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Abstract

Water-ice clouds at the Phoenix landing site are investigated by considering radiative transfer
in thermal and visible wavelengths. First, we reconstruct a record of water-ice clouds at the
Phoenix landing site by examining the radiative contribution to the surface energy balance
and compare our results to the Phoenix lidar. We find that clouds, radiating between 0 and
30 W m~2, were present earlier in the mission than previously known and that optically
thicker clouds emitted more radiation toward the surface. Next, we use a doubling-and-adding
radiative transfer model to derive the visible opacities of the water-ice clouds in images.
The derived opacities are consistent with prior studies during the daytime, but give higher
opacities between 2:00 - 10:00 LTST. This work allows us to make a direct comparison
between the visible opacity of the cloud and the thermal radiation emitted by the cloud to

better constrain their effect on the atmosphere.
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Chapter 1

Introduction

1.1 Introduction to the Martian Atmosphere

From a thick, warm and moist atmosphere billions of years ago to a thin, dry, and cold
climate, the Martian atmosphere remains a dynamic and variable component of the planet.
Earth-based telescopes, instruments orbiting around Mars, and landers on the surface all
work in an effort to understand the processes driving the climate, chemistry, and dynamics of
the atmosphere of Mars. Understanding atmospheric processes on Mars gives insight into the
history of the planet, the viability of past and present life on the surface, and the potential
for future human exploration.

The thin atmosphere of current-day Mars is primarily composed of CO,, with trace
amounts of other gases, including water vapour (Summers et al., 2002). With an obliquity
of 25.2°, Mars experiences seasons similarly to Earth, with changes in weather and daylight
hours between the northern and southern hemispheres (Martinez et al., 2017). Exceptionally,
Mars’ high eccentricity contributes to two distinct atmospheric phenomena. At perihelion,
an increase in global temperature contributes to dust lifting, with the potential for planet-

encircling dust storms (Cantor et al., 2001; Guzewich et al., 2019). During aphelion, cooler



temperatures lead to increased water-ice cloud formation (Clancy et al., 1996; Christensen
et al., 2001).

Seasons on Mars are tracked using a convention called “solar longitude” (L), which
indicates the position of the planet in its orbit around the sun. Conventionally, Ly = 0°
corresponds with northern vernal equinox, L, = 90° is northern summer solstice, followed
by northern autumnal equinox and northern winter solstice at Ly = 180° and L, = 270°,
respectively. One full orbit of the planet around the sun takes 686 Earth days, or 668 sols,
where a sol is 24 hours and 39 minutes long.

The atmosphere of Mars is split into multiple layers, including the troposphere, mesosphere,
and thermosphere. The lowest few kilometres of the troposphere is called the Planetary
Boundary Layer (PBL), shown in Figure 1.1. The PBL is the layer of atmosphere which
interacts with, and is influenced by, the surface. Strong convection and vertical mixing occur
in the PBL during the day, with a height up to 10 km (Petrosyan et al., 2011). At night, the
PBL collapses into a shallow layer with low diffusivity and low turbulence (Guzewich et al.,
2017).

The PBL is an important aspect of the Martian atmosphere because it is where the bulk
of heat and mass transport occurs. As such, understanding atmospheric processes relies on a
thorough understanding of the PBL. By studying the activities occurring in the PBL. —namely,
cloud, dust, and gas processes —we can begin to understand the climate and evolution of the
atmosphere of Mars. This thesis will focus specifically on better understanding clouds by

examining data from the Phoenix Mars mission.

1.2 Martian Water-Ice Clouds

Despite the small amount of water vapor in the Martian atmosphere, water-ice clouds are

a reoccurring atmospheric phenomena on Mars. Clouds on Mars have been viewed from
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Figure 1.1: From (Petrosyan et al., 2011), depicting the layers of the PBL. The PBL is where
the surface and near-surface atmosphere interact, resulting in mass and heat transport
between the two. Understanding surface-atmosphere interactions is crucial for properly

characterizing atmospheric dynamics.

early ground-based telescopic observations (Dollfus, 1957; Pollack and Sagan, 1969), with a
visible-wavelength image shown in Figure 1.2, and have since been studied by a variety of

instruments, from Martian orbiters (Vago et al., 2015; Schmidt, 2003; Graf et al., 2005), to

landers and rovers on the surface of Mars (Taylor et al., 2008; Grotzinger et al., 2012; Farley



et al., 2020). Here, we will walk through some of the observations of water-ice clouds on
Mars.

Water-ice clouds form on Mars when water vapour nucleates onto condensation nuclei —
typically dust, or other particulates in the Martian atmosphere (Madttédnen and Montmessin,
2021). Water-ice clouds form in several latitudes of Mars throughout a Martian Year (MY),
as local temperatures become cool enough in a saturated environment for water vapour
to condense to form ice-crystals (Richardson et al., 2002). Studying the clouds in several
locations on Mars gives insight into the behaviour and microphysical properties of clouds,

including the seasonal and diurnal cycles, and optical depths of the clouds.

Mars * March 1997
Hubble Space Telescope « WFPC2

PRC97-15a « ST Scl OPO « May 20, 1997 « P. James (University of Toledo), T. Clancy (Space Science Institute), S. Lee (University of Colorado) and NASA

Figure 1.2: Taken with the Hubble Space Telescope in 1997, the left and right image show
Martian clouds while the planet is in its aphelion position. The left image is taken in red
(673 nm), green (502 nm) and blue (410 nm) wavelengths. The right image is only in blue,
bringing out the contrast between the clouds and the surface of the planet. The global
coverage of clouds impacts the climate of the planet. Image Credit: JPL/NASA /STScl

In the equatorial region of Mars, a belt of water-ice clouds forms when the planet is
furthest from the sun. Aptly named the “Aphelion Cloud Belt” (ACB), this time of year

sees an enhancement in water-ice cloud formation with a strong yearly repeatability (Clancy



et al., 1996). The ACB has been studied by many instruments, including from Mars’ orbit
using the Thermal Emission Imaging System (THEMIS) on the Mars Odyssey orbiter, where
water-ice optical depths are shown to increase to 0.15 at Ly = 90° (Smith, 2019).

An important mission in characterizing ACB clouds is the Mars Science Laboratory (MSL;
Curiosity Rover), which landed in Gale Crater in 2012 (Grotzinger et al., 2012). The Curiosity
rover uses several cameras to image the sky, with the Navigation Camera (NavCam) being
used specifically for cloud studies. A study into the diurnal variability of the clouds in Gale
Crater showed enhanced opacity in the morning and lower opacity in the afternoons (Kloos
et al., 2018). The microphysical properties of the ACB clouds were investigated by examining
the scattering phase function of the clouds (Cooper et al., 2019). Cooper et al. (2019) found
the likely ice-crystal geometry composing the clouds are aggregates, hexagonal solid columns,
hollow columns, plates, and bullet rosettes, with spheres and cylinders being possible but
unlikely.

In early northern autumn, the Mars Climate Sounder (MCS) instrument on the Mars
Reconnaissance Orbiter (MRO), observes an increase in water-ice clouds northward of 60°N.
Known as the Polar Hood Clouds (Martin and McKinney, 1974), these water-ice clouds are
shown to form around L, = 150° and dissipate by Ly = 30°, with higher optical depths in
the nighttime than the daytime (Benson et al., 2011). A similar multi-year analysis using the
Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) saw the polar hood
clouds linger until Ly = 75° (Tamppari et al., 2008), which may be explained by the TES
seeing further down into the atmosphere than MCS, capturing clouds lower to the surface. In
the late spring to early summer, TES captured sporadic water-ice clouds with low optical
depths during the daytime (Tamppari et al., 2008).

Another repeatable cloud phenomena occurring in the northern polar region is the
formation of the annular cloud. The annular cloud has been imaged extensively from orbit,

using both MRO and the Mars Express (MEx) orbiters (Sanchez-Lavega et al., 2018). An



image of the annular cloud can be seen in Figure 1.3. The annular cloud forms at a latitude
around 60°N at a solar longitude of Ly = 120°, with high year-to-year repeatability in
occurrence, but with inter-annual variability in appearance and dynamics, potentially due to

variability in dust loading in the atmosphere (Sanchez-Lavega et al., 2018).

Figure 1.3: The annular cloud as seen from MEx on (a) June 18, 2012 (b) June 19, 2012 and
(c) June 20, 2012. A double cyclone was observed in this year. Image credit: Sanchez-Lavega
et al. (2018)



The formation of the annular cloud occurs when the water vapour abundance in the
Martian atmosphere reaches its annual peak (Tamppari et al., 2010; Tyler and Barnes, 2014).
In the early hours of the day, as the temperature lowers, the annular cloud forms, whereas
warming in the morning breaks up the cloud (Sanchez-Lavega et al., 2018). In addition to

the inter-annual variability, the annular cloud displays a high degree of sol-to-sol variability.

1.3 Interaction between Clouds and Radiation

The presence of water-ice clouds has key implications for the Martian weather and climate.
While the effects of water-ice clouds were initially not well known, over the years insight has
been gained into their role in the water cycle, transporting water vapour between hemispheres
(Montmessin et al., 2004; Tamppari et al., 2003), as well as their role as meteorological
markers for frost-point temperature, humidity, and winds (Wilson et al., 2007; Madeleine
et al., 2012; Moores et al., 2010).

An important way clouds affect the climate is by their interaction with radiation. During
a Martian sol, the diurnal temperature can fluctuate by over 70 K between the maximum
and minimum temperatures (Martinez et al., 2017). Despite the Martian atmosphere
containing mostly CO, — an abundant greenhouse gas on Earth — Mars does not experience a
large greenhouse effect due to the atmosphere being extremely thin. As such, the diurnal
temperature is largely driven by incoming solar radiation from the sun and outgoing thermal
radiation from the surface (Savijérvi, 2014).

Atmospheric aerosols have been shown to affect the weather on Mars due to their radiative
impact. Dust, for example, is a main driver of the climate of Mars (Madeleine et al., 2011).
Dust affects the atmosphere by scattering incoming solar radiation and absorbing longwave
radiation from the surface. During the MY 34 Global Dust Storm, the enhanced dust

measured by the MSL rover resulted in suppressed diurnal temperature ranges by up to 30 K



due to a 97% decrease in incident ultraviolet light (Guzewich et al., 2019). Dust, however, is
not the only atmospheric aerosol with such properties. Ice crystals formed in water-ice clouds
can produce similar atmospheric temperature effect. A simplified version of this surface

energy balance is shown in Figure 1.4.

a) Outgoing longwave radiation b)
from surface

£

WA

Additional longwave
radiation at surface
from cloud emission

Incoming and reflected
solar radiation

Figure 1.4: Simplified schematic of the surface energy balance (a) without and (b) with
clouds. When no clouds are present, the temperature is driven by the balance of incoming
shortwave radiation and outgoing longwave radiation. When clouds are present, the clouds
absorb a portion of the outgoing longwave radiation, thermally re-emitting the radiation back
toward the surface.

As with dust, the two main ways water-ice clouds interact with radiation is through the
scattering of shortwave radiation and absorption and re-emission of longwave radiation. As
water vapour condenses to form ice crystals in the atmosphere, latent heat is emitted from the
cloud due to the change in phase (Kuo, 1961). Because of these two processes, the presence
of water-ice clouds can both cool and warm the atmosphere. During the daytime, if a cloud
is optically thick, the cloud scatters more incident radiation than it makes up by thermal
re-emittance. The decrease in the flux received at the surface results in cooler surface and

near-surface atmospheric temperatures. Alternatively, when clouds thermally emit more



radiation than they scatter, the net increase in flux at the surface causes temperatures
to increase. This has been well documented on Earth with low, thick clouds decreasing
temperatures and high, thin clouds increasing temperatures, particularly in the nighttime
(Hong et al., 2016).

This phenomena has been modelled on Mars, using General Circulation Models (GCMs)
to model the effect of radiatively-active water-ice clouds (Colaprete and Toon, 2000; Hinson
and Wilson, 2004; Wilson et al., 2007; Wilson and Guzewich, 2014). In particular, when
modelling nighttime air temperatures in the Tharsis Region, the temperatures were better
matched when radiatively-active water-ice clouds were added to the GCM (Wilson et al.,
2007). Wilson et al. (2007) concluded that clouds with an opacity > 1 provided enough
downwelling IR flux to account for observed temperature anomalies.

Recently, anomalies were noted in the ground and air temperatures recorded by the
Curiosity Rover (Grotzinger et al., 2012), where a local peak in the daily minimum temperature
occurs as the planet approaches its aphelion position (Cooper et al., 2021). Cooper et al.
(2021) explored the formation of water-ice clouds in the evening and throughout the night as
a mechanism for increasing the daily minimum air temperature. Nighttime clouds present
throughout the ACB season prevent the escape of thermal radiation, re-radiating the energy
back toward the surface. Nighttime atmospheric thermal emission was shown to increase by 10
W m~2 in the cloudy season compared to the dusty season, as seen in Figure 1.5, illustrating
that clouds produce a marked effect on the temperature and surface energy balance (Cooper
et al., 2021).

Due to the impact water-ice clouds have on the climate, constraining a cloud’s micro-
physical properties is crucial for assessing their full radiative impact. One such property, as
highlighted in Wilson et al. (2007), is the cloud opacity, which will affect the amount of
downwelling longwave flux given off by the cloud. Thus, we must define “optical depth” and

how it relates to the atmosphere.
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Figure 1.5: Image from (Cooper et al., 2021), showing that during the dusty season, the
amount of reflected and re-emitted flux coming from the atmosphere is lower than during
the ACB season. The reflected and re-emitted flux is higher at this time, explaining the
perturbation seen in the temperature data.

First, we begin by discussing the attenuation of light in an atmosphere. Along an
infinitesimal path, ds, the attenuation of light, dI,, will vary according to the extinction and

emission occurring along the path. This is represented as

dly = —kx(s)p(s)Irds + kap(s)Jrds (1.1)

where k) is the extinction coefficient which represents both scattering and absorption,
p(s) is the density of the material along the path, I is the spectral radiance, .Jy is the source
term representing the emission of radiation, and ds is the optical path. This equation can be

simplified to

L

T —kx(s)p(s)(In — J») (1.2)

which is also known as the radiative transfer equation or the Schwarzschild equation.
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From here, we can define the optical depth as

T = /S kx(s)p(s)ds
50 (1.3)

dr = kyp(s)ds

and the Schwarzschild equation can be written as

dIy
L =1 +J 1.4
dr A (1.4)

If we assume no source term, the Schwarzschild equation can be simplified to

dl
AT
dr A
I T
dl
—2 :/ dr
n Do o (1.5)
lni = —7
Iy
I = [0€_T

If a material has an optical depth much greater than 1, the material is said to be optically
thick, and light will not easily pass through the material, instead being absorbed and scattered.
An optically thin material, with an optical depth less than 1, will allow light to easily pass
through.

Since aerosols in the Martian atmosphere scatter, absorb, and emit radiation, under-
standing the balance between the scattering of shortwave radiation and the absorption and
re-emission of longwave radiation due to clouds is key to analyzing the overall effect on the

climate. As such, constraining the cloud optical depth is crucial.
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1.4 The Phoenix Mars Mission

The Phoenix Mars Mission was a crucial mission for understanding the Martian water cycle,
including the formation and behaviour of water-ice clouds (Smith et al., 2008). Landing
on Mars at the end of local spring in 2008, the Phoenix lander operated for 151-sols in the
northern polar region of the planet (68.2°N, 233°E). The Phoenix lander remains the most
northern-based lander on Mars, as shown in Figure 1.6, giving it a unique ability to study

the atmosphere of the Martian arctic from the surface.
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Figure 1.6: Map produced by Emily Lakdawalla, edited to include the red oval around the
Phoenix landing site. The location of several landers and rovers on Mars can be seen, with
the Phoenix lander at the highest northern latitude. The Phoenix lander’s location allowed
it to study the water-cycle in the north, including ground ice and water-ice clouds. Source:
NASA / JPL-Caltech / USGS (image); Emily Lakdawalla (map)

The Phoenix lander was equipped with several instruments which were used to characterize
local atmospheric properties. Namely, these instruments include the Surface Stereo Imager
(SSI), the Phoenix light detecting and ranging (lidar) instrument, and the meteorological

(MET) suite. These instruments are shown on the lander in Figure 1.7. The SSI was the

12



main camera used for imaging the sky, taking several images per sol to characterize dust and
cloud dynamics (Moores et al., 2010). The lidar worked by emitting laser light pulses into
the atmosphere, measuring the backscatter as a function of time (Whiteway et al., 2008).
The Phoenix lidar used a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser,
transmitting pulses at 532 nm. Lastly, the MET suite took near-continuous measurements of
temperature and pressure at the landing site (Taylor et al., 2008). All instruments worked
to monitor atmospheric conditions, including cloud, dust, and weather activities occurring

throughout the mission.

Surface
Stereoscopic

Imager \ Microscopy, Electrochemistry,
\ | and Conductivity Analyzer
- /

e ———
Meteorological Station

: |
Mars Descent Imager |
(underneath) (PR - |

-— I - - -
e -,
e

/ o . - =
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Lidar ‘ - Thermal and
]

Evolved-Gas
Robotic Arm Camera m———p- |14 Analyzer

[ ]
Robotic Arm s "

Figure 1.7: The Phoenix lander with labels showing the instruments used throughout the
mission. Image credit: NASA/JPL-Caltech/UA /Lockheed Martin

Water-ice clouds were detected at the Phoenix site on several occasions. Dickinson et
al. (2010) used the lidar several times per sol throughout the mission to stitch together
diurnal and seasonal variabilities in the clouds. In the beginning of the mission, the lidar
detected only dust distributed evenly throughout the PBL during the daytime (Komguem

et al., 2013). However, nighttime use of the lidar after sol 38 saw sporadic water-ice fog and

13



clouds (Dickinson et al., 2010). As the mission progressed, nighttime clouds were observed
more frequently, with water-ice cloud properties after sol 60 shown in Figure 1.8. Nominally,
water-ice clouds would form in the late evening, increasing in opacity throughout the night.
As the air temperature warmed into the afternoon, the clouds would dissipate. This was
demonstrated frequently in the latter two-thirds of the mission (Dickinson et al., 2010;

Whiteway et al., 2009).
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Figure 1.8: Figure from Dickinson et al., 2010, showing the sols on which the lidar detected
water-ice clouds, and the corresponding altitudes above the landing site. The colour bar
represents the ice-water content (IWC) of the clouds.

In addition to the repeatability of the cloud formation, properties of the clouds were
found using the lidar. In the beginning of the mission when clouds were detected sporadically,
they typically formed at 10 km in altitude (Whiteway et al., 2009), likely due to the colder

temperatures higher in the atmosphere. As the mission continued, the clouds formed closer

14



to the surface and up to 4 km in altitude. Because of the lower altitude of these clouds,
it could be confirmed the clouds were composed of water-ice, as COy could not condense
at such altitudes due to the temperatures. Interestingly, on sols 99 and 109, Fall Streaks
were observed falling from the clouds, and can be seen in Figure 1.9. Water-ice crystals were
observed to precipitate from the clouds and sublimate in the air below the clouds — even
falling all the way to the surface on sol 109 (Whiteway et al., 2009). In combination with the

subsurface ice uncovered at the Phoenix site (Mellon et al., 2009), the lidar analysis gives
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interesting insight into the water-cycle at the Phoenix site.
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Figure 1.9: From (Whiteway et al., 2009), Fall Streaks were seen falling from the clouds in
the early morning hours of sol 99. The water-ice particles precipitated from the cloud and
sublimated in the air below. This was the first time precipitation was observed on Mars.

The SSI captured many images of clouds above the landing site throughout the mission,
shown in Figure 1.10, giving insight into their morphology and microphysical properties. Two

types of image sequences were taken to analyze atmospheric dynamics — Zenith movies (ZMs)
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and Supra-horizon movies (SHMs) (Moores et al., 2010). A ZM consists of several frames
taken in succession of the sky with the SSI pointed at an elevation angle of 83.79°. SHMs are
similar to ZMs, with a change in the elevation angle of the camera. SHMs are pointed just
above the horizon to achieve the longest path length through the atmosphere (Moores et al.,
2010). The movies were often imaged with both camera eyes, allowing a comparison between

filters.

-

Figure 1.10: Moores et al. (2010) analyzed ZMs to characterize the atmospheric dynamics at
the Phoenix site. Each row represents a single 10-frame ZM imaged in the right-eye blue
filter. From top to bottom, these represent sol 8, sol 9, sol 101, and sol 141. Water-ice clouds
above the Phoenix lander are seen on sol 101 and sol 141.

Several types of clouds were detected within the movies — from sub-optical, streaky clouds
to thick, cumulus-like clouds. In some instances, clouds grew and dissipated within a single
movie, showing very rapid, convective motion that is similar to terrestrial cumulus clouds
(Moores et al., 2010). Additionally, a few movies saw multiple layers of clouds, moving in
different directions at different altitudes. By imaging the lidar laser with the SSI, surface fog
was observed on several occasions (Moores et al., 2011).

At the Phoenix landing site, the opacity of the atmosphere, including water-ice clouds,
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was found using the ZMs and SHMs acquired with the SSI (Moores et al., 2010). The movies
were processed using a technique known as Mean Frame Subtraction (MFS). A “mean frame”
is created where each pixel is the averaged radiance from the corresponding pixels in the
individual movie frames (typically 10 frames per sequence). This “mean frame” is then
subtracted from each individual frame, revealing movement within the images. Using MFS
allowed Moores et al. (2010) to pull out a time-varying signal within the images, viewing
clouds that would otherwise be too optically thin to observe by eye.

The calculation of the cloud optical depths involved using high and low radiance values
in the images to discern between clouds and empty sky. This allowed for a calculation of the
optical depth of the time-varying layer (Moores et al., 2010), however it is important to note
that these calculations must be viewed in a relative sense only because the low radiance points
in an image may not be an empty sky, but instead a very thin layer of clouds. Additionally,
Moores et al. (2010) notes that enhanced dust loading in the beginning of the mission may
increase the optical depth of the time-varying signal without an actual increase in water-ice
optical depth. Constraining the water-ice optical depth throughout the mission would better
characterize the Martian polar environment, especially in regards to the climatic effect of
clouds.

While the lidar and SSI observed water-ice clouds many times throughout the mission,
leading to a substantial increase in knowledge about water-ice clouds in the polar region of
Mars, a problem remains: both instruments leave large temporal gaps in the cloud record
due to operational constraints. The SSI imaged the sky for approximately 28 hours of the
mission, covering only 0.76% of the entire mission (Moores et al., 2010). At its most optimal,
the lidar ran 3 time per sol in 20 minute intervals, covering only 4% per sol. Additionally, the
lidar was not run overnight until sol 38, where it detected fog for the first time (Dickinson
et al., 2010). By the end of the mission, power constraints led to nighttime preclusion of

the lidar. Any clouds forming throughout the night in the beginning and end of the mission
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Figure 1.11: From (Moores et al., 2015). The first and third columns show ZMs taken in
Gale Crater with MSL before MF'S occurs, where clouds are difficult to spot in the image.
The second and fourth column show the images after MF'S is applied to the images, revealing
a strong time-varying signal.
would be missed. Filling in these temporal gaps would help with determining the seasonal
and diurnal variability of water-ice clouds throughout the entire mission.

In this work, we fill in temporal gaps in the cloud record by investigating whether water-ice

clouds lead to similar temperature perturbations as seen in Gale Crater by Cooper et al.

(2021). This is achieved by analyzing the data from the MET temperature sensor onboard
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Minimum Optical Depth of Variable Layer

Minimum Optical Depth of Variable Layer

Figure 1.12: From (Moores et al., 2010). The optical depth of the time-varying layer as
derived from the ZMs and SHMs is shown as a function of mission sol and time of day. Due
to the methods used, the optical depths are to be viewed in a relative sense.

the Phoenix lander, which ran near-continuously the entire mission. By modelling the MET

temperature with and without the radiative influence of clouds, a record of clouds can be
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built throughout the mission, filling in the gaps left by the lidar and SSI.

Additionally, to better constrain the optical depth of the water-ice clouds throughout the

Phoenix mission, we will use both the images taken by the SSI and a radiative transfer model
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to derive the cloud opacities. Clouds particles can be added into the radiative transfer model
in several wavelengths until the radiances given by the model match the radiances seen in
the SSI image. This removes the assumption in Moores et al. (2010) that the low radiance

points are empty sky, better constraining the values of optical depth throughout the mission.

1.5 Motivation and Organization of Thesis

This works seeks to characterize water-ice clouds at the Phoenix mission landing site. This is
achieved by investigating their opacities throughout the mission from radiative transfer in
thermal and visible wavelengths. Firstly, Chapter 2 will describe the methods used to create
a record of water-ice clouds by modelling the temperature data collected by the 2 m MET
sensor. This record of clouds will fill in temporal gaps left by the lidar and SSI. The results

in Chapter 2 will explore the following questions:

1. What are the seasonal and diurnal variabilities in the cloud emission at the Phoenix

landing site?
2. What effect do the clouds produce on the near-surface temperature?

3. What is the relationship between the lidar-derived water-ice optical depth and cloud

emission?

In chapter 3, we will use a radiative transfer model to measure the visible opacity of the
clouds imaged by the SSI. This work seeks to build on the work by Moores et al. (2010),
constraining the optical depths of the observed clouds to better understand their potential

effects on the climate. This work will seek to answer the following questions:

1. What is the diurnal and seasonal variability of the cloud opacity?
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2. Does the radiative transfer method better constrain the opacity compared to the MFS

method used by Moores et al. (2010)?

Finally, Chapters 4 and 5 will discuss the conclusions of this work and potential future

work brought about by these analyses, respectively.
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Chapter 2

A Record of Water-Ice Clouds at the
Phoenix Landing Site Derived from

Modelling MET Temperature Data

2.1 Author Contributions

This research was a collaboration between Grace Bischof, Brittney A. Cooper, and John
E. Moores, who proposed the study concept. The implementation of the methods, analysis
and interpretation of the data, and writing were carried out by Grace Bischof. All authors

contributed to the revision of this work.
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2.2 Methods

2.2.1 Phoenix MET suite

Along with the lidar and SSI, Phoenix carried a MET instrument suite to monitor the
local meteorological conditions of the colloquially named Green Valley area of the Martian
Arctic (68.2°N, 233°E), 20 km from Heimdal crater. The MET suite included three fine-wire
thermocouple temperature sensors located 1 m, 0.5 m, and 0.25 m vertically from the deck
of the lander, itself 1 m from the surface (Taylor et al., 2008). The absolute accuracy of
the temperature sensors was £1 K with a resolution of 0.5 K (Taylor et al., 2008). The
temperature was measured throughout each sol, with data taken at a frequency of 0.5 Hz.
A nominal 20-minute break per sol occurred around midday for data transfer purposes. In
addition to the temperature sensors, the Phoenix lander carried a tell-tale wind indicator to
study the speed and direction of wind (Gunnlaugsson et al., 2008), and a pressure sensor to
monitor the near-surface pressure (Taylor et al., 2008).

An analysis into the temperature data throughout the mission by Davy et al. (2010)
shows the temperature sensor closest to the lander was affected by the heater on the lander
(Davy et al., 2010). As a result, this work uses only the data from the sensor furthest from
the lander (1 m) to reduce any heat contamination in the data.

High-resolution reduced data records (RDRs) are used for this work, obtained from the
Planetary Data System (PDS): Atmospheres Node. Each RDR counts time in seconds from
the start time of the instrument in Earth seconds, and temperature is reported in Kelvin (K).

An RDR was downloaded for each sol of the mission where available.
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2.2.2 Surface Energy Balance

The focus of this work is to build a record of clouds by modelling the MET temperature data
and analyzing the radiative flux received at the surface due to clouds. As such, an energy
balance equation is required for the modelling and analysis. The energy balance is adapted

from Martinez et al. (2014) and given by

G=S1—-—a)+ LW, —LW,—H—-LE+R (2.1)

where G is the net flux into the ground, S is the solar flux at the surface minus a portion
reflected to space dependent on the surface albedo, a. LW, represents the longwave flux
emitted from atmospheric gases and dust only, while LW, represents longwave flux emitted
from the surface. H is the sensible heat flux, which describes the energy exchange between the
surface and near-surface atmosphere. LF is the latent heat as water changes phase between
subsurface ice and water vapour. However, the latent heat flux, described in Martinez et al.
(2014), is on order of 1 W m~2 and is neglected in this analysis. The last term, R, represents
the thermal flux emitted by the clouds. Because clouds absorb some of the longwave flux
given off from the surface, then re-emit a fraction of the flux back toward the ground, we
refer to R as “cloud emission” throughout this work as a shorthand. A description of the
parameters is found in Table 2.1.

The solar flux incident at the Phoenix lander is based on a model developed by Vicente-
Retortillo et al. (2015). Equation 1 from Vicente-Retortillo et al. (2015) takes into account
the solar longitude of Mars, obliquity of Mars (25.2°), distance from the sun, and latitude
of the Phoenix lander (Vicente-Retortillo et al., 2015). Martian dust scatters visible-band
solar radiation, therefore the single scattering albedo and asymmetry factor of dust are
incorporated into Equations 10-23 of this model, and are set to 0.97 and 0.70, respectively

(Vicente-Retortillo et al., 2015). Dust optical depths for each sol of the mission are from
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Tamppari et al. (2010), where a higher dust abundance is noted at the landing site during
the year Phoenix operated compared to other Mars Years (Tamppari et al., 2010). The
visible-band surface albedo is set to o = 0.18, consistent with measurements of the Green
Valley area by the Mars Global Surveyor, which makes measurements in the 0.3 to 2.7 ym

wavelength range (Savijarvi and Méétténen, 2010).

Table 2.1: Nomenclature table for model variables

’ Parameter Description Unit

T, Surface temperature K
T, Air temperature at 2m K
S Solar flux W m™2
G Net flux into at surface ~ W m™2

LW, Downwelling longwave flux W m~2

LW, Upwelling longwave flux =~ W m™2
H Sensible heat flux W m~—?
R Flux emitted from clouds W m~—2

The downwelling longwave flux is modelled in a simplified manner described in Savijarvi
(2014). The downwelling flux is dependent on the air temperature, emission of longwave
radiation from COs in the 15 pm band, and opacity of dust (Savijarvi, 2014). The upwelling

longwave flux from the surface is calculated by

LWy = eopT, (2.2)

where € is the surface emissivity and is set to 0.96 derived from Mars-analogue laboratory
experiments and data acquired at the Opportunity landing site (Christensen et al., 2004), op
is the Stefan-Boltzmann constant, and T is the ground temperature.

The sensible heat flux typically gives a small contribution to the surface energy balance.
The sensible heat flux is introduced into the model as a correction factor on G, adjusted

so the values are consistent with the flux values derived at the Phoenix site under stable
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conditions (Davy et al., 2010). This method is in excellent agreement with Davy et al. (2010)
overnight but does underestimate the sensible heat flux during the day when the dynamical
conditions near the surface are unstable.

The cloud emission, R, is an independent parameter in our model. R is calculated at
2-hour intervals, with the first interval beginning at 12:00 to 14:00 Local True Solar Time
(LTST). Because the model becomes unstable when large flux values are input at once, the
flux values are gradually ramped up. While clouds can form on much shorter timescales than
2 hours (Moores et al., 2010), the input of R appears immediately in the air temperature.
This immediate change in temperature is likely not reflective of the Martian environment, as
there would be some thermal timescale over which the effect of the cloud becomes important.
Using 2-hour time increments for the clouds allows the change in the temperature to happen
gradually, rather than instantly.

Unlike the study from Cooper et al. (2021) where ground and air temperatures are
recorded by instruments aboard Curiosity and both temperatures are used in their analysis,
Phoenix did not carry a ground temperature sensor. Because of this, the surface energy
balance is used as input to model the subsurface heat conduction at the Phoenix landing site
to estimate ground temperature. This model is adapted from Schorghofer (2020), where the
model’s upper boundary condition involves the incoming solar and atmospheric flux terms.

The equation governing the heat conduction is given by:

aT, 0 ( OT,
"ot = os (a_> (2.3)

where p is the density of the regolith, ¢ is the heat capacity at constant pressure, x is the
thermal conductivity, z is the depth, and ¢ is time (Schérghofer 2020).

The thermal inertia of the soil, I, is related to pc and x by:
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[ = \/pcr (2.4)

Thermal inertia is an important factor for determining the ability of the surface to
exchange energy with the subsurface (Martinez et al., 2014). A subsurface composed of a
low thermal inertia material will exchange energy more readily with the surface, resulting in
higher diurnal amplitudes in the surface temperature. Alternatively, high thermal inertia
suppresses the diurnal amplitude (Mellon et al., 2000). At the Phoenix site, the TECP
measured the thermal properties of the regolith (Zent et al., 2010). For this work, a fixed
thermal inertia of 295 J m~2 s 2 K~ is used, consistent with measurements from Zent et al.
(2010).

Subsurface ice was discovered at the Phoenix site using the Robotic Arm (Mellon et al.,
2009). The ice is incorporated into the conduction model by making the depth grid a 2-layered
grid, with ice beginning at 10.4 cm. While the average depth of ice was found to be 4.6 cm,
depth values less than 10 cm resulted in modelled temperatures that were low as the heat
was radiated away too quickly. Ice was found down to 14 cm (Mellon et al., 2009), meaning
the depth of 10.4 cm used in the model is not an unreasonable choice. The ice is assigned a
thermal inertial of 1274 J m~2 s~z K~ (Schorghofer, 2005).

Once the ground temperature is found by the energy balance and subsurface conduction
scheme, the air temperature is solved for at each time step. The ground and air temperature

are related to the sensible heat flux by:

(2.5)

where k is the Von Karman constant and is equal to 0.4, ¢, is the constant pressure

specific heat of CO, equal to 736 J kg=! K=!, u is the wind speed at the landing site retrieved
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from (Holstein-Rathlou et al., 2010), p, = 0.02 kg m~3 is the density of the air at 2 m, f(R;)
is a thermal stability term related to the Bulk Richardson number described in Savijarvi &
Maéattanen (2010). The air temperature at 2 m is given by T,. The surface roughness, z,, is
set to 0.6 cm (Holstein-Rathlou et al., 2010), and the height above the ground, z, is 2 m.

Values for these constants can be found in Table 2.2.

Table 2.2: Nomenclature table for model constants

Symbol Description Value Reference ‘
a Visible band surface albedo 0.18 (1)
€ Surface emissivity 0.96 (2)
oB Stefan-Bolztmann constant 567 x 108 Wm2 K N/A
I Thermal intertia of ground (ice) 295 (1274) J m—2 sz K1 (3),(4)
pc volumetric heat capacity of ground (ice) 1.3x10° (6.5x10°) JKtm=3  (3),(4)
K thermal conductivity of ground (ice) 0.66 (2.5) Wm—! K~! (3), (4)
k Von Karman constant 0.4 (5)
Cp Constant pressure specific heat capacity of COq 736 J kg7t K1 (5)
Pa Density of air at 2 m 0.02 kg m~3 (5)
Za Surface roughness 0.06 m (6)
20 Height above surface 2m N/A
u Wind speed 4-6 m st (6)

(1) Savijérvi & Madttanen (2010); (2) Christensen et al. (2009); (3) Zent et al. (2010); (4)
Schorghofer et al. (2005); (5) Martinez et al. (2014); (6) Holstein-Rathlou et al. (2010)

The modelled air temperature, run with a timestep of 120 s, is plotted against the
temperature data recorded from the MET instrument, with the MET data filtered to select a
data point every 120 s. If the modelled temperature and the measured MET temperature
are equal, R remains zero over the entire run of the model. If the temperatures are not the
same, R is varied as needed to match the modelled temperature to the MET data recorded
in-situ. Although the temperature model runs for an entire diurnal cycle, cloud emission
is only considered between the hours of 22:00 and 10:00 LTST. The Martian atmosphere
has been shown to have a superadiabatic layer near the surface during the day (Smith et al.,

2006). Convection will be important for the transport of heat during the day, which is not
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considered in this model. In the hours after 22:00, the atmosphere has become much more
stable, meaning radiation is the main driver of the temperature, and cloud emission has a
noticeable effect on the temperature.

The analysis to derive R is completed for every sol of the mission for which MET data
are available. A few sols — sol 26, 27, and 28, for example — are not included due to a lack of
MET data. Some sols had only a few hours of coverage, so a full diurnal record could not be
determined. In general, the MET data were arranged to run from noon-to-noon LTST for
each sol, or from the least cloudy part of the day, through the cloudiest to the least cloudy
part of the next day. This has the benefit of eliminating any edge inconsistencies in the

model.

2.3 Results

The left panels of Figure 2.1 (panels a, d, and g) show the modelled diurnal atmospheric
temperature for sols 9-10 (Fig 2.1a), 64-65 (Fig 2.1d), and 137-138 (Fig. 2.1g) as function
of LTST, with and without R in the energy balance equation. These sols have Lg values
of 80.48°, 105.04°, and 141.30°, respectively, and were selected to show a range in R-values
derived from the model, displayed in the right panels of Figure 2.1 (panels c, f, and i). The
middle panels of Figure 2.1 (panels b, e, and h) display the flux values from the energy
balance equation (Equation 2.1).

On sol 9-10, as shown in Figure 2.1c, the value for the cloud emission, R, remains zero over
the entire run of the model and no clouds need be present in order to explain the temperature
profile. The daytime and nighttime temperatures fit the MET data well without additional
flux needed to warm the near-surface, seen in Figure 2.1a. On sol 64-65, R begins increasing
at 2:00 LTST on the morning of sol 65, reaching 10 W m~2 by 4:00. The cloud emission

remains constant until 6:00, falling back to zero by 8:00. The cloud emission begins to rise
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Figure 2.1: Diurnal atmospheric temperature at a height of 2 m above the surface on (a) sol 9
(Ls = 80.48°), (d) sol 64 (Ls=105.04°), and (g) sol 137 (Ls; = 141.31°). The red line shows the
modelled temperature with no cloud emission in the energy balance equation, meanwhile the
blue line is the modelled temperature when cloud emission is included in the energy balance
equation. The grey line is the data collected by the highest temperature sensor of the MET
instrument. The first 5 terms of Equation 1 are shown in (b, e, h). Panels (c, f, i) are the
values of R found by the model for the selected sols. Note the scale difference on the y-axis
between panels (b,e,h) and (c,f,i). These 3 selected sols represent a range of derived R-values
used in the modelling, with the top panels (a,b,c) showing a day when emission from clouds
is zero, the middle panels (d,e,f) showing a day when the effect is small, and the bottom
panels (g,h,i) showing a day with a considerable amount of emission over a long time period.
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earlier on sol 137, starting at 22:00. R increases at a consistent rate until its maximum of
20 W m~2 at 4:00. The flux begins decreasing at 8:00 and is back to zero by 10:00 on the
morning of sol 138. A reduced chi-square goodness-of-fit test was carried out to determine if
the MET data are well-described by the temperature model. Each sol has a goodness of fit
probability greater than 0.9, where any number larger than 0.1 is considered an excellent fit
(Press et al., 1992).

With the values of R introduced to the model, the modelled air temperatures match well
to the MET data, as shown in Figure 2.1 (panels d and g), between 22:00 and 10:00 LTST.
As mentioned in Section 2.2, the cloud emission is not considered outside of these times.
Figure 2.1 shows the temperature cycles rapidly during the day, evidence for the convective
nature of the daytime atmosphere. Another discrepancy is seen in nearly every sol, where
the modelled temperature begins to decrease earlier in the afternoon compared to the MET
data. It has been suggested that perchlorates at the Phoenix site may have a hydration phase
transition at the conditions seen by the MET and TECP (Chevrier et al., 2009; Nikolakakos
and Whiteway, 2015). Latent heat from perchlorate transition may cause a portion of the
temperature difference seen between the MET data and temperature model, as this extra
heating was not included in the model, although it is unlikely that the phase transition is the
sole factor. Nevertheless, the discrepancy does not occur at a particularly cloudy time of the
day and the phase transition is largely restricted to the period around sunset.

The solar flux and outgoing longwave flux are the dominant energy terms, as seen in
Figure 2.1, panels b, e, and h. Phoenix’s northern location meant the sun did not set until sol
86 of the mission, as seen on sols 9 and 64, resulting in a non-zero solar flux term for these sols.
The diurnal solar flux is at its peak around sol 64, shortly after the northern summer solstice.
By sol 137, the sun sets between 22:00 and 3:00. The atmospheric downwelling longwave
flux remains fairly consistent over the 3 sols shown, with nighttime values around 20 W m~2,

On a diurnal basis, changes in LW, are due to the changing atmospheric temperature, the
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dominant term in the equation for the downwelling longwave radiation. On sol 137, the flux
emitted from clouds is larger than the downwelling flux from dust and atmospheric gases.

As noted in Section 2.1, the sensible heat flux is an important factor in the modelling,
linking the ground temperature to the air temperature. During the day when conditions are
dynamically unstable, the model underestimates the sensible heat flux. Davy et al. (2010)
reports fluctuating daytime values, which average around 4 W m~2, meanwhile the model
gives values around 1.5 W m~2. This results in daytime temperature modelling slightly higher
than observed during the mission. At night, the modelled sensible heat flux agrees closely to
the numbers calculated by Davy et al. (2010). The sensible heat flux at nighttime typically
dropped to values around -0.5 W m~2.

To analyze the radiative effect the clouds had over the entire duration of the mission, the
cloud emission as a function of time is plotted for each sol, shown in Figure 2.2a. At the
beginning of the mission, lower amounts of cloud emission are modelled throughout the night
— often around 5 W m~2, but occasionally reaching 10 W m~2. The cloud emission is shown
to begin no earlier than 22:00 and end no later than 10:00 LTST. This build-up and decay
of longwave flux demonstrates the formation and dissipation of clouds in the atmosphere.
A few sols do not show any cloud emission whatsoever, indicating there were no clouds to
re-radiate longwave radiation back toward the surface.

Near the middle of the mission, from sol 55 to 80, the amount of cloud emission is smaller
than in the earlier and later parts of the mission. Several nights have no cloud emission
whatsoever. In this time, R frequently becomes positive after 02:00 and disappears by 8:00,
with similar emission patterns to the beginning of the mission, but more variable. Shown in
Figure 2.2b, this is the time of the mission just past summer solstice. At this time of the
year, Phoenix sees the warmest overnight temperatures, and, from Figure 2.2a, the onset of
clouds tends to overlap with the coldest part of the night.

Between sol 90 and 150, the cloud emission reaches its maximum. Many sols have an R
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Modelled cloud emission throughout the Phoenix Mission
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Figure 2.2: (a) Cloud emission as a function of time plotted for each mission sol and solar
longitude. Summer solstice occurs at Ly = 90°. A near continuous record of water-ice clouds
is built by examining the longwave flux emitted from clouds. The cloud emission typically
begins in the night and ends in the late morning, indicating the formation and dissipation
of clouds. (b) Overnight MET temperature taken from the sensor 2 m above the surface.
The peak in cloud emission corresponds to the time during the mission when the overnight
temperatures are lowest.
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value near or greater than 20 W m~2, usually occurring between 2:00 and 6:00. In Figure
2.2b, the coldest nightly temperatures occur near the end of the mission, corresponding to
the peak in cloudiness. A slight dip in R is seen between sols 120 and 127, where maximum
values were around 5 W m~2.

Longwave flux emitted by the clouds towards the surface causes an increase in the surface
and near-surface temperature. Figure 2.3a demonstrates the maximum change in temperature
for each sol found by taking the the difference in temperature when the model is run with
R = 0 for the entire run, versus when the model is run with flux values from Figure 2.2a.
The clouds provide a warming of less than 4 K for the majority of sols, typically between
1-3 K. Toward the end of the mission, the thermal effect is larger, with the highest warming
reaching 8 K. A large increase in temperature would require 30 W m~2 of flux emitted from
clouds to reach the surface.

The net radiative flux, G, is integrated in Figure 2.3b, showing the total energy per square
metre at the surface for each sol of the mission. The subtle curve shows the total energy
balance is driven by seasonal effects, as the incoming solar flux and outgoing longwave flux
are the dominant energy terms and have a seasonal dependence. Note that the period with
the lowest cloudiness corresponds to the highest integrated flux during the mission. Figure
2.3c shows the integrated R-term for each sol. The integrated flux emitted from clouds
contributes only a fraction of the total energy in the energy balance, shown by the difference
in the y-axis on Figures 2.3b and 2.3c. Compared to the total energy balance, the cloud
emission is also highly variable. This sol-to-sol variability suggests that clouds, and therefore

the flux they emit, are driven by short-scale effects.
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* 25

°
n
o

AT (K)
)
T
(]
..
>
Maximum Flux (W m'2)

® o
° o °
hd ° °
2 ° ° 00" 5 | Oy oo .. o

1’0 o 9o

0o oa@m oo | | O @G o O | [cBlo] | @ | o @ | 0

0 25 50 75 100 125 150

Integrated Flux for R

b
) Integrated Flux for G = C)o ,

3~

=

[
o
o
b

)
[
3

o
S
X
X

o
w
X
X
X
X
X

Integrated flux (MJ m 2)
-~ b
Integrated flux (MJ m™®)
%
X;
X
X
X
X
X

o
N
o
X
X

)
o
<)
%
X
X
%
X
X
X x
X
X>§><><

|

0 25 50 75 100 125 150 o 25 50 75 100 125 450
Sol Sol
Il | | Il Il Il Il | 1 | 1 | |
80 0 400 110 120 130 140 80 90 100 110 120 130 140

Solar Longitude (°) Solar Longitude (°)

Figure 2.3: (a) The maximum amount of warming at the Phoenix site as a result of the
flux emitted from the clouds. Error bars are given as +1 K, consistent with the uncertainty
in the MET instrument. The warming is usually small, with values between 1-3 K. High
R-values toward the end of the mission increase the warming up to 8 K. (b) The net flux,
G, integrated throughout the mission. The net energy balance is driven by seasonal effects.
(c) Integrated flux for the R-term only. The high variability indicates clouds are driven by
small-scale effects.

2.4 Discussion

2.4.1 Cloud Emission and Water-ice Optical Depth

Commonly after sol 60, the lidar obtained data on the ice-water content (IWC) above the
lander and the water-ice optical depth of the clouds was derived (Dickinson et al., 2010),
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shown in Figure 1.8. To investigate the radiative properties of water-ice clouds, we analyze
the cloud emission with respect to water-ice optical depth retrieved by the lidar. This is
shown in Figure 2.4. There were some instances where the lidar recorded a non-zero optical
depth, meanwhile the temperature model did not show any cloud emission during that same
period. For these instances we assume that the lidar, which points directly overhead, was
taking measurements of an isolated cloud, rather than a cloud deck. Clouds at the Phoenix
site were seen to change quickly, with optical depth changing rapidly (Moores et al., 2010). In
such cases, the radiative impact of a rapidly changing, isolated cloud would be low, allowing
these points to be removed. Uncertainty in the model is discussed further in section 2.4.2.
The contour lines in Figure 2.4 represent the temperature at which the cloud is radiating

energy. The cloud emission, optical depth, and cloud temperature are related by

R=(1—¢")opT, (2.6)

where 7 is the optical depth of the clouds and T, is the temperature of the clouds.

Figure 2.4 shows that optically thicker clouds tend to radiate more energy toward the
surface, with most clouds having temperatures around 200 K, consistent with estimates from
Whiteway et al. (2009). The highest temperatures observed, around 350 K, are not reflective
of the Martian atmosphere, however this temperature is mostly observed as the upper limit
to the uncertainty in the derived data points. There are cases where clouds with lower optical
depths have a high cloud emission, which may be resolved by the range in error bars, but
also points to potential complicated cloud microphysics. Terrestrial studies exemplify the
challenge of modelling the infrared radiative properties of cirrus clouds, particularly when it
comes to ice-crystal shape. When IWC is kept constant, a cloud composed of aggregates emits
more radiation toward the surface than a cloud composed of spherical particles (Wendisch

et al., 2007). The microphysics of cloud formation on Mars is still widely unknown, meaning
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Longwave Flux Emitted from Clouds with Corresponding Water-ice Optical Depths
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Figure 2.4: Cloud emission derived by the model as a function of water-ice optical depth
retrieved from lidar data from (Dickinson et al. 2010). Dashed grey lines represent the
temperature of the water-ice cloud emitting the longwave flux to the surface. Horizontal
error bars represent an uncertainty of +10%, cited by Dickinson et al. (2010). The MET
temperature sensor has a cited error of £1 K (Taylor et al. 2008). Since it takes about 5 W
m~2 to increase the temperature by 1 K in the model, vertical error bars are given as £5
W m~2. This figure shows optically thicker clouds tend to radiate more energy toward the
surface, while optically thin clouds radiate less.

ice-crystal type is not well understood (Cooper et al., 2020). This gap in cloud microphysics
may explain why clouds with similar optical depths will radiate different amounts of longwave
flux to the surface, potentially dependent on ice-crystal shape.

The points in Figure 2.4 showing the highest cloud emission were observed between 4:00
and 6:00 LTST, just past the coolest time of each night. Meanwhile, around 22:00, the optical

depths and cloud emission are low, with warmer nighttime temperatures. This validates the
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idea from Figure 2.2a that clouds become optically thicker throughout the night, resulting in
more cloud emission at the surface in the early morning hours.

An additional analysis is carried out, where a simple scattering model in a gray atmosphere
is used to fit the results from the cloud emission and lidar analysis. The fraction of upwelling

longwave flux “reflected” back toward the surface by water-ice clouds is given by

R _ (1—-f)r
LWT 1+(1—f)7'

(2.7)

where f is the degree to which clouds are forward scattering (i.e. a value of f = 1 indicates
the clouds are completely forward scattering, while a value of f = 0 indicates the clouds are
completely backscattering).

The model best fits the data with a value of f = 0.36, which has a R? coefficient
of determination value of 0.397. This value of f suggests water-ice particles are slightly
backscattering in thermal wavelengths. However, water-ice particles are often assumed to be
isotropic. In such a case, with f = 0.50, the R? coefficient of determination is 0.298. Assuming
isotropic particles yields a worse fit than the backscattering case, but it is a reasonable way
to describe the data within error. It is important to note that this is a very simplified model
to describe the interaction between the clouds and thermal radiation.

Interestingly, Figure 2.2a suggests clouds were present at the Phoenix site before they were
observed by either the lidar or the SSI. At the beginning of the mission, the lidar operated
solely during the day, so nighttime formation of clouds would have been missed. Moores et
al. (2010) analyzed the minimum optical depth of the variable layer, which includes both
dust and clouds, throughout the mission. Higher optical depth values were observed near the
beginning of the mission, but it was noted that the higher optical depths might be explained
by a higher dust abundance and did not necessarily indicate the presence of water-ice clouds.

Although undetected by the lidar and SSI, it is not unreasonable to assume clouds may have
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formed at the beginning of the mission. Figure 2.2b shows nighttime temperatures in the first
~15 sols were cool and comparable to the nighttime temperature around sol 100, when clouds
were certainly present. Water-ice retrievals from the Thermal Emission Spectrometer on Mars
Global Surveyor in the northern polar region showed sporadic clouds with low optical depths
in the late spring (Tamppari et al., 2008), corresponding to the time our work first sees cloud
emission in the model. It is important to note that these clouds were observed between 12:30
and 14:30, and so are not the same clouds resulting in the cloud emission in Figure 2.2a.
However, it is likely the afternoons were less cloudy than the nighttime (Tamppari et al.,
2008), meaning the sporadic, positive detection of clouds in the afternoon suggest clouds
could have been present throughout the night.

Another contributing factor to the cloud emission shown in the model in the early part of
the mission is the presence of water-ice fog the Phoenix site (Moores et al., 2011). The fog was
observed at altitudes as low as 50 m from the surface (Moores et al., 2011), up to 500 m from
the surface (Whiteway et al., 2009). On sol 38, the lidar ran its first overnight observation,
where ice-fog was detected (Dickinson et al., 2010). The ice-fogs were not observed every sol
but increased in frequency as the mission progressed. Similar to the argument above, it is
possible surface-level clouds may have formed before sol 38 when the water-vapour abundance
was rising, and nighttime temperatures had not yet reached their peak. Possible discrepancies
between cloud emission shown in the model, but clouds not detected by the lidar, could be
due to the inability for the lidar to see below 200 m (Moores et al., 2011), where ice-fog
may have formed. Terrestrial studies show that surface fog can have a marked effect on the
downwelling longwave flux, with clouds and fog contributing an additional 77 W m~2 to the
surface energy balance in Northern China (Guo et al., 2021).

Images taken from Mars Express and Mars Reconnaissance Orbiter throughout the
northern summer show an annular cloud that develops each year around L, = 120° at 60°N

(Sanchez-Lavega et al., 2018). Specifically, Sanchez-lavega et al. (2018) note the development
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of cloud phenomena as a result of a double cyclone that occurred at Ly = 118° during the
same time the Phoenix mission was active. The annular cloud is shown to generate nighttime
convective instability within the cloud, known as a nocturnal mixed layer (Hinson et al.,
2021). Such convection within the cloud leads to increased cloud emissivity and infrared
emission (Hinson et al., 2021; Spiga et al., 2017). The increase in cloud emission seen around
sol 90 in Figure 2.2a is likely indicative of the convectively active annular cloud reaching the
Phoenix site.

On Mars, weather patterns are often discussed in terms of seasonal or diurnal variability.
For example, equatorial clouds reach a peak in the ACB season and decline in the dusty
season (Madeleine et al., 2012); clouds at the Phoenix site peak overnight and weaken into
the morning (Dickinson et al., 2010; Whiteway et al., 2009). This analysis suggests that, in
addition to diurnal and seasonal variation, a noticeable degree of sol-to-sol variability exists
as well. This variability was noted in the optical depth measurements made by Moores et
al. (2010), particularly toward the end of the mission. It was noted that several sols did not
show clouds, consistent with this analysis around sol 140. Meteorological modelling from the
Phoenix site indicates cloud formation is sensitive to initial moisture availability, so sol-to-sol
variability may depend on the advection of air masses past the site (Savijarvi and Mééttéanen,
2010). Years in which the temporal coverage of the annular cloud were high show a rapid

sol-to-sol evolution of the cloud, consistent with this analysis (Sanchez-Lavega et al., 2018).

2.4.2 Model Limitations and Error Analysis

This work uses an energy balance equation and subsurface conduction model to build a
record of clouds at the Phoenix site. While care is taken to ensure values in the model are as
representative of the Phoenix site as possible, uncertainties do exist and are addressed in this

section.
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In this work, the air temperature is found by modelling the surface temperature, linking the
temperatures through the equation for sensible heat flux. As such, having an accurate ground
temperature is important for the modelled air temperature, and ultimately, the cloud emission.
Some assumptions were made for the ground temperature parameters, such as keeping the
thermal inertia constant over the entire sol. While the thermal inertia changed slightly on
diurnal timescales, we use the average value observed to reflect the typical conditions of the
landing site.

An error analysis was completed to assess the amount of error in the modelled temperature.
Sources of uncertainty include the value for the density of air, p,, which is found using the
ideal gas law. As such, the value for p, changes throughout a sol as the temperature and
pressure change. For the temperatures and pressures considered, the value for p, has a
7.5% error associated with it. Other variables have errors given in the papers from which
they were referenced, such as the surface roughness, z,, which has an uncertainty of +3 mm
(Holstein-Rathlou et al., 2010). An error propagation method was then used on the terms
in Equation 5, showing the error in the temperature was < 1 K across all temperatures
considered.

As mentioned in Figure 2.4, the MET instrument has an uncertainty of +£1 K. Based on
the parameters used in the modelling, it takes 5 W m~2 to raise the temperature by 1 K,
meaning that the cloud emission values have an uncertainty of =5 W m~2. There are several
sols, particularly in the beginning of the mission, that have cloud emission values near 5 W
m~2. This means that the positive detection of clouds on sols with low R-values may be
due to uncertainty in the instrument, rather than the emission of flux toward the surface by

clouds
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Chapter 3

Updated Visible Opacities of Phoenix
Water-Ice Clouds using a Radiative

Transfer Model

3.1 Methods

3.1.1 SSI Image Sequences

This work to constrain the optical depths of Phoenix water-ice clouds uses images captured
by the SSI on the Phoenix lander. This section will better explain the SSI, as well as the
sequential images taken — namely, the ZMs and SHMs.

The SSI was mounted to the mast of the Phoenix lander, locating the camera approximately
1.84 m from the surface. Human stereo vision was simulated by the two eyes of the camera,
set 15 cm apart. Twenty-four filters were available for the camera in a range of wavelengths
from 447 to 1002 nm, shown in Table 3.1, with each eye having twelve filters. The Charged

Coupled Devices (CCDs) for the SSI were flight spare components from the Mars Exploration
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Rover (MER) mission, giving pixel arrays of size 1024 x 1024. The field-of-view (FOV) of the

full-frame is approximately 14° x 14° (Lemmon et al., 2008).

Table 3.1: Filter Specifications for the SSI, retrieved from (Lemmon et al., 2008).

Filter name Center Band (nm) Bandwidth (nm) ‘

L1 673 19
L2 447 23
L3 450.8 4.1
L4 990.7 4.9
L5 887.0 2.8
L6 883 28
L7 802 22
L8 864 37
L9 900 45
LA 931 25
LB 1002 26
LC 968 30
R1 673 19
R2 447 23
R3 671.1 3.9
R4 935.5 5.2
R5 935.7 5.2
R6 450 29
R7 753 20
R8 754 21
R9 753 17
RA 604 15
RB 532 28
RC 485 21

The ZMs were nominally 10-frame sequential 256 x 256 pixel images, with an elevation
pointing of 83.79° from the horizon. A difference in elevation angle was chosen for the SHMs
to achieve a long path length through the atmosphere — this typically meant the SSI was
pointed just above the horizon, or with an elevation angle near 10°. Similarly, the SHMs

were composed of 10 frames taken in sequence. These movies were used in previous studies
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to measure the wind directions, optical depths, and morphologies of clouds above the landing
site (Moores et al., 2010).

ZMs were taken as early as sol 6 of the mission, however this work begins using the ZMs
collected on sol 48, when both camera eyes were used simultaneously. This means the images
taken of the atmosphere can be compared in two wavelengths. Due to the nature of the
filter wheel, simultaneous images were taken using the filter pair in the corresponding wheel
position. For ZMs, this was commonly the LC/RC or LB/RB pair. SHMs were taken in the
same filter pairs, with the first left-eye/right-eye simultaneous SHM collected on sol 58.

The radiometrically corrected (RAD) data files were used for both the ZMs and SHMs.
RAD RDRs were generated from EDRs where the usual dark current removal, bias removal,
flat-field correction, and bad pixel repair were applied. Pre-flight radiance calibrations were
used to scale the images into absolute radiance units of W m=2 nm~! sr=!. These units

represent the total energy per unit time per unit area per unit solid angle per wavelength

received by the camera.

3.1.2 Doubling-and-Adding Radiative Transfer Model

The radiative transfer model used in this work was originally used to study the hazes on
Titan (Tomasko et al., 1980), and was adjusted for use in the atmosphere of Mars (Tomasko
et al., 1999; Smith and Moores, 2020). The model assumes a plane-parallel atmosphere with a
doubling-and-adding (D&A) algorithm for planetary atmospheres (Hansen, 1971). In essence,
the D&A method works by solving the radiative transfer equations in an optically thin layer,
such that all interactions are described by single scattering. The thickness of the layer is
doubled by adding a second layer of the same thickness, and the interactions between the
layers are used to calculate the transmission and reflection of energy. This is continued until

an atmosphere of a desired thickness is reached.
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Temporal Distribution of SSI Image Sequences
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Figure 3.1: Temporal distribution of the SSI images used in this analysis.

In this work, the atmosphere is split into 3 levels with 2 layers. The lower layer of the
atmosphere includes Rayleigh scattering due to CO5 and Mie-scattering dust, while the upper
layer contains Mie-scattering due to water-ice particles. Upwards and downwards fluxes
and intensities (in W m~2 sr™!) are computed at all levels, with appropriate optical depths
calculated by the input parameters set for CO,, dust, and water-ice.

Inputs for the levels in this model are wavelength dependent, covering a range of wave-
lengths in the visible to near-infrared, as determined by the SSI filters. The most common
filters used in this work are the LC, RC, LB, RB, and L4 filters, with respective wavelengths
of 968, 485, 1002, 532, and 990.7 nm. For each filter, the model variables are tuned to the
specific wavelength to represent their effect in the atmosphere.

In the bottom layer, Rayleigh scattering from CO, is included using equation 2.21 in

(Hansen, 1971), given as:
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where P is the pressure, g is the surface gravity of Mars with a value of 3.71 ms™2, u

is the mean molecular mass of CO, (Hansen and Travis, 1974), n, is the refractive index
retrieved from (Allen and Cox, 2000), dependent on wavelength, A\. N is the number of
particles per unit volume at standard pressure and volume (Hansen and Travis, 1974). The
depolarization factor, d, represents the ratio of intensities parallel and perpendicular to the
plane of scattering, cited as § = 0.09 for CO, (Hansen & Travis, 1974). In general, the
Rayleigh scattering due to CO in the wavelengths considered is small.

Next, the wavelength dependent parameters for dust are needed. The single scattering
albedo is found from (Wolff et al., 2009; Tomasko et al., 1999; Johnson et al., 2003). Similarly,
the values for the real and imaginary refractive indices are found in the same references, shown
in Table 3.2. The size distribution of the particles is represented as a gamma distribution
with a geometric cross-section weighted mean radius, 7.5y, set to 1.6 um and a variance, vy,
of 0.2 as determined by Tomasko et al. (1999) by examining images taken by the Imager on
Mars Pathfinder (IMP).

In the upper layer, water-ice is present. Similar parameters are found for water, shown in
Table 3.3, including the single scattering albedo, set to 1 for all wavelengths, as well as the
real and imaginary indices of refraction (Kokhanovsky, 2004). For water-ice particles, r.s¢
= 1.5 pm with vesr = 0.1 as described by (Guzewich and Smith, 2019) for clouds in Mars’

polar region.

3.1.3 Analysis to Find Water-Ice Optical Depth

To find the water-ice optical depth, a combination of the SSI images sequences and D& A

model, as described above, are used. Firstly, each frame of a image sequence is averaged
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Table 3.2: Wavelength-dependent model parameters for dust

Wavelength ~ Single Scattering Real Index of Re- Imaginary Index

Albedo fraction of Refraction
L4/990.7 nm 0.968 1.4981 0.0045
LC/968 nm  0.935 1.4981 0.00434
RC/485 nm  0.825 1.4981 0.00786
LB/1002 nm 0.948 1.4981 0.00349
RB/532 nm  0.870 1.4981 0.00567

Table 3.3: Wavelength-dependent model parameters for water-ice

Wavelength  Single Scattering Real Index of Re- Imaginary Index

Albedo fraction of Refraction
LC/968 nm 1 1.31 1077
RC/485 nm 1 1.31 1077
LB/1002 nm 1 1.31 5x 1077
RB/532 nm 1 1.31 1077

together to produce a mean radiance for each pixel in the image. This has the benefit
of averaging any small movement in the frame, whether that be the movement of dust or
water-ice, to create a “mean” optical depth in the atmosphere.

Dust optical depths were found throughout the mission by Tamppari et al. (2010) in the
L4 (990.7 nm) filter. The dust optical depth measurements were constrained to the period
around 13:00 - 17:00 LTST for comparison with TES data, which is advantageous for this
work because it minimizes possible contimation due to water-ice in the measurements.

We use the dust optical depths found by Tamppari et al. (2010) to constrain the amount
of dust in the D&A model. In the model, particle abundances can be specified, returning a
corresponding optical depth value for such parameters. For each SSI sequence, dust particles
are added into the model until the dust optical depth in the 990.7 nm wavelength matches
the values in Figure 3.2. When a sequence is taken at a time where no dust optical depth

measurement was taken, an interpolated value based on the nearest measurements is used.
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(a) Optical Depths over the Phoenix Lander Site
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Figure 3.2: From Figure 2a in Tamppari et al. (2010), showing the dust optical depths
throughout the Phoenix mission taken in the 990.7 nm filter.

After dust particles are added in to match the D&A model dust optical depth to the
value in Figure 3.2, the same dust particle abundance is used as input in the wavelengths for
the SSI image being analyzed. At this stage, the water-ice particle abundance is set to 1,
giving an water-ice optical depth of 0. The model is run using the Phoenix latitude, local
time of the observation, solar longitude, and solar zenith angle as inputs.

The model outputs upwards and downwards intensities at all levels in units of W m=2 sr—!
within discrete wavelength bands. We are interested in the downwards intensities from the
bottom level - i.e. what a camera would see from the surface pointing into the sky. The model
splits the sky into 180° azimuth (in 1 - 10° increments), where the sun is always situated at
0° azimuth. In addition, the sky is split vertically from 90° to 0°, representing the zenith

angle. The location of the sun in the output is determined by the solar zenith angle given in

the input parameters.

48



For each SSI image, an instrument azimuth and elevation is recorded in the data, specifying
the area in the sky at which the SSI is pointing. This information is used to “crop” the model
to the SSI FOV, so both the model and SSI are looking at the same point in the sky, with the
sun in the same location. Since the sun in the D& A model is always located at 0° azimuth,
the azimuthal pointing for the cropped model frame is found by taking the difference between
the solar azimuth and SSI azimuth. Lastly, the cropped frame vertical pointing is found by
taking 90° - SSI elevation. The SSI image is split into 3 equal horizontal strips, each of which
is averaged to get a mean radiance for that section of the image. This is done for easier
comparison with the model intensities since the model has gaps in azimuth and elevation
angle.

Before comparing the model to the SSI, an additional input parameter to the model must
be addressed — the solar flux at Mars in the specific wavelengths being observed. To simplify
the procedure, the flux is input to the model as 1 W m~2 for all wavelengths used, meaning
the model outputs must be scaled to account for the actual flux value. For this, we use
the E490 solar spectrum (ASTM, 2000), which takes into account the waveband and solar
longitude of the observation, since the amount of solar flux received will vary as Mars moves
in its orbit. The model outputs are multiplied by this value of solar flux. Lastly, the outputs
are divided by the bandpass for the specific SSI filter, giving radiance in units of W m™2
nm~! sr~!, matching the units of the SSI data.

The modeled radiances are compared to the SSI radiances, in both filters used for the
respective ZM or SHM. For example, if the LC/RC filters were used for the images, the
model is run separately for the 968 nm and 485 nm wavelengths. If the modelled radiances
are consistent with the SSI radiances, then the image contains only dust. If the modelled
radiances are not consistent with the SSI radiances, cloud particles are added in.

Cloud particles are added into the model in the same manner as dust, which returns an

optical depth value based on the specified input parameters for water-ice. After the cloud
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Figure 3.3: The images represent sol 59 at 11:03 LTST. (a) Full sky output from the D&A
model. The sun is located at an azimuth angle of 0° and zenith angle of 44°, represented by
the high radiance points on the left side of the image. (b) The D&A model output cropped
to the FOV of the SSI. (c) The SSI image taken on this sol with an SSI azimuth of 233° and
zenith angle of 6°. The D&A model FOV and SSI do not have the exact same dimensions

due to the spacing in the model.

particles are added, the radiances from the model and SSI are compared again until the

values match. Since the dust and cloud are present in different layers of the model, this gives

a total amount of both cloud and dust optical depth, separately. We can analyze all of the

ZM and SHMs taken throughout the mission to find any seasonal or diurnal variabilities in

the water-ice optical depth.
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Figure 3.4: The E490 solar spectrum (ASTM, 2000) is used to determine the solar flux at
Mars in the wavelengths used by the SSI, namely 1002 nm, 968 nm, 532 nm, and 485 nm.
The amount of solar flux at the surface is dependent on both wavelength and solar longitude.

3.2 Results

3.2.1 Zenith Movies

Before beginning to analyze the water-ice optical depths seen throughout the mission using
the ZMs, we will look at the comparison between the D&A model and SSI radiances. As
mentioned in Section 3.1.3, the water-ice optical depth is found by comparing the modelled
radiances to the SSI radiances from an image. As such, when analyzing the images, a slope
of 1.0 between the modelled and SSI radiances, once cloud and dust particles are added in, is

ideal. This worked well for the LC/RB filters, with the percent error between the predicted
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and observed values remaining under 10%. However, the RB filter seemed to consistently
overestimate the radiance, which can be seen in Figure 3.5b. The points above the red line
represent the RB modelled radiances, while those on the line represent the LB radiances.
Because of this consistent overestimate, when the LB/RB optical depths are reported below,
note that a 30% error between the modelled radiance and SSI radiance in the RB wavelength
is used as a baseline.

Modelled vs. Observed Radiances in the SSl images
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Figure 3.5: Modelled vs. observed radiances in the ZMs, using the (a) LC/RC filters, (b)
LB/RB filters, (c) both LC/RC and LB/RB filters together. The red lines represents a 1:1
ratio between the modelled and observed results. The RB filter was largely overestimated by
the model, with a baseline 30% error. However, the LC/RC and LB filters did not have this

overestimate.

Of the sixty-four ZMs taken throughout mission, a non-zero water-ice opacity was found

02



for thirty-four image sequences. As shown in Figure 3.6, the water-ice opacities range in
value from 1072 to 107!, which is consistent with the thin, often sub-optical, clouds imaged

throughout the mission. It is important to note that the particle sizes used in this calculation
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Figure 3.6: Optical depth of water-ice clouds throughout the Phoenix mission derived using
SSI-captured ZMs and the D&A model. The optical depths are given in the LC/RC and
LB/RB filters. The water-ice optical depths are consistent with the thin clouds observed at
the Phoenix landing site.

are small, while larger particles may be more representative of the Phoenix landing site
(Whiteway et al., 2009). Larger particles may scatter light differently, potentially using
Henyey-Greenstein scattering instead of the assumed Mie scattering. However, the order of
magnitude of the water-ice optical depths would not be expected to vary drastically based on
previous literature (Dickinson et al., 2010; Moores et al., 2010; Tamppari et al., 2010).
Because ZMs were captured with only one filter prior to sol 48, we are not able to make

comparisons of optical depths throughout the entire mission. Instead, we begin on sol 48,
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and continue through the mission. The peak in optical depths in Figure 3.6 occurs around
sol 90, at Ly = 118°. Summer solstice at the Phoenix location occurs at L, = 90°, however
the maximum solar insolation, and maximum air temperature, peaks around mission sol 60,
or Ly = 105°, due, in part, to Mars’ position in its orbit. By the time of the highest opacities
observed in Figure 3.6, the air temperature is on a decline. The optical depth drops for the
next ~20 sols, increasing again around sol 130, when L, = 140°.

The same data can be plotted as a function of LT'ST, rather than mission sol, to investigate

any diurnal variability in the opacity. This is shown in Figure 3.7.
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Figure 3.7: Optical depths of water-ice clouds is recorded as a function of LTST. The highest
optical depths are recorded throughout the night, while the late morning and afternoon
optical depths are lower.

When comparing the filters, the water-ice optical depth tends to be larger in the longer
wavelengths. When an image is taken with the LC/RC pair, the water-ice opacity is higher
in the 968 nm filter, compared to the 485 nm filter. The same is true of the 1002 nm and

532 nm filters, representing the LB/RB pair. While somewhat difficult to discern due to
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the logarithmic scale in Figure 3.6, as the opacity increases, the differences between the two
opacities increases, as well. For example, on sol 95, the difference between the opaicities in
the LC and RC filters are 0.0124 and 0.00997, respectively. However, another image analyzed
on sol 95 shows higher optical depths, with the LC filter giving an optical depth of 0.1854
and the RC filter having an optical depth of 0.1449.

Since the clouds change both seasonally and diurnally, the most complete picture of the
water-ice optical depth comes from combining both mission sol and LTST. This is shown in
Figure 3.8. The data points with the highest optical depths, although occurring earlier in

the mission when the overnight temperature is warmer, occur at the coldest time of a sol,

Water-Ice optical depth as a Function of Mission Sol and LTST

°
= * .
o ® 20
@ 1077 1 o o
()]
—_— * ¢
18]
v © e °® 15
e
§ | °° o
10 -
Q
W] o =
w ® oo = B
8 10-2 1 O o 5
g a T o
0 @
T T T T T D
40 60 80 100 120 140
Sol

Figure 3.8: Water-ice optical depth of the SSI sequences as a function of both mission sol and
LTST. This highlights both the seasonal and diurnal trends throughout the mission. The
water-ice opacity increases both into the night, and as the mission progresses past summer
solstice.

between 2:00 and 5:00 LTST. When the data from similar times are analyzed — from ~10:00

to ~18:00 LTST — a clear increase in opacity toward the end of the mission can be seen,
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suggesting clouds towards the end of the mission were optically thicker than clouds observed
in the middle of the mission.

Many of the image sequences analyzed throughout the mission had a non-zero value for
water-ice optical depth, however, there were several sols analyzed that had an optical depth
of zero, shown in Figure 3.9. There were 15 sequences with a water-ice opacity of zero, spread
quite evenly between sol 70 and sol 150, with perhaps the largest gap occurring between
sols 90 and 120. All of the sequences were captured between the hours of 10:00 and 20:00
LTST. Since there were fewer nighttime sequences captured, it is difficult to say if this is due
to clouds consistently forming each night with a non zero optical depth, or a lack of data.
Additionally, since ZMs were not captured until sol 48, it is possible the beginning of the

mission would have an increase in images without any cloud.
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Figure 3.9: ZM image sequences showing no cloud throughout the mission. Most of the

sequences containing no clouds were captured between the hours of 10:00 and 20:00 LTST,
spread quite evenly throughout the mission.
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3.2.2 Supra-Horizon Movies

Similar to the ZMs, the LB/RB filter pair in the SHMs had an approximate 30% error for
the radiances in the RB filter. However, unlike in the ZMs, the RC filter also experienced
consistently high modelled radiances compared to the radiances in the SSI images. These
radiances are shown in Figure 3.10. Similarly to the ZMs, the baseline of 30% error is accepted
for the RB and RC filters, and the LB and LC filters are based off their 1:1 ratio with the
SSI radiances.

Modelled vs. Observed Radiances in the SSI images
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Figure 3.10: Modelled vs. observed radiances for the SHMs used in this analysis. The
radiances are observed in the (a) LC/RC filters, (b) LB/RB filters and (c) both the LC/RC
and LB/RB pairs. The red line represents a 1:1 ratio between the modelled and observed
radiances. The RB and RC filters often modelled much higher than observed in the SSI
images, so they were taken with a ~30% error baseline.
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Unfortunately, many SHMs were rejected in this analysis, which is explored in section
3.3.1. Of the thirty-eight total SHMs, only six are considered in this analysis with a nonzero
water-ice optical depth. Five of the six SHMs were captured using the LC/RC pair and
one was taken in the LB/RB pair, as shown in Figure 3.11. The optical depth values are
consistent with what would be expected from clouds above the Phoenix site, with values

between 102 and 10~ 1.
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Figure 3.11: The water-ice optical depth is plotted as a function of mission sol and LTST to
bring out any seasonal and diurnal trends in the data. While the optical depth values are
similar to what would be expected from Martian clouds, the limited data means patterns are
not discernible in the data.

Due to the lack of useful results, diurnal and seasonal trends are not easily determined
in the SHM opacities. Each data point is within the time frame from 10:00 to 15:00 LTST,
on mission sols 60 to 120. Without additional data, it is difficult to determine if nighttime
measurements would lead to high optical depths, as noted within the ZM opacities. The
same is true for measurements taken later in the mission, after sol 120. Similar to the ZMs,

the longer wavelength (ie. the LB/LC filters) has the higher opacity compared to the filter in
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the pair with the shorter wavelength.

There were five SHMs with a water-ice optical depth of zero, shown in Figure 3.12. Similar
to the ZMs, the images with no clouds were taken between 10:00 and 20:00 LTST, spread
evenly from sol 75 to sol 110. Because of the number of SHMs that were rejected due to the
high radiances, it is likely there are more sols without clouds that are not captured in this

data.
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Figure 3.12: SHMs with a water-ice optical depth of zero. The images were all captured
between 10:00 and 20:00 LTST, with an even spread from sol 75 until sol 110.

3.2.3 Comparison to Moores et al. (2010)

This work was motivated by the desire to constrain the water-ice optical depths observed
by the SSI onboard the Phoenix lander. As such, we compare the opacities found using the
D&A model to those derived by Moores et al. (2010) using an MFS method. The optical

depths found in the ZMs using both methods are compared in Figure 3.13. It is important to
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note that Moores et al. (2010) found the optical depth of the variable layer in the images,

therefore some of the optical depths may include more dust than water-ice.

Optical Depths from RT Model Compared to Moores et al. (2010)
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Figure 3.13: Comparison of water-ice optical depths derived with the D&A model to those
reported in Figure 6 by Moores et al. (2010). The water-ice opacities are shown as a function
of (a) Lg and (b) LTST. In general, the derived optical depths are very similar, particularly
the increase in opacity toward the end of the mission. The D&A model gives higher opacities
for images taken between 2:00 and 10:00 LTST

It can be seen in Figure 3.13 that the optical depths from Moores et al. (2010) are similar
to those derived using the D&A model, particularly in the rising trend toward the end of the

mission. In the L range from 100° to 130°, the opacities are close in value, with the D&A
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model giving slightly higher results. There are a couple points around L = 120° where the
D&A model gives much higher values — up to 107!, which is not seen with the MFS method
— but this is analyzed in Figure 3.13b. From L; = 130° until the end of the mission, both this
work and Moores et al. (2010) show an increase in opacity, with similar values. Unfortunately,
since images were not taken in filter pairs until sol 48, we are unable to compare opacities
before L, = 100°.

Comparing the opacities as a function of LTST, several noticeable differences arise. In the
late morning to evening hours, around 10:00 to 18:00 LTST, the opacities are quite similar.
However, between the hours of 2:00 to 10:00 LTST, the D&A model gives much higher values
than shown in Moores et al. (2010). This work does not have any overnight opacities from

20:00 to 2:00 LTST to compare to the data points in Moores et al. (2010).

3.2.4 Comparison to Cloud Emission

In Chapter 2 we explored the radiative influence of clouds above the Phoenix landing site.
In Figure 2.4, the water-ice optical depths retrieved from the lidar were compared to the
thermal cloud emission derived from modelling the MET temperature data. Here, we use the
water-ice optical depths from the ZMs in the 532 nm filter to compare to the cloud emission
found in Chapter 2. This is shown in figure 3.14, where six ZMs fell within the 22:00 to 10:00
LTST time-frame explored in Chapter 2. The 532 nm filter is selected for comparison with
the lidar optical depths as the laser operated at 532 nm.

This analysis is consistent with that of Chapter 2, where optically thicker clouds tend to
radiate more energy toward the surface. The clouds associated with the D& A-derived optical
depths emit around 7 to 10 W m~2 of radiation toward the surface, with the highest cloud
emission of 20 W m~2 coming from a water-ice optical depth of 0.1449. Additionally, these

points fall within the expected temperatures for water-ice clouds on Mars.
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Cloud Emission as a Function of Water-lce Optical Depth
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Figure 3.14: Cloud emission is shown as a function of water-ice optical depths derived from
the lidar (circles) and D&A model (red stars). The D&A model points all fall within 2:00
to 8:00 LTST. The cloud emission and optical depths from this analysis are consistent with
those derived from the lidar.

3.3 Discussion

3.3.1 Discussion of Uncertainties

For both the ZMs and SHMs, several image sequences were rejected in this analysis. Fifteen
ZM sequences were rejected and twenty-eight SHMs were not included. Particularly for the
SHMs, since many more sequences were rejected than accepted, an investigation into this
discrepancy will be discussed here.

As mentioned in section 3.2.1, A 30% error was used as the baseline between the D&A

model and the SSI images in the RB filter, but the LB filter was largely consistent between
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the observed and predicted radiances. This was not always the, case, however, and the LB
filter sometimes also modelled unrealistically high. The same is true for the LC/RC filter.
Due the way the analysis is carried out, if the D&A model is predicting radiances that are
too high when only dust particles are present, water-ice particles are not added as they would
only further increase the radiance. In such a case, the image cannot be accepted because the
water-ice content of the atmosphere is inconclusive. Therefore, images were rejected on two
bases: 1) both of the filters in a pair are modelling too high and 2) both of the filters in a
pair are modelling unrealistically low, such that only a nonphysical amount of cloud particles
are needed to match the radiances between the D&A model and the SSI images. The second
scenario occurred much less often than the first.

Figure 3.15 shows the relationship between the observed and predicted radiances for the
rejected ZMs and SHMs. As noted, most of the modelled radiances are much higher than
observed, which only worsens as the radiances increases.

We explore several variables in the images to determine if there may be a common
factor that is resulting in the radiances modelling too high. First, we examine the temporal
distribution of the rejected images. At first glance, there does not appear to be a strong
correlation between the rejected sequences and the time-of-day. However, it is important
to note that all of the sequences where the D&A model was giving radiances that were too
low occur between the hours of 22:00 and 2:00 LTST. This suggests there is an issue where
the D&A model underestimates the radiances when the solar zenith angle is too high - or in
other words, when the sun is too low in the sky.

The rejected images outside of the midnight to 2:00 time-frame are spread evenly between
10:00 and 20:00 LTST. These are the images where the modelled radiances were too high.
Because of the even spread of the data over sol and time, it cannot be certain that any one
solar zenith angle, or range of solar zenith angles, is causing the model to overestimate the

radiances. Particularly when compared to Figure 3.1, many images within this time-frame
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Figure 3.15: Modelled vs. observed radiances for the rejected image sequences. The modelled
values often have much higher radiances than the values captured in the SSI images, which
becomes even larger with an increase in radiance. Fifteen ZMs were rejected, while twenty-
eight SHMs were rejected because of this discrepancy.

were accepted, meaning the model can accurately predict between the hours of 10:00 and 20:00.
This suggests there may be another problem causing the discrepancy when the modelled
values are too high.

Next, we examine whether the azimuth angle used in the D&A model has any effect on
the radiances, which is shown in Figure 3.17a. The azimuth angle used in the D&A model is

not the “true” azimuth angle (based on the convention chosen by the Phoenix team), but the
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Temporal Distribution of Rejected Sequences
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Figure 3.16: Temporal distribution of the rejected SSI image sequences. The sequences
between the hours of 22:00 to 2:00 were rejected due to unrealistically low radiances, while
the others were rejected due to unrealistically high radiances.

difference between the solar azimuth angle and the SSI azimuth angle. Both the accepted
and rejected sequences are used in this figure to illustrate comparison. As seen in Figure
3.17a, the majority of the rejected SHMs have an azimuth angle of 45°, while a couple have a
solar azimuth angle around 90°. However, several of the accepted SHMs are also near the 45°
mark. Both the accepted and rejected ZMs have a larger spread in solar azimuth angle.

No certain claim can be drawn from observing the spread of azimuth angles, particularly
when it comes to the rejected ZMs, as they seem to be spread randomly. The large concen-
tration of rejected SHMs at 45° could suggest the model struggles to recreate the radiances
at this angle, but it may likely be the case that another issue is causing the high radiances,
and that a majority of SHMs were coincidentally taken with this azimuth angle, implying a
correlation that does not actually exist.

Next, we observe whether the dust opacity is causing the high radiances in the D&A

65



a) . D&A Model Azimuth Angle for Rejected and Accepted Sequences

85 175 - O ZMs (rejected)
) O SHMs (rejected)
c 1507 o ZMs (accepted)
< o o © SHMs (accepted)
g 125 .
£ 1001 0 Gy o o
= o
< 757 ©
[ ]
3 - 2w, TP F & 0 0@ o
= 251 8 o ©
3 o
Q T T T T T
60 80 100 120 140
Sol
b) Dust Optical Depths of Rejected Sequences
0.451 © 2ZMs

P o SHMs °o

45_ o]

8 0.40 - & o 4

© 0.351 00 o © o

= 0 o (s}

o 8 o o

S 0.30 1 g° o

0 o ©

S o®

0O 0251 o © o

o
o
0.20 T T

80 90 100 110 120 130 140 150
Sol

Figure 3.17: (a) The azimuth angle used in the D&A model as a function of mission sol
for both accepted and rejected images. While most rejected SHMs occurred at an azimuth
angle of 45°, many of the accepted images also occurred at this angle. (b) Dust opacity as a
function of mission sol for the rejected sequences. There does not appear to be any pattern
in the dust opacity resulting in radiances that are too high.

model. The dust optical depth of each rejected sequence is shown in Figure 3.17b. The dust
opacity is a particularly important variable because the amount of dust loading in an image

has a strong effect on the radiance. In Figure 3.17b, there is no pattern between the rejected
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images and the dust optical depth, with a range of values between 0.20 and 0.45.

Even without a correlation in Figure 3.17b, the dust opacity may play an important role
in the uncertainty. As mentioned in Section 3.1.3, the dust opacities from Tamppari et al.
(2010) were used to constrain the amount of dust in each image. The dust observations were
taken between 13:00 - 17:00 LTST, meaning the dust opacity may have varied in images taken
outside of these times. While the dust in Figure 3.2 remains largely consistent from sol-to-sol,
there has also been observations of dust opacity varying on shorter timescales within each sol
(Tamppari et al., 2010). If this is the case, it is possible that an overabundance of dust has
been added to some of the model runs, increasing the radiances in the D&A model compared
to what would is observed in the image.

It is unclear what factor is responsible for producing the high radiances in the D&A model.
In fact, it could be a combination of several factors. Another point to remark is that the
SHMs usually had an SSI elevation angle of ~10°, compared to the ZM SSI elevation angle
of ~83°. It is possible that the low elevation angle of SHMs, which ensures a longer path
length through the atmosphere, in combination with an inaccurate dust abundance, may be
leading to the model overestimating the radiances in the SHMs more often than the ZMs.

Methods to improve the uncertainties will be discussed in Chapter 5.

3.3.2 Comparison to Prior Studies

Figure 3.13 compares the water-ice opacities derived from Moores et al. (2010) with those
derived using the D&A radiative transfer method. As mentioned, the results are largely
similar, with the greatest deviation occurring in the hours before 10:00 LTST, where this
work shows higher opacities than Moores et al. (2010). Previous studies, including Chapter 2,
have shown that the clouds tend to be thickest throughout the night when the temperatures

are coldest (Dickinson et al., 2010). This method of finding the water-ice optical depth
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validates that conclusion, suggesting the D& A method better constrains the water-ice optical
depths, particularly during the time-frame between 2:00 to 10:00 LTST. However, while image
sequences were rejected when the solar elevation angle was too low using the D&A model,
the MFS method is able to find a lower limit in the opacity.

The visible opacities derived in this work are consistent with the thermal emission modelled
in Chapter 2. The clouds emit thermal radiation at temperatures that are expected due to
the temperature of the Martian atmosphere. Making a direct comparison between visible
opacity and thermal emission, as shown in Figure 3.14, allows us to directly assess the effect
of the clouds on the surface energy balance, and therefore, the weather and climate at the

Phoenix landing site.
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Chapter 4

Conclusions

This work analyzed the water-ice clouds above the Phoenix mission landing site by analyzing
their interaction with shortwave and longwave radiation. Firstly, in Chapter 2, by modelling
and comparing the 2 m atmospheric temperature to the data collected by the MET tempera-
ture sensor, the amount of radiative flux emitted by clouds toward the surface is modelled.
This allows us to put together a full record of clouds throughout the Phoenix mission, filling
in temporal gaps in the cloud record left by the SSI and lidar.

Longwave flux emitted from clouds is shown to increase through the night, typically
starting no earlier than 22:00 LTST and ending no later than 10:00 LTST. For the first 50
sols, the cloud emission is consistently under 10 W m~2 for a given night, with a few sols
showing no flux. Between sols 50 and 80, the frequency of nights with no cloud emission
reached a maximum. When clouds formed during this time, R is shown to become positive
only later in the night, when the air temperature is the coolest. From sol 90 onward, the
maximum cloud emission values are modeled, periodically reaching 20 W m~2 or more.

The additional flux supplied to the surface by the nocturnal clouds induces a thermal
effect, slightly warming the ground and overlying air. For most sols, the warming is between

1 and 3 K, with the highest warming of 8 K occurring at the end of the mission. Integrating
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the flux over each sol shows that the energy balance follows a typical seasonal pattern, as
the energy balance is dominated by the solar and outgoing longwave flux terms. However, R
is much more variable than other components of the energy balance, suggesting that cloud
formation is dictated by small-scale effects.

We explicitly link the optical depth of the clouds with their radiative contribution to the
surface energy balance. Comparing the cloud emission with water-ice optical depth values
from Dickinson et al. (2010), we show that a cloud with a higher optical depth radiates
more energy to the surface. By examining the time of day when the optical depth and R are
highest, it can be seen that clouds give off the most energy to the surface in the early morning
hours, around 4:00-6:00 LTST. Additionally, the cloud emission was further validated by
the retrieval of cloud temperature as a function of emission and water-ice optical depth.
Within error, each cloud temperature was within the expected temperature for the Martian
atmosphere.

In the visible wavelengths analyzed in Chapter 3, we used a D&A radiative transfer model
to constrain the water-ice content in SSI image sequences. This was achieved by adding in
dust and water-ice particles so that the modelled radiances matched radiances in the SSI
images. This allowed us to analyze the variability in water-ice optical depth, as well as
compare this method to prior methods.

The water-ice optical depths were observed in several wavelengths — 968 nm, 485 nm,
1002 nm, and 532 nm. The opacity, especially as observed in the ZMs, increased throughout
the mission, and the highest opacities occurred between the hours of 2:00 to 5:00 LTST. This
is consistent with the cloud emission results derived in Chapter 2.

Comparing the results derived using the D&A model in this work and the MFS procedure
used by Moores et al. (2010), the water-ice optical depths during the daytime are shown to
be consistent. The same increase toward the end of the mission is observed in both studies.

Differently, however, are the opacities between the hours of 2:00 to 10:00, where this work
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gives higher optical depths, while the MFS method gives lower optical depths. Unfortunately,
because the D&A model underestimates the radiances at low solar elevations, the opacities
between the hours of 22:00 to 2:00 cannot be compared.

Lastly, we analyzed several sources that may be causing the D& A model to return radiances
that are much higher than seen in the SSI images. The time of observation, azimuth angle,
and dust opacity were all explored, however one single variable could not be determined to be
the sole cause of the discrepancy. Because many more SHMs were rejected than accepted, it
is possible the model is struggling to recreate the radiances at the long path lengths observed
in the images. Future work will seek to correct the high radiances, resulting in more opacity

data throughout the Phoenix mission.
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Chapter 5

Future Work

There are several ways to expand the investigation into the interaction between water-ice
clouds and radiation. Firstly, it is crucial to extend this work globally. Both Chapters 2 and
3 focus on the water-ice clouds at the Phoenix landing site. As the most northern-based
lander, the Phoenix site offers a unique perspective on clouds in the polar region of Mars,
however, water-ice clouds form at many locations around the planet. Understanding the
microphysics of the clouds and their resulting effect on the weather, climate, and dynamics
of the atmosphere requires a larger, global picture.

One way to extend this work is to apply the techniques used at other landing sites that
have spacecraft with meteorological stations. Currently, an analysis into effects of longwave
radiation from water-ice clouds has been carried out at the MSL landing site in Gale Crater
(Cooper et al., 2021) and the Phoenix landing site, shown in Chapter 2. However, other
surface spacecraft, such as InSight and Mars 2020 (Perseverance Rover), also carry their own
meteorological stations, measuring, at minimum, the near-surface air temperature (Spiga
et al., 2018; Rodriguez-Manfredi et al., 2021). The record of air temperature recorded from
these missions can be used as in Chapter 2 to build a record of clouds.

The Mars Environmental Dynamics Analyzer (MEDA) on Mars 2020 may prove especially
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useful for expanding this work. MEDA contains several temperature sensors to monitor
the temperature at 0, 0.84, 1.45, and 40 m from the surface, with data acquired at a rate
of 2 Hz when commanded (Rodriguez-Manfredi et al., 2021). In addition, MEDA has a
Thermal Infrared Sensor (TIRS) to measure the downwelling and upwelling longwave radiation,
reflected shortwave radiation from the surface, among other properties. These quantities
are very useful for analyzing the radiative contribution of water-ice clouds. In Chapter 2,
the terms in the energy balance had to be modelled, introducing inherent uncertainty into
the calculation. Analyzing the downwelling longwave radiation received by TIRS with and
without clouds can give insight into the amount of radiation emitted toward the surface
empirically. In addition, combining the TIRS data with atmospheric images to calculate
water-ice optical depth, a direct comparison of water-ice optical depth and cloud emission can
be found. Lastly, this can be linked to the temperature data retrieved by the temperature
sensor to further constrain the impact of the water-ice clouds above the rover.

As mentioned in Section 3.3.1, further work is needed to constrain the water-ice optical
depths at Phoenix landing site. Only six SHMs were included in this work, meaning a great
deal of information about the water-ice clouds is missed due to problems in the analysis.
Firstly, the excessively high radiances need be addressed in future work. As mentioned, one
of the potential contributing problems to the high radiances may be due to the uncertainty
associated with the dust opacity, where image sequences taken outside of the 13:00 to 17:00
LTST range do not have an associated dust opacity and must be inferred. We can use the
bispectral nature of the SSI image sequences to address this concern.

Most of the SSI sequences were taken in the LC/RC and LB/RB image pairs, where
LB/LC are longer — and, therefore, redder — wavelengths than the RB/RC filters. Martian
dust appears brighter in red wavelengths compared to blue wavelengths, whereas water-ice
particles will have similar brightness in both red and blue. Using the LB/LC wavelengths,

dust particles can be added into the D&A model until the radiances match those in the
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redder filter. This can be used as a calibration step. Then, similar to before, water-ice
particles can be added in the bluer filter (RB/RC) to find the water-ice content. This is a
comparable process to before, but with the potential added benefit of calibrating the images
such that the radiances are not too high and the water-ice opacity can be found. If this is a
successful alteration to the methods, many more image sequences can be analyzed to get a
more complete picture of the water-ice optical depth. This is a feasible way to reanalyze this
work, but it would require a substantial amount of reworking.

Another avenue of future work is to explore the representation of water-ice in the D&A
model. Currently, water-ice particles are small, using Mie scattering to interact with the
incoming radiation. Here, it would be advantageous to adjust the size of the particles to
potentially better represent boundary layer clouds with larger particle radii (Whiteway et al.,
2009). This would be achieved using a Henyey-Greenstein scattering approach. Allowing
water-ice particle size to vary when matching the radiances may gave additional insight into
the microphysical properties of the clouds.

Like with the analysis of cloud emission at other landing sites, the opacity of clouds can
be studied by other surface spacecraft. This has been carried out at the MSL landing site
(Kloos et al., 2018), but other sites with cameras, such as InSight, are missing this data from
the surface that could help bring together a more global picture.

The most thorough understanding of water-ice clouds, and their effect on the climate
through radiative transfer, however, requires a substantial increase in surface operations.
While orbiters can cover a large surface area of the planet, the measurements are restricted
by both their orbits, constraining the time of day when measurements are made, and their
inability to resolve closely to the surface. Orbiters are not able to easily observe boundary
layer clouds, for instance. With the landers that have operated on Mars up until this point,
there remain large gaps in global coverage. For example, Spirit was the most southern-based

lander, with a latitude of only 14.56°S. Increasing the number of missions on the surface
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of Mars is essential for further understanding the climate and dynamics of the Martian

atmosphere.
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