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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 CO2, 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 (Martínez 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
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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” (Ls), which

indicates the position of the planet in its orbit around the sun. Conventionally, Ls = 0�

corresponds with northern vernal equinox, Ls = 90� is northern summer solstice, followed

by northern autumnal equinox and northern winter solstice at Ls = 180� and Ls = 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
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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 (Määttänen 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.

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/STScI

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
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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 Ls = 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 Ls = 150� and dissipate by Ls = 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 Ls = 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 (Sánchez-Lavega et al., 2018). An
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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 Ls = 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 (Sánchez-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: Sánchez-Lavega
et al. (2018)
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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 (Sánchez-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 (Martínez et al., 2017). Despite the Martian atmosphere

containing mostly CO2 – 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 (Savijärvi, 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
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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.

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
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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

dI� = �k�(s)�(s)I�ds+ k��(s)J�ds (1.1)

where k� is the extinction coefficient which represents both scattering and absorption,

�(s) is the density of the material along the path, I� is the spectral radiance, J� is the source

term representing the emission of radiation, and ds is the optical path. This equation can be

simplified to

dI�
ds

= �k�(s)�(s)(I� � 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

� =

Z s

s0

k�(s)�(s)ds

d� = k��(s)ds

(1.3)

and the Schwarzschild equation can be written as

dI�
d�

= �I� + J� (1.4)

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

dI�
d�

= �I�Z I

I0

dI�
I�

=

Z �

0

d�

ln
I

I0

= ��

I = I0e
��

(1.5)

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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