regarding image pointings to determine the viewing zenith angles for each pixel, as
well as the corresponding scattering angles for phase function analysis.

Taking into account the upper bound of uncertainty for MCS optical depths of
10%, and the average uncertainty for Mastcam column optical depths of 10%, the
phase function values retrieved from Equation 2.5 would have an uncertainty with

an upper limit of approximately 12%. This was determined using a linear

Tcol

approximation for the uncertainty of the e # term, with the minimum Mastcam

25



column optical depth of 0.224 and lowest elevation angle of 7.3°, to maximize the
uncertainty term. It should also be noted that the calculation of the phase function is
relatively insensitive to the 3.6 factor used to normalize the MCS optical depths, as it
only lowers the magnitude of the curve uniformly at each scattering angle, and
doesn’t change the shape. The effects of this factor are essentially removed when the
phase function is normalized.

The final step in deriving the phase function curve is typically to normalize
the results over all scattering angles from 0°-180°. Unfortunately, it was not
geometrically possible for the PFSS to observe over that entire range, making it
impossible for the resultant phase function to be normalized without reference to
previous work. However, as the shape of the phase function is more relevant than
the absolute magnitude for analysis, our results were normalized by the average
value of the TES-derived aphelion WIC phase functions (Clancy et al., 2003) at the

median observed scattering angle.
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Chapter 3

MSL Dataset Results and Analysis

3.1 MSL Navcam Phase Function Sky Survey Results

The PFSS sequence was executed 35 times in the MY 34 aphelion season,

over Ls range of 61.9°-156.5°. Figure 3.1 displays the temporal distribution of these

PFSS runs. 20 occurred in the morning hours between 06:00 and 09:30 LTST, and 15

runs oc

operationally required 2.5 hour gap on either side of local noon due the sun being

located

curred in the evening hours between 14:30 and 18:00 LTST, with an

near zenith.

PFSS Temporal Distribution

—
o

T T T T T T T T
g8
s
£ 14 : ; :
= ; ; 5
ks § : :
[%12_ .................................................................... ................. ...................................................................... ............... |
3
s':_‘]o_ ..................................................................... o ........... .................... o ............................................... ............... |
R R S i ew K R -
- 0 o 6 o ¢ L0
i i i i i i i i i
BO 70 80 2] 100 110 120 130 140 150 180

Solar Longitude ()

Figure 3.1: The temporal distribution of the 35 PFSS runs is displayed with respect to

LTST and Ls. The observation was run over as many varying LTST’s as possible (given
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the MSL engineering and useable data constraints) in an attempt to reduce diurnal

data bias.

The phase function was derived from the PFSS data using the method
outlined in Chapter 2. Compared to the previous work of Kloos et al. (2016), the
number of data points available to derive the phase function grew from 20 to 630, in
this work, and the normalized magnitudes of the phase function ranged from 0.0016
to 2.1, spanning scattering angles 18.26° to 152.56°. The data was binned by two
dimensions into 137 phase function and 137 scattering angle bins, and then a mean
phase function curve was produced by using a rectangular sliding average with a 15
bin window to reduce the 95% confidence interval to an average of 10% of the
phase function. The combination of retaining a large number of bins and applying a
sliding average was adopted to produce curves with reduced noise for the mean of
the phase function, whilst preserving small yet potentially important scattering
features. As the value obtained for I) ; 4 is assumed to be on the lower bound of the
expected value, the resultant phase function is also assumed to be a lower bound.
The resultant curve and 95% confidence interval of the sliding average window

centered on each point, are displayed graphically in Figure 3.2.
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Point Density with Mean Phase Function and 95% CI
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Figure 3.2: The mean curve of the derived phase function data binned by scattering
angle and phase function is displayed overtop of the data point density with shaded

error bars corresponding to the 95% confidence interval of the sliding average

window centered on each point. The data density was calculated by dividing each two

dimensional bin by the total number of data points in its respective scattering angle

bin.
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In Figure 3.2, the 95% confidence interval varies along the curve as a result
of the range of data points in the sliding average window, centered on each point.
The mean derived phase function has local maxima around the 22°, 46°, and 70°
scattering angles that are allowed, but not required. Local minima observed around
scattering angles of 50°, 100° and 140° are also allowed but not required. To test

whether the mean phase function was distinguishable from a featureless curve, a

scattering angle—40°

( = )

null hypothesis of phase function = 0.55 X e was used, and a chi-
squared p-test was implemented. The resultant weighted chi-squared value was

0.48, and the p-value was greater than or equal to 0.49, and therefore not

statistically significant for rejection of the null hypothesis.

3.2 Comparison to PFs of Known Ice Crystal Geometries

In Figure 3.3, our derived phase function was compared with seven randomly
oriented and isolated ice crystal geometries from Yang and Liou (1996), and Yang et
al. (2010); spheres, hexagonal plates, droxtals, aggregates, bullet rosettes, and
hexagonal solid and hollow columns. This analysis simply constrained the dominant
ice crystal habit over the entire period of observation, including observations from

all times of day.
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Figure 3.3: The normalized mean curve of our results, along with the 7 modeled phase
functions for various ice crystal geometries from Yang and Liou (1996), and Yang et al.
(2010) extracted using WebPlotDigitizer (Rohatgi, 2018). The PFSS data was
normalized at the median scattering angle bin, 85° to the average phase function
value in Clancy et al. (2003) for type 1 and 2 aphelion WICs. A weighted chi-squared
test was run and the probabilities of fit for the phase function data with respect to the
modeled curves are given in the legend as p-values, with aggregates being the most

probable and spheres being the least.
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A weighted chi-squared analysis with a p-test and residuals analysis was
used to compare the goodness of fit of the phase function data with each of the
randomly oriented modeled ice crystal geometries from Yang and Liou (1996), and
Yang et al. (2010). The resultant p-values listed in the legend of Figure 3.3 show that
the WICs we observed have the highest probability of containing aggregates, with a
weighted chi squared value of 0.27, and a p-value greater than or equal to 0.60. Only
slightly less probable, were solid hexagonal columns with a weighted chi squared
value of 0.33 and a p-value greater than or equal to 0.59, and hexagonal hollow
columns and plates with weighted chi squared values of 0.34 and p-values greater
than or equal to 0.56. Bullet rosettes had a weighted chi squared value of 0.36, and a
p-value greater than or equal to 0.53. These results agree with the ice crystal habits
required to produce phenomena such as the 22° halo or parhelia, and the 44°
parhelia, 46° halo, or supralateral arcs, which align with the allowed local maxima at
the ~22° and ~46° scattering angles in our derived mean phase function curve. The
mean phase function magnitudes at these scattering angles are a great deal smaller
than those modeled, suggesting that the features corresponding to those phase
function peaks may not be visible on Mars. An investigation with an instrument that
could allow more frequent observations at smaller scattering angles could help
confirm these results, allowing us to say for certain whether these features can be
observed on Mars. Halos are commonly observed in cirrus clouds composed of
randomly oriented hexagonal columns and plates, while parhelia require them to be
uniformly oriented. Arcs generally are formed by hexagonal columns and are not

only dependent upon their orientation, but the elevation of the Sun.
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The droxtal and spherical models had weighted chi-squared values of 0.87
and 1.7, and p-values of greater than or equal to 0.35, and 0.20, respectively. These
probabilities are lower than the other five modeled ice crystals by a factor of about
two, but they are still not statistically significant enough to be rejected as null
hypotheses. Optical phenomena formed by spherical ice crystal geometries (such as
rainbows, fogbows, glories, or coronae) are therefore less likely to be observed than

halos, parhelia, and arcs.
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Figure 3.4: Histograms of the residuals from the phase function data and the 7

modeled phase functions for various ice crystal geometries from Yang and Liou (1996),

and Yang et al. (2010), are inset in each plot. The normalized PFSS data points are
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shown with the red circles, the blue curve represents the modeled ice crystal habit
being looked at within each plot, and the black curve and shaded error bar represents
our mean phase function curve and 95% confidence interval of the sliding average
window centered on each point. The results of the weighted chi-squared analysis and

p-values for each plot are included for reference.

Given the results of the chi-squared tests, p-tests, and residuals analysis
displayed in Figures 3.3 and 3.4, the ice crystal geometries more likely to dominate
WICs in the aphelion season were determined. Aggregates, hexagonal solid columns,
hollow columns, plates, and bullet rosettes were found to more probably make up
the Martian WIC'’s than droxtals or spheres, however no model was able to be
rejected statistically. The hexagonal nature of the rosettes, columns, and plates also
aligns with the results of an investigation confirming the physical detection of the
backscatter peak from randomly oriented hexagonal water ice crystals (Zhou and
Yang, 2015), and observed 180° backscatter peaks present in MARCI and MOC
images (Wang, 2002). Furthermore, when Whiteway et al. sampled the shapes of ice
crystals in a terrestrial cirrus cloud in 2004, they found various combinations of
aggregates, hexagonal columns, bullet rosettes, and irregular crystals. Bullet
rosettes appeared only at the top of the cloud, while aggregates, columns, and
irregularly shaped crystals were found throughout. This agrees with bullet rosettes
having a slightly lower probability of being contained within the observed WICs
than aggregates, columns, or plates. It was hypothesized by Whiteway et al. (2004)

that the blunt irregular crystals found to dominate the lower regions of the cirrus
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were actually other crystal geometries in various stages of sublimation. As all five of
the most probable geometries dominating the phase function observations have
been directly observed within a terrestrial cirrus cloud, it would be reasonable to
argue that irregular ice crystals could also be found in Martian WICs, especially
because virga and sublimation of ice crystals has been observed on Mars (Whiteway
etal., 2011). Moreover, as Whiteway et al. (2004) found 86% of the lower portion of
a cirrus cloud to be composed entirely of blunt irregular crystals, it would follow
that these could be a large contributor to the deviations in the observed phase

function from the other modeled phase functions.

3.3 Comparison to Other Phase Functions for Martian WICs

Next, our derived curves were compared with previously derived and
currently implemented Martian WIC phase functions from Viking (Clancy and Lee,
1991) and TES data (Clancy et al,, 2003), as seen in Figures 3.5 and 3.6. In both of
these publications, the phase functions were produced from the best fit of an RT
model to an observationally derived EPF. The phase functions from Clancy and Lee
(1991) are flat and smooth without a 180° backscatter peak, while the bi-modal
phase functions from Clancy et al (2003) feature greater magnitude variation and
hint at some of the features observed in the modeled geometries discussed in

Section 3.2.
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Figure 3.5: The mean and upper bound of our normalized results alongside composite
RT model and EPF derived phase functions for Martian water ice clouds from Viking
and TES data extracted using WebPlotDigitizer (Rohatgi, 2018). The smooth curves
produced in Clancy et al. (2003) and Clancy and Lee (1991 ) involved the fit of RT
models to EPFs captured over a finite range of scattering angles. The probabilities
from a chi-squared analysis between the phase function data and EPF derived phase
functions are listed beside each of the curves, with TES aphelion clouds (1) having the

highest p-value, and the Viking Polar clouds having the lowest value.
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Scattering Phase Function

Scattering Phase Function

Clancy et al (2003) speculated from their results that the dominant habits
took the form of a spheroidal geometry for their aphelion ice aerosol. As our
resultant phase function was normalized to the average phase function value of the
median scattering angle for two size parameters of the aphelion ice aerosols, the
results from a chi-squared goodness-of-fit analysis were weighted chi-squared
values equal to 0.25 and 0.27, and p-values greater than or equal to 0.62 and 0.60,
over the range of scattering angles for which they were derived.
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Figure 3.6: Histograms of the residuals from the phase function data and the four EPF
derived phase functions from Viking (Clancy and Lee, 1991) and TES (Clancy et al,
2003) are inset in each plot within the figure. In each plot, the normalized PFSS data
points are shown with the red circles, the blue curve represents the EPF derived phase
function, and the black curve and shaded error bar represents our mean phase
function curve and 95% confidence interval of the sliding average window centered on
each point. The results of the weighted chi-squared analysis and p-values for each plot

are included for reference.

The Martian WIC phase functions from Clancy and Lee (1991) are flat and
smooth providing very little information about source scatterers. Potential
contamination from dust, or reduced formation of WICs could be two possible
reasons why the phase functions derived from Viking observations may look the
way they do. The Viking data was acquired over a period that we now know to have
been unseasonably warm and dusty, featuring two all-encompassing global dust
storms (Tamppari et al., 2000). The WIC phase functions derived in Clancy and Lee
(1991) greatly resemble the dust phase functions also derived from their Viking
observations, and while it was noted in Clancy et al. (2003) that the TES results for
the dust phase function were consistent with those from Viking, the WIC phase
functions were not. From the chi-squared probability analysis, the resultant
weighted chi-squared values and p-values were 0.51, and 0.49 for the mid-latitude
clouds, and 0.48, and 0.49 for the polar clouds. Lower probabilities for the Viking

curves (relative to the TES curves) is expected based upon the above analysis,
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however the p-values still remain greater than those for the modeled phase

functions for droxtals or spheres from Yang and Liou (1996), and Yang et al. (2010).

3.4 Cloud Features

A qualitative analysis of the PFSS perturbation images showed that cloud
morphologies agreed with those identified in previous investigations of Martian
WICs. Features consistent with gravity waves (Kloos et al., 2018), ripples or a “zig-
zag” pattern (Moores et al., 2010), fractus or ragged edges (Lemmon et al., 2014),

and multiple cloud layers (Kloos et al., 2016) are depicted in Figure 3.7.

Figure 3.7: The vertical panels show the perturbation images from a single pointing in
a PFSS observation; panel a displays two faint separate cloud layers captured on sol
1849 at Ls 75.8° panel b shows a cloud formation consistent with gravity waves taken

on sol 1924 at Ls 110° panel c displays a zig-zag or rippled cloud pattern observed on

40



sol 1971 at Ls 132.7°, panel d shows clouds with a fractus or ragged appearance
captured on sol 1998 at Ls 146.6° and finally panel e displays the movement of an

optically thick feature between frames observed on sol 1968 at Ls 131.4°.

WIC morphologies that involve parallel bands of increased spectral radiance
moving equal distances across consecutive frames (such as those seen in panels a, b,
and c) can be associated with layers or sheets of clouds at constant altitudes
(Moores et al., 2015). In contrast, regions with infrequent wave structures and
ragged edges (similar to those shown in panels d, and e) are more likely to have

resulted from isolated condensates (Lemmon et al., 2014).
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Chapter 4

MARCI Data Calibration and Methods

4.1 Radiometric Calibration

MARCI was launched aboard the Mars Reconnaissance Orbiter (MRO) which
entered its Primary Science Phase in orbit around Mars in November of 2006. The
PSP lasted until November 2008, spanning MY 28 ~L;=128° to MY 29 ~L;=165°.
This study analysed publicly available raw MARCI data (dataset ID: MRO-M-MARCI-
2-EDR-L0-V1.0; Malin et al., 2001) downloaded from the Planetary Data System
(PDS; Eliason et al,, 1996), captured during the aphelion seasons (~L;=42°-170°)
within the PSP. The boundaries of the solar longitude range of interest were selected
based upon the results of the Kloos et al. (2018) analysis of ACB cloud optical depths
as observed from MSL.

During the PSP, MRO was typically in a 3am-3pm sun-synchronous orbit
(Figure 4.1 panel a) that allowed MARCI to capture 12 to 13 images per sol in five
visible and two ultraviolet wavelength filters (Zurek and Smrekar, 2007). These
filters were permanently mounted on top of MARCI’s 180° field of view (FOV)
charge coupled device (CCD), operating as a “pushbroom” imager capturing frames
at regularly timed intervals on each orbit (Bell et al., 2009). For the visible (VIS)
wavelength filters, the resultant raw data product was a long multi-filtered swath
made up of individual frames captured along the orbit (Figure 4.1 panel b), with

each frame containing five single filter “framelets.” The VIS filters consist of a blue
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(437 £ 32 nm), green (546 + 40 nm), orange (604 + 31 nm), red (653 + 42 nm),
and near infrared (NIR, 750 + 50 nm) filter, each with an approximate down-track
FOV of 2° and cross-track FOV of 180° (Bell et al. 2009).

The VIS filter data products from the PSP were downloaded manually from
the PDS and run through a processing pipeline that was produced to calibrate the
data according to the methods of Bell et al. (2009). Each multi-filter image was
reduced in resolution through 8x8 pixel summing to reduce processing time,
separated into the five VIS filters, and then run through the pipeline. The single filter
images were cropped in width and length to exclude areas with high intensity limb
scattering, and polar latitudes where ice is often condensed onto the surface. This
cropping was necessary as the pixels with maximum reflectance values in each
column of a cropped image were then assumed to contain Martian WICs, and
isolated as the inputs for the remainder of the analysis. It was reasonable to assume
that the brightest pixels across all VIS filters in images taken during the ACB were
likely to be within cloudy regions once those areas were removed as Martian WICs
have an average single scattering albedo (SSA) of 1.0 (Clancy et al., 2003) compared
to Martian dust SSA of ~0.97 (Wolff et al.,, 2009), and Martian WICs scatter relatively

evenly in all visible wavelengths (Clancy et al., 2003).
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Figure 4.1: Panel a depicts a rough schematic of the typical viewing geometry of

MARCI with MRO in its 3 am/3 pm sun-synchronous orbit, where it observes the
equator at a local true solar time (LTST) of 15:00. With this geometry, MARCI is able to
observe the 180° scattering angle in its filters’ FOVs (as highlighted in this simple
example by the red ray) and capture the 180° backscatter peak around the equatorial
region (Cooper and Moores, 2019). Panel b displays the format of a raw multi-filter
MARCI VIS image downloaded from the PDS, which then has to be separated into its
five VIS filters to produce five single filter images, before it can be radiometrically

calibrated.
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To validate the success of the calibration, the cross-track reflectance (ratio of
spectral radiance and flux) for band 1 (the blue filter) from our routine was
compared to calibrated data for the image “P10_004770_2885_MU_00N178W” in
Figure 1 of Wolff et al. (2010), and found to agree, as seen in Figure 4.2. The exact
row of the image from which the blue filter data in Wolff et al. (2010) originated was
not specified beyond mention of it being near the location of Spirit Rover, so a row
was chosen close to the position of Spirit at the time of image capture. The
discrepancy in rows of data being compared means our calibrated data is not able to

be an exact match to that of Wolff et al. (2010), but it is in close agreement.
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Figure 4.2: The cross-track reflectances produced using our methods along a single
row from the image “P10_004770_2885_MU_00ON178W” were plotted alongside the
reflectances from a near-by row in the same image from Wolff et al. (2010) to validate

our calibration pipeline. The calibrated blue reflectances were multiplied by a factor of
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0.75 in Figure 1 of Wolff et al. (2010), and the same was done to our data for a better

comparison.

4.2 Phase Function Determination

Following image calibration, the maximum reflectances from each column of
each single-filter image were recorded along with their indexed pixel location and
corresponding image label, to be used as an input for a SPICE kernel algorithm.
SPICE is an information system produced by the Navigation and Ancillary
Information Facility (NAIF), associated with NASA's Planetary Science Division
(Acton, 1996). The information contained within the SPICE spacecraft, instrument,
and ephemeris-based kernels was used in combination with multiple pre-written
SPICE functions to develop a computational algorithm. This program determined
and accounted for the distortion of the MARCI lens on the FOV of each of the CCD
pixels, and provided an approximation of the regions of the Martian surface within
the FOV of each pixel of interest, along with its respective illumination angles. As a
result, the central Martian longitude and latitude in the FOV of each of the filters’
max reflectance pixels were determined along with their corresponding solar
incidence, emission, phase, and scattering angles. Once all the necessary parameters
were determined as outlined above, the phase function was calculated using
equation 5 from Wang et al. (2014):

(4.1)

P(O,M) ~

4Rcy X (U + po) ll exp <_ T(u+ %))l_l
Ko

o
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Equation 4.1 approximates the scattering phase function of a cirrus type
cloud observed from orbit with single scattering (Wang et al., 2014), where P(0, M)
is the scattering phase function dependent on the scattering angle 0, and cloud
microphysics, M. The cloud opacities (7) came from integrated MCS water ice
opacities (ranging from 0.050 + 0.001 to 0.068 + 0.001), binned for every 10° of Ls,
averaged over the range of latitudes and longitudes contained within the PSP data
that were converted from infrared to optical opacity by a conversion factor of 3.6
(Kleinbohl et al., 2011; Montabone et al., 2015 ;Guzewich et al., 2017). It should be
noted that the MCS profiles have a mean profile lower limit of 13 km, and thus may
not be capturing the complete cloud opacity. This is less of an issue with our focus
on ACB clouds that typically extend from 10 km to 40 km in altitude (Clancy et al.,
1996; Clancy et al.,, 2003). The ACB clouds were assumed to be capped at 40 km
(Clancy et al,, 1996; Clancy et al., 2003), and any ice opacity above was assumed to
be upper atmosphere ice haze. The cosine of the emission and solar zenith angles
were given by y and p, respectively (Figure 4.3), for each relevant 8x8 summed
pixel from the SPICE algorithm, along with a value for the single scattering albedo
w, of 1.0 (Clancy et al., 2003). The cloud reflectances R.; came from the
radiometrically calibrated images, and account for the two-way transmissivity and
the spectral reflectivity of the Martian surface via Equation 4.2:
(4.2)
Ropsy — by — ¢;

exp (— %) exp ()

Rey =
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Equation 4.2 is rearranged from Equation 2 in Wang et al. (2014), solving for the
corrected reflectance of a WIC (R,;), using the calibrated reflectance (R,ps;)
observed from orbit. The spectral reflectivity of the surface (b;) was taken from
Figure 1 of Adams and McCord (1969), while the spectral reflectivity of atmospheric
gas (c;) was taken to be negligible for the MARCI VIS filter band passes. Thus, the
atmospheric gas above the clouds was assumed to be optically transparent, while
the opacity of the dust and ice hazes above the clouds (z,) for the two way
transmissivity correction were provided by the total summed ice and dust opacity
from the seasonally averaged (within +/- 5° Ls) MCS profiles above 40 km, based on
the previously outlined assumptions. As before, the MCS infrared water ice opacity
was converted to a visible opacity by multiplying by a factor of 3.6, and the dust
opacity was converted using a factor of 7.9 (Kleinbohl et al., 2011; Montabone et al,,

2015; Guzewich et al., 2017).
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Figure 4.3: A two dimensional diagram depicting the physical relevance of the cosine
of the emission and solar zenith angle (u and ) variables in Equation 4.1, the WIC
opacity (t), and the opacity of the dust and ice hazes above the clouds ( t,) in
Equations 4.1 and 4.2. The sum of the emission and solar zenith angles is equal to the

phase angle, and the scattering angle is equal to the phase angle subtracted from 180°.

Even though the MARCI data in this analysis was constrained to the ACB
seasons of MY 28 and 29, we cannot discount dust activity occurring during this
time which would also make a contribution to the radiance observed from orbit.
Battalio and Wang (2019) catalogued dust events stemming from the Aonia-Solis-
Valles Marineris (ASV) region for MYs 24-31, which is a southern hemisphere dust

storm track infrequently activated during Ls=1209-1802 and is the source of the

49



most impactful, organized dust activity during the ACB season. Once all the phase
function values were produced from the MARCI data using the methods described
above, they were compared to the times and locations of the dust events outlined in
Battalio and Wang (2019) for MYs 28 and 29, filtering out the data points that
overlapped temporally and spatially. The remaining phase function data points were
used to produce average phase function curves for each VIS filter, and for seasonal
and geographic phase function analyses in the blue and red filters.

The standard phase function is typically normalized to unity over all
scattering angles (Greenler, 1980), so the shape of the phase function curve along
various scattering angles becomes the relevant factor for comparison with other
models (as opposed to the unnormalized absolute magnitude). The unnormalized
phase function magnitudes are also useful, as they provide context for other
analyses with respect to relative cloud opacity and wavelength-dependent
reflectance. It should be noted that the standard phase function normalization can
be difficult or impossible to do when the experimentally derived phase function
cannot be determined over the entire range of scattering angles from 0° to 180°, and
so we adopted the methods of normalization from working with the MSL data that
involve normalizing our derived mean phase function by the mean ACB phase
function from Clancy et al. (2003) at the median scattering angle. The resultant
normalized phase function curves were then used to constrain the seasonal
dominant ice crystal geometries within the Martian WICs observed in this data set,

and to probe the opposition surge.
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Chapter 5

MARCI Dataset Results

5.1 Spectral Phase Function

Phase functions for each filter were calculated using Equations 4.1 and 4.2,
and the data points located within the average radius of all the catalogued dust
events from Battalio and Wang (2019) were filtered out. The resultant phase
function point densities, averages, and upper-bounds for each VIS filter across all
solar longitudes and geographic latitudes and longitudes were plotted and displayed
in Figure 5.1. The point densities were produced by two-dimensionally binning the
unnormalized phase function data from all seasons, latitudes, and longitudes for
each filter into 124 bins across both the observed scattering angle range (50.3° -
180.0°) and the unnormalized phase function magnitude. The number of points in
each two dimensional bin was then divided by the total number of points in its
respective scattering angle column. The averages and upper bounds of the phase
function data in each scattering angle bin were determined and smoothed using a
simple boxcar averaging function with a width of three data bins, plotted overtop of

the densities.
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Point Densities and Averages of Filtered Phase Functions for All VIS Filters
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Figure 5.1: The point densities of the filtered, unnormalized phase function data for
each filter were produced by binning along both the scattering angle range and the
phase function magnitude, and then dividing the number of data points in each two-
dimensional bin by the total number of data points in its corresponding scattering
angle column. The mean phase function curves and upper bounds of the point
distributions along the scattering angle ranges were plotted overtop of the densities in
blue, and red, respectively. The unnormalized mean curves for each filter were then
plotted together in panel (f), to better compare their shapes and magnitude ranges.
The phase function magnitude increases with wavelength along all scattering angles,

and there is a noticeable evolution of shape with wavelength from convex to flat.

From Figure 5.1, we observe an evolution of shape in both the cloud of point

densities and the mean phase function curves, from convex in in the shorter
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wavelengths to flatter in the longer wavelengths. The opposition surge is also visible
in all the phase functions, in the form of a peak leading up to the 180° scattering
angle. A possible explanation for the evolution of phase function shape from the blue
to NIR filter will be addressed in Section 5.2.

Comparing the range of collective phase function magnitudes within all the
VIS filters, and by extension the average phase function of the VIS filters (Figure
5.1), we can see the unnormalized magnitude increases with increasing wavelength,
at all scattering angles. This agrees with the increase in spectral reflectivity of Mars’
surface and dusty atmosphere with wavelengths in the range of MARCI's filter band
passes (Adams and McCord, 1969 and Vincendon et al., 2014). This in turn affects in
the magnitudes of the wavelength-dependent reflectances input into Equations 4.2
and 4.1. The phase function magnitude range for the blue filter is 3.5 X 107° to 7.5,
with an average standard deviation of 0.69 for each scattering angle bin, while the

range for NIR data is 2.8 X 1072 to 18, with an average standard deviation of 1.3.

5.2 Geographic Analysis

The filtered unnormalized phase function data points in the blue and red
filters were plotted in Figure 5.2 with respect to their latitude and longitude
(determined using SPICE for the centre of each 8x8 summed pixel) in order to
observe their geographic distribution and magnitude. As outlined in Chapter 4, the
data points that were analyzed in our SPICE algorithm came from the
radiometrically calibrated, summed, and cropped image pixels with maximum

reflectance values in each column of each filter for each image, thus the location of
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the data points vary for each filter. From Figure 5.2, we see that the majority of the
red and blue filter data points are acquired between -20° and +70° latitude, with
two zonal bands around ~+20° and ~+40° in blue, and one zonal band around +30°
in red. Fewer data points are acquired in the southern hemisphere compared the
northern hemisphere, as MRO’s orbit produces a seasonal offset in latitude
coverage. This in combination with uniform image cropping to exclude the polar
caps at all times of year led to data focused towards the northern hemisphere at the
times of interest for this study. This offset is not of concern as it includes the
primary latitudinal range of the ACB from -10° to +30° (Wolff et al., 1999; Clancy et

al, 1996).
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Figure 5.2: The filtered and unnormalized phase function data points for the blue and

red filters are plotted with respect to their latitude and longitude to analyze their

geographic distribution. Panels (a) and (b) contain phase function values at all

scattering angles, while panels (c-h) contain phase function values at the fixed

scattering angle listed. The color axis provides the unnormalized phase function

magnitude, which provides some context regarding reflectance in panels (c-h). In both

filters, where the peaks in magnitude (yellow points near Latitude 20°N and Longitude

140°W) likely correspond to orographic clouds over Olympus Mons. Other peaks likely



correspond to orographic clouds around Alba Mons, Tharsis Montes, and Elysium

Mons.

From Figure 5.2, the blue filter data points are more evenly spread across
Martian longitudes between -10° and +50° latitude than the red data, and there are
some noticeable gaps in the red data between -45° and -20° longitude within +15°
and +30° latitude, and between +50° and +80° longitude below +20° latitude. Blue
filter data points are present in these regions but they are lower in magnitude,
indicating that they likely correspond to optically thin clouds with low reflectances.
In this scenario, the optically thin clouds produce the maximum reflectance values in
their column for the blue filter (and thus are selected for processing through our
algorithm), but in the red filter, a dust or surface-related feature at a different
latitude had a consistently higher spectral reflectance, and was selected instead.
This interpretation is strengthened by the comparison of the location of the red data
points to the regions of high surface albedo measured by Mars Express in Vincendon
et al. (2014), and the dust cover index map of Ruff and Christensen (2002). It
provides additional context for the evolution of the shapes of the mean phase
function curves in Figure 5.1 from convex in the blue, to a flatter shape in the longer
wavelengths. This is indicative of contamination from the Martian surface and dust
in the longer wavelength filters, which we would expect, as Martian dust and surface
reflectivities are much greater in the green to NIR wavelengths than blue (Adams
and McCord, 1969 and Vincendon et al., 2014). Thus, the blue filter phase function is

the best choice for constraining the observed phase function of Martian WICs with
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this dataset (as it will have the lowest surface and dust contamination), especially
for the purpose of comparing it to models and other derived curves.

Looking at the distribution of phase function magnitudes in all panels of
Figure 5.2, there are peak magnitudes observed in both filters around the locations
of Olympus Mons, Tharsis Montes, Alba Mons, and Elysium Mons, indicating
repeated detections of optically thick orographic clouds at these high elevation
locations. The Mars Analysis Correction Data Assimilation (MACDA) (Montabone et
al., 2014) shows the time-mean wind velocities at 2 pm at 15-40 km altitude
between Ls=141°-157° in MY 24 to be in south-western direction to the south-west
of Olympus Mons, Alba Mons and Elysium Mons (not shown). This suggests a
leeward flow down the slopes of these mountains in these particular areas, and the
lack of blue data points observed most easily in panel a could be explained by
adiabatic warming of the descending atmospheric parcels and sublimation of clouds.

The zonal band centred on +20° latitude in Figure 5.2 (a) is located within the
typical latitudes expected for the ACB (Wolff et al., 1999; Clancy et al., 1996),
however the +40° latitude band extends further north, and corresponds to the single
band in panel g caused by the opposition surge, likely from optically thin water ice
hazes (Cooper and Moores, 2019). In the red filter however, the band corresponding
to the opposition surge occurs at a lower latitude (closer to +30°) as a result of the
filter placement on the CCD, which has the red filtered portion of the CCD observe
the 180° scattering angle at a different latitude than the blue filter (Cooper and

Moores, 2015).
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Blue Phase Function Geographic Analysis
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Figure 5.3: The filtered unnormalized phase function point densities for the blue and
red filters were separated into two latitude ranges across all seasons, with latitudes
from -20° to +30° being the typical ACB range, and latitudes greater than +30° being
within the typical range of northern polar hood clouds and water ice hazes. The blue
filter data varies between latitude ranges in both shape and distribution of points. The

180° opposition surge is greater in data corresponding to latitudes greater than +30°.

The blue unnormalized phase function data was divided into two latitude

regions in Figure 5.3: data points at latitudes less than or equal to +30°, and data
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points at latitudes greater than +30°. Given that a majority of the data is focused
between -20° and +70°, these ranges were chosen to separate the typical ACB
latitudes (-10° to +30°) from those where we might expect northern polar hood
(NPH) clouds (>+30°) and ice hazes.

The geographic blue filter phase functions vary in shape and distribution of
magnitude along all scattering angles between the two latitude ranges. Referring
back to panel g of Figure 5.2, it is clear that the 180° scattering angle is only
observed by the blue portion of MARCI’s CCD over a distinct latitude range, which
extends from +27° to +46° over all seasons. From Cooper and Moores (2019), we
saw that the observed scattering angles vary with latitude and filter, and if you
extrapolate beyond that single example, it also changes with seasonal illumination
for a constant latitude. As the range of latitudes in which the 180° scattering angle is
observed extends into both the latitude ranges in Figure 5.3, we see the 180° peak in
both. From panel g of Figure 5.2, we can see the phase function values at that
scattering angle are higher for the higher end of the range of latitudes. This agrees
with the unnormalized phase function values in the 180° scattering angle bins of
Figure 5.3, with a mean value of 0.96 for data at latitudes less than +30° and 1.6 for
data at latitudes greater than +30°.

To summarize, the unnormalized phase function data points in the blue and
red filters were plotted with respect to their longitude and latitudes for different
scattering angles, and the blue phase function magnitude point densities were
plotted with respect to two latitude ranges. They were divided by a latitude of +30°

to isolate potential differences in clouds forming within and outside of the classic
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ACB latitudes, and to observe the effect of topography on the data points selected.
Topographic features such as Olympus Mons, Alba Mons, Elysium Mons and Tharsis
Montes all produced high opacity orographic clouds visible in the blue and red data,
and it became clear that beyond those features, the red data had a great deal of
surface and dust influence. This confirmed that the blue filter data was the best
choice for analyzing the phase function of Martian WICs, with the least

contamination from Martian surface and dust.

5.3 Seasonal Analysis

The blue filter phase function in Figure 5.1 (a) had data from all solar
longitudes in the ACB seasons probed for this study, so in order to isolate the
fluctuations caused by seasonal variations of cloud opacity, the investigation period
was broken down into smaller solar longitude “seasons” for each MY. The blue filter
was divided into solar longitude ranges of Ls = 42°-84°, Ls = 85°-127°, and Ls= 128°-
170° (because MRO reached Mars at ~Ls =128 in MY28, only the last Ls range could
be investigated for that year). Phase function point densities were produced for each
of the miniature seasons, along with an average curve and distribution upper-
bound. The mean curves from each season were plotted overtop of their point
densities in panels a-d of Figure 5.4, and all together in panel e for a more direct

comparison of their unnormalized magnitudes and shapes.
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Blue Phase Function Seasonal Analysis
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Figure 5.4: The filtered unnormalized seasonal phase function point densities were
produced for the blue filter over solar longitude ranges of Ls = 42°-84°, Ls =85°-127°,
and Ls =128°-170° for MYs 28 and 29 (because MRO reached Mars at ~ Ls=128 in
MYZ28, only the last Ls range could be looked at for that year). The mean curves of the
distributions were plotted atop the density plots and together in the first panel. The
Ls=85°-127° range for MY 29 has the highest magnitude across all scattering angles

due most likely to a peak in ACB cloud opacities. The Ls=128°-170° range for both MYs
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had more variability than the other miniature “seasons”, with lower magnitudes, and

similar shapes.

The MY 29 Ls=85°-127°, season had the most consistently high magnitudes
with an average phase function magnitude of 1.0, followed by the MY 29 Ls = 42°-84°
season (0.92) and Ls=128°-170° from both MYs (0.80, and 0.82, respectively).
Additionally, we can also note the variation in the distribution of the phase function
data for each scattering angle bin between the miniature seasons.

We can provide some additional context to the blue seasonal phase functions
shown in Figure 5.4, as well as the geographic distribution of the un-dust-filtered
phase function data in the blue and red filters from Figure 5.2, by looking at Figure
5.5. The unfiltered and unnormalized phase function data points from all scattering
angles, as well as a slice through the 165° and 180° scattering angles, are plotted
with respect to latitude and Lsfor the blue and red filter data. The colour axis is the
unnormalized phase function, and the overlaid points correspond to the centres of
the catalogued ASV dust events, with red indicating a dust-cloud mix, and black

indicating no observed clouds.
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Figure 5.5: The resultant unnormalized and unfiltered phase function values for the
red and blue filters are plotted with respect to Martian latitude and solar longitude
over the periods of interest in MYs 28 and 29. The colour axes correspond to the phase
function values for each filter, and the overlaid black and red points correspond to the
centres of dust events (without observed clouds, and with an observed dust-cloud mix,

respectively) catalogued by Battalio and Wang (2019).

In MY 29, within +28° and +35° latitude there are 22 localized dust storms
that persist between ~ Ls=55°-95° and are present in both filters. In the case of the
blue filter data in panel a, these particular dust storm centroids overlap with lower
phase function magnitudes and a reduction of data points for this latitude range that
is not present in the red. This region is on the margin of the typical ACB latitude
range, and that in combination with dust lifting from the regional storms could have
inhibited cloud formation in this area until ~ Ls=130°. In the red filter however,
these dust storm centroids overlap with the highest phase function magnitudes
observed in the red data in panel d, which is partially a result of the fact that they
overlap with the latitude range associated with the opposition surge, but is also due
to the high reflectivity of Martian dust in red wavelengths. Dust appearing in the
unfiltered red phase function data is yet another confirmation that the blue filter
data is the least dust and surface contaminated candidate for our analyses that take
place in Chapter 6.

Higher magnitude phase function bands centered between +5° and +25° exist

in both filters during both MYs, and correspond to the typical latitude range
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expected for ACB clouds. In panel ¢, data points at a single scattering angle of 165°
are shown, and we can see that generally, a majority of the data points correspond
to ACB clouds along all solar longitudes. This is the likely cause of the peak around
the 165° scattering angle in the blue filter phase functions, and would explain why
the peak is not present in the phase function for data at latitudes greater than +30°
in Figure 5.3, where the 165° scattering angle corresponds to lower opacity WICs
beyond the typical ACB range (Figure 5.5 (c)). It also aligns with the variation in
magnitude of the ~165° peak in the seasonal phase functions of Figure 5.4 (e): the
higher unnormalized magnitudes of the phase function around the 165° scattering
angle from Ls=42°-127° in MY 29 correspond to the increase in phase function
magnitude at the 165° scattering angle with respect to season in panel c of Figure
5.5.

The peak in red phase function magnitude around ~ Ls=146° corresponds to
the plethora of cloudless dust storms within the largest ASV sequence identified in
Battalio and Wang, (2019), that triggered a rare sequence of dust activity in Chryse
in MY 29. A peak in the blue phase function magnitude was not observed for this
time, and furthermore, the dust event centroids at this Ls coincide with a uniform
drop-off in blue phase function over all latitudes and scattering angles in Figure 5.5
(a-c), for the remainder of the investigation period. This large-scale dust event likely
triggered a quick decay of the ACB season for MY 29, and inhibited the development

of NPH clouds due to increased atmospheric temperatures (James et al., 1987).
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Chapter 6

MARCI Data Discussion

6.1 A Closer Look at the Opposition Surge

The opposition surge occurs at the 180° scattering angle frequently captured
in MARCI images, and is amplified by the presence of Martian WICs to the point that
it can produce an artifact with a rainbow-like appearance when VIS single filter
images are combined to produce a false-colour composite RGB image (Cooper and
Moores, 2019). Thus, the 180° peak should be represented in the phase function of
Martian WICs (and we see it in all of our derived curves) as it is the only scattering
phenomenon we have been able to observe from water ice crystals suspended in the
Martian atmosphere.

The Mars Phoenix lander was equipped with a lidar, and Dickinson et al.
(2011) used the lidar derived water ice extinctions to estimate the ice water content
(IWC) using the empirical relationship from in situ measurements of terrestrial
cirrus clouds, that IWC (in units of mg/m?) is equal to the WIC extinction (in units of
km~1) multiplied by a factor of 10. In order test this empirical relationship with our
observed backscatter, we used the mean phase function values in the 180°
scattering bin for the blue filter to minimize dust and surface influence, normalized
in the method of the MSL data. The mean normalized phase function value in the

180° scattering angle bin for the blue filter (0.422 + 0.3x 10™2 sr~1) represents the
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observed backscatter from Martian WICs, and thus can be used in combination with
the lidar ratio, the lidar equation, and equation 1 from Moores et al. (2011), to test
the relationship between IWC and integrated extinction (optical depth), in the
atmospheric column. Equation 6.1 is the resultant relationship between backscatter
(8) and IWC, where « is the effective ice particle radius (a mean value of 2.75

microns for ACB clouds; Clancy et al., 2003), and p is the density of water ice:

(6.1)
g = i (3 IWC)
C4Am\ 2 ap
The lidar ratio (S) can be given by Equation 3 from Shin et al. (2018):
(6.2)

= 41
 w, F11(180°)

Where F;1(180°) is the element in the Miiller scattering matrix at a scattering angle
of 180°. Given the value of the single scattering albedo of water ice clouds already
taken to be 1, and the mean value of our normalized derived 180° phase function to
be 0.422 + 3x 1073 sr~1, the resultant mean lidar ratio is equal to 29.8 sr. This
lidar ratio is about a factor of 2 greater than the lidar ratio for the clouds observed
by Phoenix (Whiteway et al.,, 2009), and is also equal to the ratio of extinction and
backscatter, and thus the relationship between extinction (o) and IWC can be shown
via Equation 6.3:

(6.3)

IR

S (3 IWC)

4\ 2 ap
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Rearranging Equation 6.3 for IWC, we find that IWC is equal to the extinction
multiplied by a mean factor of 5 for the mean 20 micron ice particles modeled to
have been observed by Phoenix (Moores et al., 2011). The factor of 2 between our
results and the relationship observed by Dickinson et al. (2011) was likely caused by
the difference in the mean range of ice crystal sizes between the NPH and ACB,
which is seen in the difference between our derived lidar ratios (also a factor of
two). For the case of ACB ice crystals with a mean radius of 2.75 microns, the IWC
was found to equal the extinction multiplied by a factor of 0.7. Given the range of
magnitudes between these two factors, we can say that it is difficult to accurately
derive the IWC from extinction for all ice crystals, as it requires knowledge of the
mean radius of the ice crystals within the WICs observed, so a general empirical
relationship for all sizes is not applicable.

The opposition surge was further probed by a sensitivity study of the half-
width-half-max (HWHM) of the observed feature in the blue and green filters to
minimize contributions from the surface, as in Cooper and Moores (2019). Five
images (P22_009491_1083_MA_00N201W, P22_009496_1084_MA_00ON337W,
P22_009500_1086_MA_00N087W, P22_009514_1091_MA_00N109W, and
P22_009522_1094_MA_0ON327W) were randomly chosen from the middle of the
ACB season, and calibrated using the methods outlined in Chapter 4. The red, green,
and blue filters were combined to make a composite RGB image for each, as shown

in Figure 6.1. When an RGB image is produced, the opposition surge (which appears
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on the right of each of the images in Figure 6.1) is smeared along multiple latitudes
and appears to change colour. Cooper and Moores (2019) demonstrated that this is
an illusion caused by VIS filters permanently mounted on different regions of the
CCD, in combination with the MARCI lens distortion. As a result, different filters
observe different scattering angles at different latitudes in the same image (Figure

1(c) in Cooper and Moores, 2019).

a) Opposition Surge in MARCI RGB Composites MY 29 Ls=108°-109°
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Figure 6.1: Panel a contains cropped MARCI images from the ACB season are shown,
with the commonly observed “rainbow” artifact that is produced by the opposition
surge in different filters at different latitudes (Cooper and Moores, 2019). The red,
green and blue filter swaths are overlaid to produce an RGB MARCI frame, and the
opposition surge is visible as the bright multi-coloured region on the right side of each
swath. This effect is caused by each filter observing the 180° scattering angle, and thus

the opposition surge at a different latitude due to their varying FOV, as seen in panel b.

Reflectances and SPICE-derived latitudes along the opposition surge were
used to probe the HWHM by fitting the peak in reflectance for each filter to a
guassian curve; this was done for all five images in the blue and green filters to
minimize contributions from the surface. The resultant HWHMSs for images listed in
Figure 6.1 were found to be (in order): 3.94°, 1.95°, 3.14°, 1.66°, 1.93° in the blue
filter, and 3.84°, 2.23°, 3.80°, 2.32°, and 1.74° in the green filter. This led to an
average HWHM of 2.52° for blue, and 2.79° for green, compared to the values of
3.42° and 3.43° respectively from the single example in Cooper and Moores (2019).
A great deal of cloud activity was visible in the Mars Global Daily Maps for all these
images (MGDMs; Wang et al., 2018), which suggests a strong presence of ice
aerosols are producing this overtly strong backscatter effect. This explanation is
further justified by the fact that the HWHM of the opposition surge is within the
range of values expected for WICs (approximately 2°- 5°; Chepfer et al., 2002; Yang

and Liou, 1996; Yang et al., 2010), compared to values for the Martian dust or the
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Scattering Phase Function

surface (on the order of 10° or greater; Clancy et al.,, 2003 and Soderblom et al,,

2006).

6.2 Phase Function Normalization and Habit Analysis

The mean seasonal blue filter phase function curves were normalized using
the same technique as the MSL data, which is to normalize the data by the average
value of the TES-derived aphelion type 1 and type 2 WIC phase functions (Clancy et
al,, 2003) at the median observed scattering angle. The five mean seasonal phase
functions from Figure 5.4 (normalized in Figure 6.2) were then compared to the
seven modeled ice crystal phase functions from Yang and Liou (1996) and Yang et
al. (2010), the observationally derived phase function from the PFSS, and the six RT-

fit phase functions from Clancy and Lee, (1991) and Clancy et al., (2003).

Ice Crystal Habit Analysis
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Figure 6.2: The five seasonal mean phase functions from Figure 5.4 were normalized
and are shown superimposed over the seven modeled ice crystal geometries from Yang
and Liou (1996) and Yang et al. (2010) in panel a. In panel b, those same five phase
functions are displayed with our observationally derived phase function from MSL, and
the six RT-fit phase functions from Clancy and Lee, (1991) and Clancy et al,, (2003) to

provide context (note the axis range differences between panels a and b).

Figure 6.3 shows the results of the weighted chi-squared goodness of fit tests
for the models from Yang and Liou (1996) and Yang et al. (2010), with their
subsequent p-values. For all seasons, the ice crystal geometries most probably
observed within the MARCI data were aggregates (with p-values ranging from 0.771
- 0.869) closely followed by bullet rosettes (0.727 to 0.833) and solid columns
(0.745 to 0.852), while the least likely were spheres (0.219 - 0.277). Droxtals had
greater probabilities for this data set than Cooper et al. (2019), with p-values

ranging from 0.621 to 0.771, compared to 0.35 previously.
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Figure 6.3: The normalized mean seasonal phase functions were compared to seven
modeled ice crystal phase functions from Yang and Liou (1996) and Yang et al. (2010).
A weighted chi-squared analysis and p-tests were used to determine goodness of fit.
The results show to first order that spheres are the least probable geometries within
all seasons, while aggregates are most probable, closely followed by bullet rosettes and

solid columns.

From Whiteway et al. (2004), and Yang et al. (2003) we know that in a typical
Terrestrial WIC, ice crystal formation occurs at the top of the cloud, then the ice
crystals grow, fall, and sublimate as virga (observed on Mars by Whiteway et al.,
2009). Whiteway et al. (2004) sampled Terrestrial cirrus clouds over Australia and

found a mix of rosettes at the highest levels along with columns and irregular
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shapes, while larger aggregates and irregular shaped crystals were present at the
bottom of the clouds. Yang et al. (2003) discusses sampled mid-latitude cirrus and
found small droxtals at the highest levels with temperatures below 223 K, pristine
plates and colums in the mid-levels, and larger rosettes and aggregates at the lowest
levels.

Both of these publications agree that aggregates are typically found in the
lower portion of a WIC, that aggregates are typically larger than the more “pristine”
crystals like plates and columns, and that the smallest components exist at the top of
the cloud. This aligns with the fact that we were observing Martian WICs from the
surface with MSL and found aggregates to best fit their derived phase function, as
larger aggregates would provide the greatest contribution of detected scattering
from below the WICs. Aggregates had the best fit for all seasons in this analysis as
well, and even though we are observing from above, the fact that these ice crystals
are likely the largest in size means that they should still contribute a large amount to
the detected scattering. The remaining modeled geometries (with the exception of
spheres) from Yang and Liou (1996) and Yang et al. (2010) had better fits for this
work than they did for the PFSS, which could be due to the fact that observing the
WICs from above allows for easier detection of scattering contributions from
smaller crystals at higher elevations.

Droxtals had the most notable jump in p-value with an average value for all
the seasons of 0.699, compared to the PFSS results with a p-value of 0.35. This is not
surprising, given that Yang et al. (2003) suggests that these are the smallest ice

crystals forming at the top of a cirrus cloud. If droxtals were present at the top of the
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Martian WICs observed by MSL and they had an average radius that was

would have been hard to detect using surface-based methods.

approximately half that of the aggregates at the bottom of those same WICs, they
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Figure 6.4: The normalized seasonal phase functions were compared to the mid-
latitude and polar phase functions from Viking EPFs (Clancy and Lee, 1991), aphelion
and seasonal ice aerosol phase functions from Clancy et al. (2003), and the aphelion
phase function sky survey results via chi-squared analyses and a p-test. The Aphelion
Ice 1 from Clancy et al. (2003) had the highest p-values for all seasons except the

earliest season in MY 29, which fit the derived curve from the PFSS.
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The normalized mean seasonal phase functions were also compared to the
mid-latitude and polar phase functions from Viking EPFs (Clancy and Lee, 1991), the
aphelion and seasonal ice aerosol phase functions from Clancy et al. (2003), and the
aphelion phase function sky survey (PFSS) results. The results of the weighted chi-
squared and p-test analysis are shown in Figure 6.4, with the greatest agreement to
aphelion ice 1 from Clancy et al. (2003) (p-values ranging from 0.829 to 0.921) for
all seasons except MY 29 Ls=42°-84°, which best fit our PFSS phase function with a
p-value of 0.866. The p-values for the phase functions from Clancy and Lee (1991)
and Clancy et al. (2003) were higher for this data set than the data from the MSL
data, with ranges from 0.806 to 0.921, compared to a range of 0.48 to 0.62
previously. The surface-derived phase function from Cooper et al. (2019) had the
poorest fit for the MY 29 Ls=128°-170° season (p-value of 0.785), but fit the
remaining two seasons moderately well.

In Clancy et al. (2003), the aphelion (type 2) ice aerosol is postulated to be a
“spheroidal” geometry, and it had a better fit than the seasonal ice (type 1), which is
postulated to have a more “crystalline” shape. The droxtal habit would likely better
represent the aphelion/type 2 ice from Clancy et al. (2003), as Yang et al. (2003)
states that it is a more realistic crystal geometry for small ice crystals hypothesized
to be “quasi-spherical”, while still maintaining an aspect ratio of unity. Clancy et al.
(2003) also puts forward the possibility of the type 1 aerosol taking the form of ice
Ic, a variant from the typical form of ice Ih on Earth which produces the hexagonal-
based shapes modelled by Yang and Liou (1996) and Yang et al. (2010). Ice Icis a

form of water ice where the oxygen atoms are arranged in a cubic or diamond
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structure and can lead to isometric forms like octahedrons or dodecahedrons.
Gooding et al. (1986) investigated the role of dust particles in the atmosphere for
deposition of water vapour to form WICs. They found that vapour/solid transitions
in the Martian atmosphere favour ice Ic formation, and that the overall best
substrate for the nucleation of other condensates is ice Ic, therefore, the most
effective mineral substrates for condensate formation on Mars might be those that
are most effective at nucleating ice Ic. From Figure 14 we can see that the potential
ice Ic (seasonal) aerosols from Clancy et al. (2003) were the second best fitting habit
behind the aphelion aerosols, and suggest we could be observing both water ice
variations, with one potentially nucleating the other.

The Viking polar WIC phase function from Clancy and Lee (1991) was the
poorest fitting phase function for the MY 28 Ls=42°-84° and MY 28 Ls=85°-127°
seasons, while the Viking mid-latitude phase function had the worst fit for the MY 28
Ls=128-170° season. This was to be expected as a majority of our data was confined
to the latitude range of -20° and +60°, and the Viking observation period was
unseasonably dusty (Tampaari et al.,, 2000).

Unfortunately, the viewing geometry and orbit of MRO during the PSP
prevents us from observing the behaviour of MARCI-derived phase function curves
at scattering angles below 60°. The shapes of the modeled curves at these smaller
angles are much more varied and can help to better distinguish the prevalent
geometries in the WICs observed. The fact that the MARCI phase function data was
derived over a range of scattering angles where a majority of the phase functions

converge, likely contributed to the higher p-values produced in this chi-squared
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analysis, compared to the PFSS phase function. Furthermore, the aggregate ice
crystal habit (which had the highest p-values of the seven modeled phase functions
for all seasons in this work) does not produce a strong peak in its modeled phase
function for randomly oriented ice crystals from Yang and Liou (1996) around the
22° and 46° scattering angles, which correspond to optical halos. This result agreed
with our results from MSL and could be one possible reason why these scattering
phenomena have yet to be observed on Mars.

Beyond the possibility of ice Ic dominating the observed Martian WICs, we
were unable to determine a single property of Martian WICs from either of these
analyses that would outright preclude the formation and/or observation of halos,
parhelia and other scattering phenomena. If ice [h dominates the clouds we
observed, then we can only point to a few possible factors that would cumulatively
make the intensity of the scattering phenomena difficult to detect, such as the
increased scattering from dust aerosols in the Martian atmosphere, and partial
sublimation of larger ice crystals like aggregates, which would dominate the

scattered radiation signal.
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Chapter 7

Conclusions

The annual recurrence of the ACB within -10° and +30° latitude (Wolff et al.,
1999; Clancy et al. 1996) plays a role in the distribution of water in the Martian
atmosphere, acting as a barrier to pole-ward transportation of water between the
hemispheres. These clouds also contribute to the global radiation budget of Mars,
and modelling the impact of these clouds from a radiative transfer perspective
requires confidence in average cloud opacity, ice crystal habit, and particle size.
While opacity is regularly monitored from the surface and orbit, constraining the
shapes of the ice crystals is more difficult, but can be done by first constraining the
scattering properties of the clouds via derivation of their average phase function.
The goal of this work was to do just that from both the Martian surface and orbit by
designing a new observation called the PFSS on MSL and using publicly available
data from the Mars Color Imager aboard MRO. We observationally constrained the
phase function of Martian WICs from the surface of Gale crater during the MY 34
ACB season and over a globally expanded range of Martian longitudes and latitudes
in the MY 28 and 29 ACB seasons. This work also probed the 180° peak (also known
as the opposition surge) to validate a Terrestrial empirical relationship for deriving

IWC from water ice extinction or opacity from Dickinson et al. (2011), and to
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compare the 180° HWHMs to those modeled by Chepfer et al. (2002), Yang and Liou,
(1996) and Yang et al. (2010) for water ice crystals.

This study built upon Kloos et al. (2016), which produced a low-resolution
lower bound of the phase function using MSL Navcam single-pointing cloud movies.
A new Navcam sequence for MSL was designed and labeled the “Phase Function Sky
Survey” in order to expand the range and resolution of scattering angles across the
sky in each observation. The observation was then executed on an approximately
weekly basis by MSL, alternating morning and evening observation times. In total,
35 observations were run over Ls 61.9°-156.5° and our results tripled the scattering
angle range of 41.7° spanning from 72.7°-114.4° in Kloos et al. (2016), to a range of
134.3° spanning 18.3°-152.6°. The mean phase function derived from the PFSS data
was normalized and compared with modeled phase functions of 7 ice crystal habits
from Yang et al. (2010).

Through chi-squared probability tests, the five ice crystal geometries most
likely to have been observed in the ACB Martian WICs were aggregates, hexagonal
solid columns, hollow columns, plates, and bullet rosettes with p-values greater than
or equal to 0.60, 0.57,0.56,0.56, and 0.55, respectively. Droxtals and spheres had p-
values of 0.35, and 0.2, making them less probable components of Martian WICs, but
still statistically possible ones.

Potential local maxima in the mean derived phase function curve at
scattering angles ~22°, and ~46° could be evidence of scattering phenomena
observed in terrestrial cirrus clouds such as 22° circular halos or parhelia, 44°

parhelia, 46° halos, or supralateral arcs, if real. The modeled ice crystal geometries
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with the highest p-values align with the production of these phenomena, however it
is important to note that the models feature only randomly oriented crystals. While
no features were detected by eye in our perturbation images, it’s possible that the
added optical depth and increased scattering from dust suspended in the Martian
atmosphere could hinder human detection of these often diffuse and faint features.
These results also agreed with observed 180° backscatter peaks in MARCI and MOC
images and confirmation of observational detections of the backscatter peak by
hexagonal plates and columns, and observed ice crystal geometries in terrestrial
cirrus clouds.

Our results were compared with the relatively smooth and flat composite
EPF and RT fit WIC phase functions from Clancy and Lee (1991) and Clancy and
Wolff (2003) using a weighted chi-squared analysis and p-test. The Viking results
from 1991 had p-values greater than or equal to 0.49 for mid-latitude clouds, and
0.48 for polar clouds, while the TES results from 2003 had p-values greater than or
equal to 0.62 for type 1 aphelion clouds, and 0.60 for type 2 aphelion clouds.

For the orbital perspective, MARCI VIS filter data was downloaded from the
PDS, calibrated, and run through a pipeline to select the pixels most likely to possess
clouds, and calculate the phase function. The results were then compared to a dust
event catalogue and analysis from Battalio and Wang (2019) to filter out any
overlapping points and reduce contributions from dust in our data. The
investigation period covered seasons Ls=42°-170° in MYs 28 and 29 (MRO reached
Mars at ~Ls=128° in MY28), and unnormalized phase function data points were

plotted with respect scattering angle for each of the five filters. A geographic
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analysis showed that the blue filter data was the least contaminated by Martian dust
and surface features (compared to the longer wavelength filters), and thus was the
best choice for the ice crystal habit analysis in Section 6.2. The green filter data was
also utilized alongside the blue filter for the opposition surge analyses of Section 6.1
in order to compare to the green and blue MARCI filter 180° HWHMs of Cooper and
Moores (2019).

In testing the empirical relationship from Dickinson et al. (2011) that IWC is
equal to a factor of 10 multiplied by the water ice extinction, we utilized the mean
phase functions from the 180° scattering angle bins for the blue filter and found that
the column IWC was equal to opacity multiplied by a factor of 5 for the average 20
micron particles at the Phoenix landing site, and 0.7 for the average 2.75 micron
particles of ACB clouds. Thus, we found that there is a large dependence of IWC on
particle size, and so a general empirical relationship for all ice crystals on Mars is
not applicable. For the HWHM of the opposition surge investigations, we had results
within the range of values expected for WICs (approximately 2°- 5°; Chepfer et al.,
2002; Yang and Liou, 1996; Yang et al., 2010), compared to values for the Martian
dust or the surface (on the order of 10° or greater; Clancy et al., 2003 and
Soderblom et al., 2006).

A seasonal ice crystal habit analysis in the blue filter was completed to
determine how the phase function changed with solar longitude (averaged over all
latitudes and longitudes) by dividing the data into seasons (Ls=42°-84°, Ls=85°-127°,
Ls=128°-170° for each MY). The mean seasonal blue filter phase functions were

normalized and compared to the seven modeled ice crystal phase functions from
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Yang and Liou (1996) and Yang et al. (2010), along with the observationally derived
phase function from the PFSS and the six RT-fit phase functions from Clancy and
Lee, (1991) and Clancy et al., (2003). For all seasons, the ice crystal geometries most
probably observed within the MARCI data were aggregates (with p-values ranging
from 0.771 - 0.869) closely followed by bullet rosettes and solid columns, while the
least likely were spheres (0.219 - 0.277). Droxtals had greater probabilities for this
data set than the MSL data, with an average p-value of 0.699, compared to 0.35
previously. For the previously derived Martian WIC phase functions, the aphelion ice
1 from Clancy et al. (2003) had the greatest agreement (p-values ranging from 0.829
to 0.921) for all seasons except MY 29 Ls=42°-84°, which best fit the PFSS phase
function with a p-value of 0.866. The p-values for the phase functions from Clancy
and Lee (1991) and Clancy et al. (2003) were higher for this data set than the data
from the PFSS, with ranges from 0.806 to 0.921, compared to a range of 0.48 to 0.62
previously.

Similar to the MSL investigations from the surface, this perspective found
relatively high probabilities of Martian WICs containing ice crystal habits that
should produce scattering phenomena such as halos, parhelia, and arcs, but to this
day, the opposition surge is the only confirmed scattering phenomenon that has
been observed on Mars. It is possible that another type of water ice (ice Ic), which
was put forward by Clancy et al. (2003) as the potential form of their seasonal ice
aerosol type (which also had a good fit to our results), could be precluding the
formation of these scattering phenomena, or if they do exist, their detection has

been prevented by a combination of scattering from atmospheric dust, or a signal
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dominated by aggregates with typically larger radii and partially sublimated

irregular crystals possessing at the lower levels of WICs.
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