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Summary

Motivation for research on Martian mesospheric CO, ice clouds

Martian mesospheric CO, ice clouds are formed out of the main constituent of the Martian atmosphere:
CO, gas. The nature of these clouds is poorly understood, therefore, characterization of these clouds
in terms of particle morphology would give valuable insight into the Martian climate. So far, these CO,
clouds have only been detected from space. In this Master Thesis, feasibility of a surface-based obser-
vation strategy has been investigated to predict the flux and polarization signal of the CO, clouds, using
a Monte Carlo radiative transfer code. This code was coined PA3S, short for Polarized Atmospheric
Spherical Shell Simulation. Simulations with PA3S were performed mostly at three wavelengths in the
visible spectrum: 0.4, 0.6 and 0.8 um. This is because a surface-based instrument would have to
receive a sufficient amount of photons from the clouds, discouraging measuring in infrared.

Development and validation of PA3S code

Because measuring during twilight from the start seemed the most promising strategy, a plane-parallel
code was not deemed appropriate. PA3S uses spherical shells to simulate lighting conditions during
twilight. The code takes the full polarization state into account and allows for simulations of skylight
at several solar elevations in one run. The code has been made parallel with OpenMP for better
performance. Simulation output was verified using data of the well known single scattering Rayleigh
sky polarization portrait from literature, for example Horvath (2014) and Pomozi et al. (2001).

Required inputs for PA3S code

To predict the flux and polarization signal of the CO, ice clouds, the relevant constituents of that Martian
atmosphere that had to be included in the simulations, have been identified. Next to the CO, ice clouds
particles, these were CO, gas and dust. Optical constant of CO, gas were evaluated with Rayleigh
scattering theory. Martian dust optical constant were calculated with a combination of experiments
from literature. For the CO, ice clouds particles, a different approach was required since their shapes
and size are not known. Based on experiments of CO, ice crystal growth at Martian atmospheric
conditions (Mangan et al., 2017), three suggested shapes were considered: cubes, octahedra and
cube-octahedra. With the software package ADDA (Yurkin and Hoekstra, 2011), scattering matrices
for these shapes were calculated for various particle sizes and wavelengths. Subsequently, scattering
matrices of size distributions of these particles were calculated using a size distribution derived from
measurements by Maattanen et al. (2010).

Results generated with PA3S

Results have been generated with four combinations of constituents present. Firstly, only results with
CO, gas are shown to check if second order Rayleigh scattering neutral points occur on Mars. Sec-
ondly, simulation results with CO, gas and a cloud are given to examine the signal created by the cloud
particles. Thirdly, CO, gas and dust results are presented to assess the effect of the background dust.
Finally, results are shown with all constituents present: CO, gas, dust and a CO, ice cloud. These are
used to predict the flux and polarization signal of the CO, ice clouds.

Conclusions on feasibility of surface-based measurements

Firstly, simulation results with only gas showed that no second order Rayleigh scattering neutral points
are present in the Martian atmosphere. Furthermore, it was concluded that the influence of the dust
is critical, it obscures the clouds far more than the gas. Finally, simulation results suggest that the
CO2 clouds are not observable from the surface during the day, however, they are observable during
twilight. At low solar elevation angles, the degree of polarization of the cloud varies sharply between 0
and 20% in parts of the sky were a cloud is present and is discernible from the degree of polarization
of the background.



Vi 0. Summary

Advice on instrument design

Observation from the surface allows for detection of the cloud’s degree of polarization at a broad range
of scattering angles, which is advisable since it is useful for effective characterization of cloud parti-
cle morphology. PA3S simulations suggest that, even though the cloud is observable in the degree
of polarization in the twilight zone, the cloud signal consists of a relatively low flux. This has impor-
tant implications for the instrument design in terms of sensitivity and integration times, among other
factors.
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This figure illustrates the lighting conditions of the mesospheric clouds during twilight.
Because the Sun is below the horizon, skylight reaching a surface-based instrument
(mounted on a rover for example) is far weaker than during the day. During twilight the
measured light has travelled a long way through the atmosphere and has been scat-
tered by gas and dust, while the high-altitude clouds still receive some direct light that
has travelled through the thin high atmospheric layers. Polarization of the light coming
from the clouds will be distinct from the light polarized by the gas and dust. [credit: N.
Hadzisejdic] . . . . . . . . . e
Figure from Vincendon et al. (2011). Left image is a RGB color composite of CRISM ob-
servations. The right image, also a composite image, is an observation by the Pathfinder
lander camera of a cloud at sunrise, often thought to be a CO, cloud. The right image
could also be a much more common H,O ice cloud, the image is originally from Clancy
and Sandor (1998). There seems to be a similarity in structure of the clouds, the similar
blue colors of the clouds might be coincidental since the RGB coloring schemes have
beendoneseparately. . . . . . ...
Figure from Spiga et al. (2012). The left plot shows a temperature profile of a slice
of atmosphere at the equator generated with a global circulation model. The profile
results from a simulated troposheric gravity wave. The right plot shows a slice of the left
plot (near the center) at several moments in time. The dashed line represents starting
conditions, the solid line is the predicted profile after 2 hours, the orange envelope is
from several moments in a 3 hour interval after the start. The dotted line is the CO,
condensation profile from Washburn and West (1948), it is visible that there are moments
when condensation conditionsaremet. . . . . .. .. L oL Lo
This figure is generated with a general circulation model of the Martian atmosphere by
Spiga et al. (2012). The color coded quantity is log;,(S), where S is the so-called sat-
uration index, representing the ratio between the gravity wave amplitude and the am-
plitude at which the wave breaks (saturation amplitude). White-blue zones represent
areas where S is small enough and therefore gravity wave activity is likely. In red-pink
zones S is too large and gravity wave activity is unlikely. The zones are overlaid with
black squares representing locations of real mesospheric cloud observations. A clear
correlation is visible between the black dots and white-blue zones. . . . . . . .. .. ..
Figure from Maattanen et al. (2010) showing optical thickness (top) and effective par-
ticle radii (bottom) of two mesospheric CO, ice clouds, determined from two OMEGA
observations on board of the Mars Express. . . . . . ... ... ... .. .........
Figure from Mangan et al. (2017) depicting the relation between the three suggested
CO, ice crystal shapes: cubic (5 and 6), octahedral (1 and 2) and cube-octahedral (3
and 4). Different growth speeds of the face families (see Figure 1.7) result in cubes or
octahedra, roughly equal speeds result in cube-octahedra . . . . . ... ... ... ...
Figure from Mangan et al. (2017) showing the two families of faces, {111} and {200} on
a crystal that currently has a cube-octahedron shape. Faster growth of the {111} family
compared to that of the {200} family results in a cube shape (sub-figures 5. and 6. in
Figure 1.6). In the reversed situation, the resulting shape is an octahedron (sub-figures 1.
and 2. in Figure 1.6). Roughly equal growth rates of the faces produce cubo-octahedra
(sub-figures 3. and 4.). . . . . . ..
Figure from Haberle et al. (2017, p. 107) showing the radiation budget of the Martian
atmosphere. Main constituents that influence temperature are CO, gas, dust particles
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3.1

This figure schematically summarizes the main concepts described in this chapter that
are fundamental for the functioning of the PA3S code. Yellow arrows represent photon
packets, the width of the arrow represents the total amount of flux. The code takes the
full polarization state of light into account described by the Stokes parameters (Section
2.1). Single scattering (Section 2.2) is dictated by three quantities: 1) optical thickness,
7, influences the path lengths between interactions 2) single scattering albedo, a, de-
termines the ratio of light that is scattered vs. absorbed : 3) scattering matrix, P(6),
determines the direction of scatter, 8 (and ), not depicted) and the polarization state
after scattering. Three different types of scatterers (justified in Section 2.3) are featured
in the code: CO, gas (Section 2.4), Martian dust (Section 2.5) and CO, ice (Chapter 3). 9

Depictions of linearly, circularly and elliptically polarized light waves. Figure from Nave,
C.R.(2017). . . 10

Geometric depiction of polarization from Hansen and Travis (1974). Values a and b are
the semi-major axis and semi-minor axis, respectively. Angle y is the orientation of the
ellipse. . . . . 11

Figure adapted from Zhao et al. (2018) (a few variable and axis names have been
changed), showing the electric field vector £ and angle of polarization, y, at one point
observed in the sky. In this plot y, is defined with respect to the local meridian of the
observed point P. If the incoming light at P has scattered only once, the plane containing
P and S is referred to as the scattering plane and 6 is the scatteringangle.. . . . . . .. 12

Figure from Kislat et al. (2015) showing the conventions for positive and negative Q, U
and V. . . 13

Scattering matrix elements of CO, gas and Martian dust. The near isotropic scattering
behaviour of Rayleigh scattering is visible in the phase function (P,,) of the CO, gas. In
contrast, the Martian dust phase function exhibits very strong forward scattering. Ele-
ments P,,, Ps3, P4, P, and P, are normalized by P;;. Element P, represents the single
scattering degree of linear polarization. For CO, gas the well-known Rayleigh linear po-
larization pattern is visible in P;,. This pattern results in the single scattering Rayleigh sky
in an atmosphere dominated by gas scattering with little multiple scattering, see Figures
4.14 and 4.15 for a visual of this pattern in the sky. The pattern is used for validation of
the code, detailed in Section 4.6. Ten elements of the scattering matrices are not plotted,
two of these are not independent (P,; = P,, and P,; = P;,) and eight are zero (P53, P4,
Py3, Poy, Py, Py, P4y @nd Py, see Equation2.14). . . . . . ..o 18

Figure from Smith et al. (2013) showing the vertical distribution of dust in terms of mix-
ing ratios, n;. Optical thicknesses have been calculated from mixing ratio profiles with
Equation 2.24. The observations were done by the CRISM instrument on board the Mars
Reconnaissance Orbiter. . . . . . . . . . . . ... 18

Extinction coefficient Q.,; and single- scattering albedo @&, (ag4ys: in this research) for
dust (water ice also given) in part of the visible and near infrared. Leftmost values are at
400 nm. Unlike for CO, gas, absorption by Martian dust is not negligible and is therefore
taken into account in the code. Values for a at wavelengths 0.4, 0.6 and 0.8 um are
taken as: ag4 = 0.81, ag¢ = 0.92 and ay g = 0.97. Figure is taken from Smith et al. (2013). 19

Figure from Montabone et al. (2011). Total dust optical thickness (vertical) of the atmo-
sphere from five data sets at Meridiani Planum on Mars. Infrared observations were
converted to their visible equivalent. . . . . . . ... ... ... L L L 19

Figure from Yurkin and Hoekstra (2011) schematically showing the computational grid.
In this 2D projection of the grid, a sphere is approximated with boxes containing dipoles,
boxes with dipoles are gray, void boxes are white. . . . . . .. ... ... 22
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3.2 Figure from Yurkin and Hoekstra (2014) showing the applicability of ADDA for spheres
of different size parameter x and refractive index m. (a) The gray region signifies a
region of incomplete convergence, lower left region is complete convergence, dashed
lines represent memory requirements. The simulations we ran were done for fifteen x
values ranging uniformly between 7.8 and 47.3 with m = 1.41 (justified in Section 3.5) for
nearly all runs, mostly fitting well within the convergence region. To assure convergence
for simulations with size parameters 42.3 and 47.3 a slightly lower m was taken: 1.38.
(b) Approximate total walltime (elapsed real time) for different combinations of x and m
using 64 processors. The simulations we performed for m =~ 1.4 (black dots) matched
quite well with the estimates in thisfigure. . . . . . . . .. ... ... ... .. ......

3.3 Approximation of a sphere with boxes containing dipoles, left plot is for grid size 20 x
20 x 20, right plot for 100 x 100 x 100. Larger grid sizes approximate the shape more
accurately. Figure generated with LiteBil software developed at the Laboratory of Paper
Coating and Converting at Abo Akademi University (Laboratory of Paper Coating and
Converting at Abo Akademi University). . . . . . . ... ... ... ... .........

3.4 Comparison between an ADDA run using spheres and Mie computation based on De Rooij
and Van der Stap (1984). The ADDA run was with a 16 X 16 x 16 grid size, both plots
are for a size parameter of 4.7 and a real refractive index of 1.33 (imaginary refractive
index is zero). These results were used to test for proper use of the ADDA software. The
results show a good match, note the opposite sign of P, caused by different conventions
for the time dependent part of the harmonic electric field, explained in Section 3.3. . . .

3.5 Left: Measurements of the real refractive index of CO, ice at visible wavelengths from
several studies compiled by Warren (1986). Right: Measurements of the imaginary re-
fractive index of CO, ice at visible wavelengths found by Egan and Spagnolo (1969),
figure is presented in Warren (1986). . . . . . . . . . . . . ... ...

3.6 Comparison of ADDA runs for cubes, x = 17.5, with n; set to zero and with a small n;
corresponding roughly to the value (2-10~>) measured at a wavelength of 1 um by Egan
and Spagnolo (1969), see the left plot in Figure 3.5. The two sets of plots completely
overlap, this indicated that n; could be set to zero in the visible spectrum. . . . . . . ..

3.7 Cube-octahedron shape, downloaded shape object file from GrabCad (2019), shape file
created with pip and plot generated with LiteBil software (Laboratory of Paper Coating
and Converting at Abo Akademi University). . . . . .. . ... ... ... .........

3.8 Scattering matrix elements for a size distribution of cubes. Results were generated by
interpolating between sets of ADDA outputs for cubes calculated at different size param-
eters and applying Equation 3.8, explained in Section 3.6. Range of equivalent particle
radii of the distribution is 1-3 um. Wavelengths considered are 0.4, 0.6 and 0.8 um.
Corresponding size parameter ranges are 15.7-47.3 (0.4 um, blue), 10.5-31.4 (0.6 pum,
green)and 7.8-23.6 (0.6 um, red). . . . . . . ...

3.9 Same as Figure 3.8 but for a size distribution of octahedra. . . . . . .. ... ... ...
3.10 Same as Figure 3.8 but for a size distribution of cube-octahedra. . . . . . ... ... ..

3.11 Comparison of scattering matrix elements for log-normal size distributions of spheres
and cubes for equivalent volume radii between 1 and 3 um, median radius 2.2 pm.
Results are for a wavelength of 0.8 um, corresponding to size parameters x between
7.8 and 23.5. Results for several size parameters were generated with ADDA, the de-
tailed method is described in Section 3.6. Cubes are represented by the blue lines and
spheres by the red lines. Both shapes show strong forward scattering and weaker back-
scattering, however, spheres exhibit clearer peaks in the phase function whereas cubes
results in a smoother phase function for 8 between 50° and 130°. Also spheres show a
sharp valley and peak at low scattering angles in the linear polarization (P;,). . . . . . .

4.1 Schematic 2D depiction of a code setup with three layers and a cloud present. The cloud
is represented by the thick black arc in the third layer. Three detectors (black dots) have
been placed on the planet surface. The incident sunlight is shown in the top left.
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4.2 Figure showing the setup of the disk containing the point sources representing sunlight.
Number and location of sources is adjustable by constraining their allowed x- and z-
coordinates in the sources disk. This is to shorten run-times when only a select number of
detectors is of interest. In this figure nine detectors are visible on the planet. The sources
disk can be thought of as the 2D projection of the planet sphere (with atmosphere).
Photons are by default released in a direction parallel to the y-axis: dir, = [0,1,0].
Released photons are unpolarized: I, =[1,0,0,0]. . . . . . . . ... ... ... .....

4.3 Depiction of nine detector cells on the planet surface. In the congruent detector mesh,
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4.10 Figure showing the scattering angle, 6, and azimuthal angle of scattering, . These
angles determine the scattered direction. . . . . . . ... ... .. ... o L.

4.11 Figure from Hovenier and Van der Mee (1983), the xyz-frame is centered around the
scattering volume at O, direction of incident light is OP,, direction of scattered light is
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azimuth ¢, right figure shows the opposite situation. The Stokes vector has to be rotated
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4.12 Schematic depiction of a photon interacting with a cloud. At A this cloud shell element

is depicted with the curved, thick, blue line. The long dashed lines are layer boundaries.
Two conditions are needed for a photon to hit a cloud: 1) the photon intersects a sphere
with the cloud radius 2) this intersection is within the cloud latitude-longitude range. If
the photon hits the cloud, locally the cloud is assumed to be flat with a certain thickness
tc, see B. The light blue point is the cloud intersection, p;s;, the entry angle acyry, is
calculated by finding the angle between the vectors p;s.; and dir. Then the maximum
path through the cloud is d;qx = tc/c0S @enery- If @ generated path length L (using the
cloud optical thickness and the method from Subsection 4.3.2) is smaller than d,,,,, the
photon is scattered in the cloud, otherwise the photon passes through the cloud. . . . .

4.13 Total run time of PA3S code plotted against total number of photons. Plots are given for
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not increase monotonically with total number of photons because it is also influenced
by other factors. Most notably, run times also increase with increasing optical thickness
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tations resulting from single Rayleigh scattering are depicted, the E-vector orientations
form concentric circles centered around the Sun and anti-Sun. Subfigure b shows the
angle of polarization (AoP) pattern. The AoP is defined with respect to the solar meridian
in this figure (convention 1 in the text). For instance, in red regions the E-vectors are
oriented perpendicular to the solar meridian. In ¢ the degree of polarization (DoP) is pre-
sented. The DoP is minimum at the Sun and anti-Sun and maximum at 90° away from
the Sun and anti-Sun, this is a manifestation of element P, of the Rayleigh scattering
matrix depicted in Figure 2.6. Comparing the plots in a and b for the three different solar
elevations, it is clear that the concentric circles follow the Sun across the sky, causing
the patternstochange. . . . . . . . . .. ..

4.15 Figure by Pomozi et al. (2001) showing the angle of polarization (AoP) and degree of

polarization (DoP) patterns of the sky dome in a 2D projection for several solar elevation
angles. 90° elevation is in the middle of each plot, note the changing position of the black
dot representing the Sun. The DoP is minimum at the Sun and anti-Sun and maximum at
90° away from the Sun and anti-Sun, this is a manifestation of element P,, of the Rayleigh
scattering matrix depicted in Figure 2.6. The neutral points (points with minimum DoP)
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with a solar elevation of 1.5°. Simulations were done with only CO, gas present, no
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(bright dot in the West). Top right: degree of polarization, the pattern matches the
patterns presented in Figures 4.14 and 4.15 with the maximum DoP at 90° from the Sun.
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5.1

Output of a Python script complementary to the main PA3S code, used for the visual-
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tion of a cloud (white dots) and the extent of the photon point sources for this simulation
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and a constrained sources disk to reduce unnecessarily long simulation times. . . . . .
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The figure serves to demonstrate the patterns in flux, the DoP and the AoP caused by
the CO, ice particlesinthe sky. . . . . . . . . . . . . L

56



List of Figures

XV

5.7

5.8

5.9

Flux results for simulations without clouds with a fairly heavy dust loading. The left set
of plots is in blue (0.45 um), the right set of plots is in red (0.68 um). From top to bottom
the solar elevation angles of the plots are: 30°, 15°, 0° and -7.5°. Both simulations were
done with the same number of photons and with the same dust mixing ratio profile, see
Section 2.5. However, because of the different Q.. of the two wavelengths, (see Figure
2.8) the optical thicknesses resulting from Equation 2.24 will not be equal. Red light will
scatter more often than blue light, T¢o¢ piye = 0.426, Trorreq = 0.500. Also, blue light is
absorbed more than red light, ay;,. = 0.8, a,.q = 0.97. These wavelength dependencies
of dust optical thickness and single scattering albedo cause the Martian atmosphere to
be brighter in red than in blue. However, at low solar elevation angles, the prevalence of
red over other wavelengths (especially blue) is weaker in the area near the Sun, causing
the Martian sunset to be a bluish white. The effect is very faintly visible in this figure.
Because a logarithmic scale is used, flux values at the same order of magnitude are
mapped to similar color values rendering the right set of plots only slightly brighter than
the left set. See Figure 5.8, which is a composite image made from blue, green and red
channels where the aforementioned effect is better visible. . . . . ... ... ... ...

Composite image made by combining three channels: 0.45 pm (blue), 0.55 um (green)
and 0.68 um (red). The top plot is at lower dust loading, roughly for z;,; = 0.2 and the
bottom plot is for 7;,; = 0.4. Actually t;,; is different for each wavelength resulting in the
reddish color. The Sun is obscured more by a bright haze in the bottom plot. Whitening
of the area around the Sun is clearly visible, due to the presence of more blue and
green light coming from these directions compared to other parts of the sky. However,
no bluish color is visible, this is probably because the wavelength dependence of the
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left), no cloud is visible. In the DoP a barcode-like cloud signal is visible along the solar
meridian from 60° elevation in the Western sky until roughly 50° elevation in the Eastern
sky. At some parts of the sky along the solar meridian, the cloud DoP depolarizes the
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Introduction

On Mars, an exotic type of clouds exists: high-altitude mesospheric CO, ice clouds. These clouds are
formed by condensation of CO, gas, which is the main constituent of the Martian atmosphere. Numer-
ous analyses have been done on observations from orbiters of these mesospheric clouds (see, among
others Montmessin et al., 2007, Maatténen et al., 2010 and McConnochie et al., 2010). In contrast,
this research is based on a surface-based observation strategy to deduce cloud particle morphology,
specifically during twilight. Lighting conditions during twilight are possibly ideal for observation of the
thin clouds since the high-altitude clouds (above 70 km) still receive direct sunlight while the remaining
skylight is scattered light. Also, when observing from the surface during twilight, there is no signal from
the ground that could obscure the cloud signal. This is illustrated in Figure 1.1. From this context the
research goal arises; simulation of the observed signal for different atmospheric conditions to serve as
a feasibility study and as input for instrument design. During twilight, all light observed by an instru-
ment from the surface is light coming from the Sun under the horizon. This means that the common
plane-parallel atmosphere assumption is not valid. In this research the twilight illumination conditions
are simulated with a Monte Carlo radiative transfer code set in a spherical shell atmosphere model.
For the purpose of shorter notation, the mesospheric CO, ice clouds will often simply be referred to as

CO, ice clouds in this text.
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Figure 1.1: This figure illustrates the lighting conditions of the mesospheric clouds during twilight. Because the Sun is below the
horizon, skylight reaching a surface-based instrument (mounted on a rover for example) is far weaker than during the day. During
twilight the measured light has travelled a long way through the atmosphere and has been scattered by gas and dust, while the
high-altitude clouds still receive some direct light that has travelled through the thin high atmospheric layers. Polarization of the
light coming from the clouds will be distinct from the light polarized by the gas and dust. [credit: N. Hadzisejdic]



2 1. Introduction

1.1. Current knowledge on mesospheric clouds

The presence of CO, ice clouds on Mars is a rare situation in our Solar System in which a major gas
constituent of an atmosphere condenses into clouds. In contrast, on Earth, clouds are made of water
droplets or water ice, instead of the main constituents of Earth’s atmosphere: nitrogen and oxygen.
Mesospheric CO, clouds are a distinct type of Martian CO,, clouds that are found at equatorial latitudes
and high-altitudes. See Figure 1.2 for a composite image confirmed to be a mesospheric CO, cloud
detected from orbit by the CRISM instrument, and for a composite image of a cloud presumed to be
a mesospheric CO, cloud, taken from the Martian surface by the Pathfinder lander. The latter could
also be a picture of an H, O ice cloud, which are much more common. The CO, ice clouds have been
the subject of substantial research over the years, but the characteristics and formation processes of
these clouds are not yet fully understood.

75 i

Figure 1.2: Figure from Vincendon et al. (2011). Left image is a RGB color composite of CRISM observations. The right image,
also a composite image, is an observation by the Pathfinder lander camera of a cloud at sunrise, often thought to be a CO,
cloud. The right image could also be a much more common H,O ice cloud, the image is originally from Clancy and Sandor
(1998). There seems to be a similarity in structure of the clouds, the similar blue colors of the clouds might be coincidental since
the RGB coloring schemes have been done separately.

Surface and atmospheric temperatures were long considered to be too warm for CO, condensation
conditions except at high latitudes during Martian fall/winter (Clancy and Sandor, 1998). However, in
1970 the occurrence of such clouds in the mesosphere (>40 km) at low latitudes was first suggested
by Herr and Pimentel (1970) based on infrared spectra from Mariner 6 and 7, in which they observed
an emission spike at 4.3 um, suggestive of CO, ice. Montmessin et al. (2006) found the first direct
observation of the clouds by analyzing stellar occultations recorded by SPICAM on board of the Mars
Express. Most sources agree that the mesospheric clouds are composed of CO, ice (Clancy and
Sandor, 1998; Gondet et al., 2007). Clancy et al. (2007) detected mesospheric clouds at 60-80 km
altitudes primarily near the equator.

Seasonal and longitudinal variations in the number of occurrences of mesospheric CO, clouds were
also found in the study by Clancy et al. (2007). Spiga et al. (2012) state that mesoscale gravity waves
have an important part in forming mesospheric cold pockets where temperatures are sufficiently low for
CO, to condense into clouds. They use a global circulation model to show that gravity waves originat-
ing in the troposphere can produce these cold pockets, see Figure 1.3 from Spiga et al. (2012). Figure
1.4 by Spiga et al. (2012), also generated with their model, illustrates a clear correlation between occur-
rences of mesospheric clouds and zones with gravity wave activity, possibly explaining the longitudinal
variations showed by Clancy et al. (2007). Spiga et al. (2012) also state that presumed gravity wave
sources, found only within + 25° latitude in the troposhere by another study (Creasey et al., 2006),
could explain the latitudinal constraints of the mesospheric clouds.

Analysis by Maattéanen et al. (2010) suggests that it is very unlikely that the CO,, clouds are formed by
homogeneous nucleation (phase transition without preferred nucleation sites) and that heterogeneous
nucleation is very likely. An important question then is which materials act as condensation nuclei at
these high altitudes. Are very small dust particles lifted by some process high enough to form clouds at
altitudes above 70 km, or are clouds formed around meteoric dust particles just like some high-altitude
clouds on Earth? A recent study (Hartwick et al., 2019) states that when they include meteoric smoke
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Figure 1.3: Figure from Spiga et al. (2012). The left plot shows a temperature profile of a slice of atmosphere at the equator
generated with a global circulation model. The profile results from a simulated troposheric gravity wave. The right plot shows a
slice of the left plot (near the center) at several moments in time. The dashed line represents starting conditions, the solid line is
the predicted profile after 2 hours, the orange envelope is from several moments in a 3 hour interval after the start. The dotted
line is the CO, condensation profile from Washburn and West (1948), it is visible that there are moments when condensation
conditions are met.

in their general circulation model, they see water ice clouds forming above 30 km altitude. This result
is consistent with observations (Smith et al., 2013), while other models have difficulty reproducing the
occurrence of water ice clouds at altitudes above 30 km. According to Hartwick et al.: "The MAVEN
(Mars Atmosphere and Volatile Evolution) satellite has detected pervasive ionized metallic layers due
to meteor ablation at an 80-90 km altitude, which suggests a continuous supply of meteoric smoke
particles that settle to lower altitudes.” Possibly, mesospheric CO, clouds (above 70 km) also form
around meteoric nuclei or other interplanetary dust particles.

Maattanen et al. (2010) state that most of the mesospheric CO, clouds are cirrus-like clouds, which are
thin and sheet-like, in contrast to cumulus clouds which are fluffy. This study presents observations of
the CO, clouds by two instruments on the Mars Express, OMEGA and HRSC. About 15% of OMEGA
observations show large cumulus-like clouds, the rest are cirrus-like clouds. HRSC observation mostly
showed cirrus-like clouds. The cumulus-type clouds are thought to possibly be up to 10 km in vertical
extent, a value that matches analysis of data from stellar occultations with SPICAM by Montmessin
et al. (2006) and analysis of cloud shadows by Montmessin et al. (2007). According to Maattanen et al.
(2010), the presence of the cumulus-type clouds in the mesosphere points to the possible existence
of mesospheric convection on Mars. They propose two explanations for the existence of the two cloud
types. The first explanation is that the clouds are two different stages of the same cloud, cumulus clouds
are young mesospheric clouds and cirrus clouds are their older remains. The second explanation is that
the two cloud types are formed under different conditions, possibly also following a different nucleation
process.

Various crystal sizes have been proposed for the CO, ice cloud particles. Isenor et al. (2013) reviewed
several studies and found the size estimates presented in Table 1.1. According to Montmessin et al.
(2007), the found crystal sizes are unexpectedly high for mesospheric altitudes, implying the presence
of atmospheric updrafts in the mesosphere that are strong enough to prevent the particles from falling.
These updrafts can be linked to the suspected existence of mesospheric convection and cumulus-type
clouds mentioned earlier. All the size estimates in Table 1.1 have been derived assuming Mie theory: a
theory that assumes spherical particles. However, there is no indication that the crystals are spheres.
A recent study (Aoki et al., 2018) poses that the features they found in spectra of the CO, clouds,
observed by the Planetary Fourier Spectrometer on the Mars Express, could not be reproduced with
Mie theory.

Cubic, octahedral and cubo-octahedral crystal shapes are more likely according to Mangan et al.
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Figure 1.4: This figure is generated with a general circulation model of the Martian atmosphere by Spiga et al. (2012). The color
coded quantity is log,,(S), where S is the so-called saturation index, representing the ratio between the gravity wave amplitude
and the amplitude at which the wave breaks (saturation amplitude). White-blue zones represent areas where S is small enough
and therefore gravity wave activity is likely. In red-pink zones S is too large and gravity wave activity is unlikely. The zones are
overlaid with black squares representing locations of real mesospheric cloud observations. A clear correlation is visible between
the black dots and white-blue zones.

Table 1.1: Comparison of several size distributions of mesospheric cloud particles found in literature. All studies mentioned in
this table assumed Mie theory is applicable, i.e the particles are homogenous spheres.

study size estimate analyzed observations

Montmessin et al., 2006 <100 nm SPICAM UV spectrometer data

Vincendon et al., 2011 0.5-2 um CRISM and OMEGA near-IR data

Clancy and Sandor, 1998 0.1-0.3 um Pathfinder lander images, Mariner 6 and 7 IR data
Montmessin et al., 2007 1-2 um OMEGA visible and near-IR spectrometer data
Maattanen et al., 2010 1-3 um OMEGA visible and near-IR spectrometer data

McConnochie et al., 2010 0.1 or1.5um  THEMIS-VIS (visible imaging subsystem) data

(2017). In this study, CO, crystals were created by depositing CO, gas in a temperature and pres-
sure environment comparable to that of the mesosphere of Mars. The relationship between the three
shapes is evident from Figures 1.6 and 1.7 by Mangan et al. (2017). According to the study, the crystal
faces can be grouped into two families; the {111}-family and the {200}-family, see Figure 1.7. Different
growth speeds of the faces lead to either cubes (sub-figures 5. and 6. in Figure 1.6) or octahedra (sub-
figures 1. and 2.), similar growth speeds result in a cube-octahedron (sub-figures 3. and 4.).

Understanding the mechanism behind the condensation of the main component of the Martian at-
mosphere in high-altitude clouds will expand our knowledge of the CO, cycle and more broadly, the
Martian climate. Figure 1.8 (Haberle et al., 2017) presents an overview of the radiation budget in the
Martian atmosphere, showing the main interactions between light and atmospheric constituents, it is
clear that clouds play a significant part in the radiation budget. According to Montmessin et al. (2007)
,the CO,, cycle has a significant influence on the climate of Mars. For example, formation of CO,, frost
on the Martian surface can produce seasonal mean surface pressure variations of more than 30%,
a part of this frost is due to direct deposition and some of it is caused by precipitation resulting from
cloud formation. The exact contribution due to precipitation is unknown. Montmessin et al. (2007) also
mention that the condensation of clouds particles from the main constituent of an atmosphere, results
in microscopic pressure gradients, differing from the diffusion-driven growth that dominates on Earth,
Titan, Venus and in the formation of Martian water ice clouds.

The mesospheric CO, clouds have exclusively been observed with limb measurements, which prac-
tically allows for detection at small scattering angles (forward-scattering) and large scattering angles
(backward-scattering). Detection over a broad range of scattering angles is of interest because it is
easier to deduce particle shapes (Hansen and Travis, 1974). In turn, information on particle shapes
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Figure 1.5: Figure from Maattanen et al. (2010) showing optical thickness (top) and effective particle radii (bottom) of two meso-
spheric CO, ice clouds, determined from two OMEGA observations on board of the Mars Express.

can shed light on cloud formation conditions and identification of condensation nuclei. Detection at
a broader range of scattering angles from space is technically possible, but it is complicated by con-
straints an orbit might put on the viewing geometry and on illumination conditions. An option could be
to place a satellite in an orbit over the twilight zone. However, this is very unusual and would probably
require an orbit designed specifically for this purpose. Furthermore, from space, light reflected by the
surface can obscure the cloud signal when the clouds are not observed in the limb. Unlike space-based
observations, surface-based observations can detect the clouds from a broad range scattering angle
more easily. This is possible when a cloud passes over or when a cloud large in horizontal extent is
overhead. The mesospheric CO, ice clouds are usually stretched out in East-West direction (Haberle
et al., 2017), meaning that the same cloud could potentially be detected at a broad range of scattering
angles under the same lighting conditions. For this purpose, an instrument like FlySPEX (Snik et al.,
2016) is especially interesting because it can detect most of the sky at once.

1.2. Research objectives and motivation

The aim of this research is to contribute to the current knowledge of the Martian atmosphere. Char-
acterization of mesospheric CO, ice clouds could increase insight into the formation conditions and
formation processes. Present-day strategies for characterization have shown to be insufficient. A dif-
ferent strategy is suggested: observing the flux and polarization signal of mesospheric clouds from
the Martian surface during twilight. Particularly the polarization signal can offer insight into cloud par-
ticle morphology. Lighting conditions could be optimal during twilight because of the lack of strong
atmospheric and surface signals, see Figure 1.1. This scenario is comparable to that of noctilucent
clouds on Earth (thin high atmosphere clouds), which are only visible to the naked eye during twilight.
An instrument like FlySPEX, developed as a collaborative effort by several Dutch organisations (Snik
et al., 2016), could be an interesting candidate. This research investigates the feasibility of a surface-
based approach and aims to supply data for proper adaptation of an instrument to such an observation
strategy.
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Figure 1.6: Figure from Mangan et al. (2017) depicting the relation between the three suggested CO, ice crystal shapes: cubic
(5 and 6), octahedral (1 and 2) and cube-octahedral (3 and 4). Different growth speeds of the face families (see Figure 1.7) result
in cubes or octahedra, roughly equal speeds result in cube-octahedra

Figure 1.7: Figure from Mangan et al. (2017) showing the two families of faces, {111} and {200} on a crystal that currently has
a cube-octahedron shape. Faster growth of the {111} family compared to that of the {200} family results in a cube shape (sub-
figures 5. and 6. in Figure 1.6). In the reversed situation, the resulting shape is an octahedron (sub-figures 1. and 2. in Figure
1.6). Roughly equal growth rates of the faces produce cubo-octahedra (sub-figures 3. and 4.).

From this context the research objective arises. The objective of this research is to predict the flux
and polarization signals of mesospheric CO, ice clouds as observed from the Martian surface during
twilight for different atmospheric conditions, using a spherical shell radiative transfer code. The effects
of the main constituents of the Martian atmosphere on the observations and on the skylight polarization
in general during both day and twilight will also be investigated. As a secondary priority, this research
aims to deliver a radiative transfer model that can adequately model the scattering of polarized light in
atmospheres and/or lighting condition where sphericity is non-negligible.

The scope of the research will be limited to making predictions of the signals. No conclusions will be
made on what various results could mean in terms of cloud formation conditions and formation pro-
cesses. Consequently, no conclusions will be made regarding the influence of hypothetical formation
conditions and processes on atmospheric models. The main goal is modelling skylight polarization sig-
nals that can indicate what kind of instrument and observation strategy could accurately characterize
the mesospheric clouds. Our results can be used to investigate the required instrumental design. In this
research, no definite conclusions will be made regarding the feasibility of a surface-based observation
strategy and no conclusions will be made regarding the instrument design.
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Figure 1.8: Figure from Haberle et al. (2017, p. 107) showing the radiation budget of the Martian atmosphere. Main constituents
that influence temperature are CO, gas, dust particles and clouds.

1.3. Simulation approach

The code developed and used to simulate skylight during twilight on Mars is named PA3S (Polarized
Atmospheric Spherical Shell Simulation) and is a Monte Carlo simulation. A Monte Carlo simulation
repeats a stochastic experiment multiple times, constantly sampling from a probability distribution. The
aim of such a code is to accurately simulate the underlying processes that shape the problem. In this
case the experiment is a photon packet (often referred to as a photon) travelling through an atmosphere.
The photon is released from a source, it propagates through the planetary atmosphere until it interacts
with gas, dust or cloud particles. Interaction constitutes scattering or absorption, and this goes on
until the photon escapes the atmosphere, is completely absorbed or arrives at a detector. We include
numerical detectors on the Martian surface to store the photon’s Stokes vectors. This experiment is
repeated numerous times.

A drawback of a Monte Carlo approach is that a lot of experiments (photon paths) are necessary before
strong fluctuations in the output due to random sampling errors are at an acceptable level. This large
number of photon paths can result in long computation times. However, a huge advantage of this
method is the flexibility. As mentioned earlier, for twilight illumination conditions, assuming a plane-
parallel atmosphere is unacceptable since the Sun is below the horizon, see Figure 1.1. Introducing
a spherical geometry would greatly increase the complexity of multiple scattering methods like the
doubling or adding method (Hansen and Travis, 1974; de Haan et al., 1987). With a Monte Carlo
simulation, a photon path can be seen as successive single scattering events. Furthermore, an arbitrary
amount of layers, photon sources and detectors can be added and the sources and detectors can
be moved around to simulate various lighting conditions. Also, the layers can be filled with a region
containing atmospheric constituents differing from the otherwise homogeneous layer, simulating the
presence of a cloud.

The code takes the full polarization state into account. It is possible that the clouds are not visible in
the flux because of the presence of dust. However, they could still be visible in the polarization signal.
Polarization by the mesospheric clouds will be distinct from the signal coming from light scattered
by gas and dust. Also, the polarization signal of a cloud could be very useful for characterizing the
morphology of the particles that constitute the cloud. This research focuses on scattered sunlight
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and therefore visible wavelengths. A surface-based instrument will need to receive enough photons
meaning that measuring in the infrared is not practical. Measuring in the infrared is further discouraged
by the fact that the larger the wavelength is with respect to particle radius, the less useful information
can be deduced from the scattered light. Simulations of the code are done at three wavelengths in the
visible spectrum: 0.4, 0.6 and 0.8 um.

1.4. Report structure

Chapter 2 deals with the basics of radiative transfer and single scattering theory in the Martian atmo-
sphere. The chapter also describes the main scatterers and gives methods to determine the optical
properties for two scatterers (CO, gas and dust) for implementation in the PA3S code. Next, Chapter 3
details the methodology for finding optical properties of the third scatterer, which is the main constituent
of the mesospheric clouds: CO, ice. These are calculated with the ADDA software package. ADDA
is not to be confused with the Monte Carlo radiative transfer PA3S code, which has been developed
for this research. The PA3S code is the focus of Chapter 4. Features of the code are described and
a high-level description of the algorithm is given. Also, the code output validation is detailed. Out-
put is compared with features of the single scattering Rayleigh sky. The results for simulations of the
mesospheric clouds in the Martian atmosphere are presented in Chapter 5 for different atmospheric
conditions. Subsequently, advice is given for the observational strategy in Chapter 7. Also, applicability
of the code to other situations is dealt with in this chapter and possibilities for future work are briefly
discussed.



Radiative transfer in the Martian
atmosphere

This chapter covers the radiative transfer theory implemented in the PA3S code. First, Section 2.1
describes how to consider and describe polarization and introduces the Stokes parameters. Next,
Section 2.2 deals with single scattering theory and identifies the required optical properties that had
to be determined for the scatterers in the Martian atmosphere. The choice for using three types of
scatterers (CO, gas, dust and CO, ice) is justified in Section 2.3. Subsequently, Sections 2.4 and
2.5 present methods to find these optical constant for CO, gas and dust, respectively (CO, ice is
detailed in Chapter 3). Finally, Section 2.6 describes how to combine multiple types of scatterers in one
atmospheric layer. A visual introduction of some of the concepts featured in this chapter is presented in
Figure 2.1. The chapter ends with Table 2.2, giving an overview of how the relevant optical properties
have been derived in this research.

a=~1—1I.
L1, % e o o
1 inc .
e e “ela 3

2) a

Figure 2.1: This figure schematically summarizes the main concepts described in this chapter that are fundamental for the
functioning of the PA3S code. Yellow arrows represent photon packets, the width of the arrow represents the total amount of
flux. The code takes the full polarization state of light into account described by the Stokes parameters (Section 2.1). Single
scattering (Section 2.2) is dictated by three quantities: 1) optical thickness, t, influences the path lengths between interactions
2) single scattering albedo, a, determines the ratio of light that is scattered vs. absorbed : 3) scattering matrix, P(6), determines
the direction of scatter, 6 (and 1, not depicted) and the polarization state after scattering. Three different types of scatterers
(justified in Section 2.3) are featured in the code: CO, gas (Section 2.4), Martian dust (Section 2.5) and CO,, ice (Chapter 3).
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2.1. Polarization and Stokes vectors

All notations in this section are based on Hansen and Travis (1974). Polarization describes the course of
the electric field vector tip of a collection of electromagnetic waves. If this path is not completely random,
the wave is polarized to some degree. If this path is a random movement, the wave is unpolarized.
Natural light is unpolarized when leaving its source. In general, the electric field vector of a polarized
electromagnetic wave traces a helix in 3D space (an ellipse when projected onto a plane). See the
rightmost plot in Figure 2.2.

b7, 4 2

Linear \I\Circular + Elliptical

Figure 2.2: Depictions of linearly, circularly and elliptically polarized light waves. Figure from Nave, C. R. (2017).

The most intuitive way to express the polarization of light is with intensity (or flux), degree of polarization,
shape of the polarization ellipse and angle of polarization. This set of quantities is useful for presenting
observations or simulation output. Intensity represents the amount of energy coming from a specific
direction, per area, per unit time, within some solid angle (units are [W m~2 sr~1]). It is also common
to describe the amount of energy in terms of flux, this quantity is used in this research. Flux is simply
intensity integrated over the whole solid angle (units are [W m~2]). The reason for using flux is that
Monte Carlo methods naturally work with it'. Total flux is the sum of the polarized and unpolarized
flux

I = lynpot + ot - (2.1)

Degree of polarization of the collection of waves is defined as

I I
pol pol

=P (2.2)
1 Iunpol + Ipol

Special cases of the general elliptical case are pure linear and circular polarization (left and middle
plots in Figure 2.2. The elliptical polarized intensity can be expressed as a combination of these two

special cases:
Lpor = fllzp + 1% . (2.3)

The electric field vector of a beam can be split up into two mutually perpendicular components. Direc-
tions of these components are the unit vectors r and | and the propagation direction is r x 1. Subse-
quently, it is possible to denote the angle of polarization in the plane formed by r and | with angle y. Itis
the angle between | and the semi-maijor axis of the polarization ellipse. In case of linear polarization the
ellipse collapses into a line and y is simply the angle between this line and I. In Figure 2.3 an isolated
2D view of the polarization ellipse with r, | and y is presented. Figure 2.4 by Zhao et al. (2018) shows

"Nevertheless, the symbol I normally referring to intensity is used in this research to refer to flux because it is commonly used
for one of the Stokes parameters (described later in this section).
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Y,

Figure 2.3: Geometric depiction of polarization from Hansen and Travis (1974). Values a and b are the semi-major axis and
semi-minor axis, respectively. Angle y is the orientation of the ellipse.

the electric field vector E and y in the context of an observer receiving incoming light when looking
at the sky-dome. In this figure, y is with respect to the local meridian plane, which is the plane that
contains the observed point (P), the observer (0) and zenith (Z)

For implementation of polarization in numerical methods it is often useful to apply another set of four
parameters to describe the polarization. These parameters are called the Stokes parameters. Although
they are less intuitive than the aforementioned description of polarization (intensity/flux, degree of po-
larization, shape of the polarization ellipse and angle of polarization) they are mathematically more
convenient. The Stokes parameters (often written as the Stokes vector | = [I, Q, U, V]) come in a hand-
ful of different varieties. The Stokes parameters as used in this research are the same as defined in
Hovenier et al., (2004).

The Stokes parameters are defined with respect to a reference plane, often it is the plane containing |
and the propagation direction, r x 1, though other conventions are possible. For example, in the context
of Figure 2.4 it is possible to define the incoming Stokes vector with respect to each local meridian (plane
OPZ) or with respect to the solar meridian (plane OSZ). Stokes parameter I represents the total flux. Q
and U are the linearly polarized fluxes. Positive Q indicates polarization in the I direction (corresponding
to ¥ = 0°, parallel to the reference plane), negative Q indicate polarization in the r direction (b = 90°,
perpendicular to the reference plane). U is similar but corresponds to iy = 45° (positive) and i) = 135°
(negative). V is the circularly polarized flux. A right-handed V is positive values and a left-handed V is
negative. Right-handed circular polarization means that when looking in the propagation direction the
electric field vector is moving in the clockwise direction.

It is useful and straightforward to transform the Stokes parameters to the traditional description using
intensity/flux, degree of polarization, shape of the polarization ellipse and angle of polarization (e.g. for
presentation purposes and comparison with measurement). Looking at Equation 2.1 it easy to see that
the total flux is always greater than or equal to the total polarized flux

1>+Q2+U%2+V2, (2.4)

Thus, the total polarized flux in terms of Stokes parameters can be written as

Lot =Q?+U? + V2. (2.5)

Therefore, the degree of polarization (Equation 2.2) in terms of the Stokes parameters is
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A Zenith

Figure 2.4: Figure adapted from Zhao et al. (2018) (a few variable and axis names have been changed), showing the electric
field vector E and angle of polarization, y, at one point observed in the sky. In this plot y, is defined with respect to the local
meridian of the observed point P. If the incoming light at P has scattered only once, the plane containing P and S is referred to
as the scattering plane and 6 is the scattering angle.

Lot Q2%+ U? 4+ V2
b AT o

the linearly polarized flux equals

I, =/Q2 + U2 2.7)

and the circularly polarized flux is

Iy =V. (2.8)

The angle of polarization can be found with

tan2y =U/Q . (2.9)

With Equation 2.9 two values for y are found. The convention is to use the value of y that results in
cos 2y and Q having the same sign.

Furthermore, it is often useful to express the Stokes parameters with respect to different planes. For
instance, in the code developed for this study a photon can scatter and thus change direction. The
Stokes parameters were defined with respect to the old propagation direction and unit vector I. The
Stokes parameters have to be rotated to the new reference plane after scattering. A rotation of Stokes
vector I over an angle a to a new Stokes vector I' can be performed with a rotation matrix:

1 0 0
0 cos(2a) sin(2a)
0 —sin(2a) cos(2a)
0 0 0

I'=L(a)I= (2.10)

—~ o oo
NSO ~
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Figure 2.5: Figure from Kislat et al. (2015) showing the conventions for positive and negative Q, U and V.

According to Hovenier and Van der Mee (1983): "a is positive in the anti-clockwise direction, when
looking in the direction of propagation”. From Equation 2.10 it is clear that rotating over an angle ©
results in the same Stokes vector (L() becomes the identity matrix).

2.2. Single scattering

When a photon packet interacts with the medium it will be absorbed, scattered or some combination of
the two. In this research, photon packets are occasionally referred to simply as photons. It is assumed
that light scatters without change of wavelength in the Martian atmosphere, an assumption known as
elastic scattering. On Earth, approximately 97% of sky light is due to elastic scattering, only 3% is due
to inelastic scattering, specifically due to a process called Raman scattering (Young, 1981). Invoking
Raman scattering is more of a practical concern for atmospheres that are thicker than the Martian
atmosphere (Haberle et al., 2017, p. 119). Also, considering the fact that the code for this study will
serve mainly to predict observations from the surface for instrument design data, the above assumption
is valid for the required precision of the solution.

The scattering particles are assumed to all be far enough from each other that no coherence in scat-
tering occurs. Phrased differently, all particles are in each other’s far-field zone and thus no coherent
scattering behaviour occurs. Planetary atmospheres, like that of Mars, satisfy this condition (Hansen
and Travis, 1974, Chapter 2).

Optical thickness or optical depth is a useful concept in atmospheric sciences to describe the trans-
parency or opaqueness of a medium. Optical thickness, t, over a given distance is the number of mean
free paths of a photon in the medium. The mean free path is the average distance travelled by a photon
between interactions. In general, t is strongly wavelength dependent, photons of shorter wavelengths
experience a higher optical thickness and thus scatter or absorb more often over the same distance.
This phenomenon causes our daytime sky to be blue instead of red. The photons will not travel exactly
the optical thickness between interactions. It is a stochastic quantity, the average number of mean
free path lengths of a very large number of photons will approach the optical thickness of the medium.
The total optical thickness is the sum of the scattering optical thickness and absorption optical thick-
ness. Scattering optical thickness represents the mean free path between scattering interactions and
absorption optical thickness the mean free path between absorption interactions:

(D) = Tsca(D) + Taps(A) . (2.11)

On average, after a photon packet has travelled the optical thickness, T, it will interact with the atmo-
sphere through scattering and/or absorption. In general, the scattered Stokes vector can be expressed
in terms of the incident Stokes vector multiplied by some matrix that is a function of the scattering an-
gle, the wavelength and the orientation of the scattering particle (Hansen and Travis, 1974, Section
2.3)
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lsca = Z (Nipe; Ngeas @, B,7) line - (2.12)

Here Z is the so-called 4 x 4 phase matrix. As mentioned in Section 2.1 the Stokes parameters are
always defined with respect to some plane of reference. Phase matrix Z relates the incident and scat-
tered Stokes parameters each defined with respect to their own plane of reference. The scattering
matrix P relates incident and scattered light with respect to the scattering plane, the plane containing
the incident and scattered directions. The distinction between P and Z is important because oftentimes
the P matrix is measured experimentally or generated numerically.

The whole of P describes in what direction the incident radiation is scattered and what the polarization
state will be of the scattered radiation. Element P,; is called the phase function and describes the
probability incident radiation is sent in a certain direction. The probability that the direction of scatter
is in any direction in a unit sphere is 1. Therefore, integrating the phase function over all solid angles
and multiplying by the normalizing constant gives (Hansen and Travis, 1974)

aq
ar AT

Hansen and Travis (1974) state that with spherical particles or with randomly oriented irregularly shaped
particles with half the particles being mirror images of each other, the scattering matrix can be simplified
to six independent elements:

P1(0) Pu(0) 0 0
P1(0) Pp(6) O 0
P(0) = , 214
@=1"0" "0 ) —Ps® 14)
0 0 P3(8) Pi(6)
all the elements depend on the scattering angle 8 and in general on the wavelength.
Z and P are related through
i _ Csca
Z (ninc' nsca) - AT L(T[ - O-Z)P(Q)L(_Ul) . (2-15)

The angle o is the angle between the plane of reference of the incident beam and scattering plane.
Similarly, g, is the angle between scattering plane and the plane of reference of the scattered beam.
Cscq is the scattering cross-section of a particle. The total energy scattered by a particle is equal to
the incident radiation falling on the scattering cross-section, this is how the scattering cross-section
is defined. The total extinction cross-section is the sum of contributions by scattering and absorption
(Hansen and Travis 1974)

Cext = Csca + Caps » (2.16)

from this, the single scattering albedo, a, can be found. It is the ratio between the scattered radiation
and the total removed energy from the incident radiation:

_ Csca _ Csca _ Tsca _ Tsca (2 17)
Cext Csca + Cabs Text Tsca + Tabs

Now, for a photon packet interacting with the atmospheric medium, taking into account absorption, the
scattered Stokes vector becomes

lsca = aZ (Nipe; Ngea) line - (2.18)
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Particle size has a large influence on the scattering behaviour. Specifically, what matters is how large
the particles are in comparison to the wavelength of the considered radiation. The size parameter
x = 2mr,,/A is often used to compare to different situations of particle size or wavelength. Here,
T.q represents the equivalent radius; the radius of a sphere that contains a volume equal to that of
the particle. Several theories exist to find single scattering matrices P (see chapter 2 of Hansen and
Travis (1974)) in three scattering regimes: 1) x << 1, Rayleigh scattering is applicable 2) x = 1,
Mie scattering, particles are assumed to be homogeneous spheres 3) x >> 1, light-wave can be
represented as a beam, ray-tracing is applicable in some cases in this regime.

The approach in this research was to find P, a and t for the relevant Martian atmospheric constituents
at the wavelengths of interest (visible spectrum). The relevant constituents are identified in Section
2.3.

2.3. Identifying relevant atmospheric constituents

Atmospheric scattering constituents are usually split up into molecules (gases) and aerosols (clouds
and dust). However, in this research, the scatterers are grouped as gaseous constituents, dust and
clouds. This distinction fits the way the code is built, gas and dust fill an entire layer homogeneously
while the horizontal and vertical extent of a cloud is adjustable.

Gaseous constituents

Table 2.1 shows the gaseous constituents of the Martian atmosphere (Haberle et al., 2017, Table 4.3).
CO, gas makes up 95% of the gases in the Martian atmosphere. Significant amounts of nitrogen
(2%) and argon (2%) are also present. The most abundant trace gases are in order of decreasing
abundance: oxygen, carbon monoxide and water vapor.

Clouds

Water vapor and CO, can condense to form thin clouds. Mars has a large variety of clouds in its
atmosphere. An overview of the different varieties is given in Table 5.1 in Haberle et al. (2017, pp.
80-81). Unlike clouds on Earth, all clouds on Mars are ice clouds. Most clouds on Mars are cirrus
clouds which are thin and sheet-like, in contrast to cumulus clouds which are fluffy.

Dust

The Martian atmosphere contains a high quantity of suspended dust particles. Dust is present through-
out the whole year; this background dust has an optical thickness of approximately 0.2 in regions near
the equator (Montmessin et al., 2007). There is also a strong seasonal dependence: the Martian dust
cycle consists of a "non-dusty season” and a "dusty season”. During southern winter (aphelion) the
dust optical thickness is relatively low and stable, during southern summer (perihelion) it is relatively
high and variable (Lemmon et al., 2015). The seasonal dependence has a significant impact on the
climate, as global temperatures can rise 10-15 K during perihelion (Clancy et al., 2000). Planet-wide
dust storms occur once every few Martian years.

Constituents that will be taken into account in the code are CO, gas, CO, ice clouds and dust. The
scattering of water vapor, argon, nitrogen and other trace gases is very similar to that of CO, gas: itis
all Rayleigh scattering but with a slightly different depolarization factor (detailed in Section 2.4). Since
these trace gases are not present in high amounts (except occasionally water vapor near areas where
a lot of water ice evaporates) their effect is minimal and will not be considered.

As presented in Table 2.1, CO, gas constitutes 95% of the gases in the Martian atmosphere. CO, ice
cloud particle shapes and sizes are not known are not definitely. Predictions and suggestions have
been given (with references) in Section 1.1. As also mentioned before, dust plays a significant role in
the transfer of electromagnetic radiation in the Martian atmosphere. Equivalent particle radii (radius
of the particle if it were a sphere) of dust during low and medium dust loading have found to be in the
range 1.4-1.7 um (Haberle et al., 2017, p. 304). An overview of methods used to determine the optical
properties of these constituents is given at the end of this chapter in Table 2.2.
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Table 2.1: Table from Haberle et al. (2017, p. 57). Abundance of gaseous constituents is presented, ozone and water vapor
vary greatly with location and season.

Gaseous species Average abundance

CO, 0.9532

N, 0.027/0.019
Ar 0.016/0.019
0, 0.0014

CcO 800 ppm
H,0 15-1500 ppm
H, 15 ppm

Ne 2.5 ppm

Kr 0.3 ppm

Xe 0.08 ppm

0O, 10-350 ppb
H202 10'40 ppb
CH, 0-40/0.7-7 ppb

2.4. CO, gas - Rayleigh scattering

Since CO, molecules are much smaller than visible wavelengths, Rayleigh scattering is applicable. All
theory and equations from this section are from Hansen and Travis (1974) Section 2.2. The situation is
modelled by small points (particles) that oscillate due to a dipole moment in an electric field (caused by
the electromagnetic radiation). Isotropic polarizability of a particle means that the dipole moment and
the applied electric field are in the same direction. Particles in the real world are usually not isotropic,
this has to be corrected for with a depolarization factor, § (Hansen and Travis, 1974). For CO, gas,
6 = 0.09. The scattering matrix is calculated with

3 2 _3 2
4(13+cos 8) . 4sml9 0 0 1.0 0 0
P@) = A —Zsinze Z(1+C0529) 0 0 ra A)O 0 0 0 (2.19)
B 0 0 %cos@ 0 0 0 0 0}’ ’
0 0 0 A’gcosg 0000
where
Lo 18
C1+6/2
) 2.20
- 16 . (‘ )

There is a slight wavelength dependence of the scattering matrix through §, but it has not been mea-
sured well. This dependence is not taken into account in this research. The CO, gas scattering matrix
elements are shown in Figure 2.6 (along with the dust scattering matrix elements).

CO, gas shows very small absorption at visible wavelengths, therefore the single scattering albedo
can simply be taken as 1. The optical thickness of the CO, gas depends on the number of particles
(through pressure and temperature) and the wavelength. Since the single scattering albedo is taken
as 1.0, only 7., from Equation 2.11 has to be considered:

Tsca(A) = NgasCsca(/l) . (2.21)

Ngqs is the gas column number density (m~3) and describes the dependence on the number of parti-
cles
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_ Phottom — Ptop

Nyas = 2.22
gas Myasd ( )

Here P, and P,,:tom are the pressure in Pa at the top and bottom of a layer, respectively, mg; is the
molecular mass value in kg and g is the gravitational acceleration value in m/s2.

The wavelength dependence of 7., (A4) is due to the scattering cross-section, Cs.,(1):

2473 (2 —1)2 (6+36) 1
N2 2+2)2(6—76)2*’

Csca) = (2.23)

here n, is the real refractive index, N, is Loschmidt’'s number (2.54743 -1025 m~3) and § is the depo-
larization factor mentioned earlier in this section. In reality n,, shows a wavelength dependence but
across the visible spectrum this variation is very small, therefore in this study n,, = 1.00045 is taken
for CO, gas. Using a pressure profile, optical thicknesses for an arbitrary number of layers can be
calculated with Equations 2.21-2.23.

2.5. Martian dust

The scattering matrix elements of the Martian dust are from the Amsterdam-Granada light scattering
database (Muioz et al., 2012). The data was experimentally determined by Laan et al. (2009). P is
plotted in Figure 2.6 next to the CO, gas scattering matrix elements. The dust phase function (P;;)
shows strong forward-scattering behaviour and a weak linear polarization signal (P;,) compared to the
CO, gas.

Optical thickness and single scattering albedo for the Martian dust are based on findings by Smith et al.
(2013). This study used CRISM limb observations and a radiative transfer model (accounting for the
slanted observation geometry) to derive vertical profiles of dust opacity. The output is presented as 18-
layer plots of mixing ratios. The mixing ratio represents the ratio of the dust mass in a layer relative to
the total mass in that layer. In this way they remove the dependency on pressure, which allows them for
easier representation. They have constructed vertical distributions for a number of sols (Martian days)
throughout the Martian year. Two of such mixing ratio profiles are shown in Figure 2.7 from Smith et al.
(2013). The dust mixing ratios are transformed to a total dust optical thickness with

layers

()= D i Qoxe ) Bpi/Poury - (2.24)

i=1

All quantities in Equation 2.24 are dimensionless. The mixing ratio is represented by n;, Ap; /psy. 5 is the
ratio of the layer pressure and the surface pressure and Q.. (1) is the extinction coefficient. Through
Q..¢ (1), the dependency of the optical thickness on the wavelength is expressed. Values for Q,,;(1)
across the considered spectrum are presented in Figure 2.8 from Smith et al. (2013). The figure also
shows the dust single scattering albedo a;,: (1) which they call @, (along with data for water ice).
Instead of calculating the total atmospheric optical thickness, each part of the sum can be taken as the
optical thickness of a layer. With this strategy, dust loading for a set of scenarios can be simulated by
inserting pressure distributions into Equation 2.24 of an arbitrary number of layers and taking mixing
ratios (from Figures by Smith et al. (2013) such as 2.7) at appropriate heights. The sum of Equation
2.24 is compared with Figure 2.9 from Montabone et al. (2011) to assure the values for total optical
thickness are not greatly underestimated or overestimated. The figure shows total atmospheric optical
thickness in the visible spectrum at the Meridiani Planum region (low latitude) for five data sets. Infrared
observations have been converted into equivalent values in the visible spectrum. According to Smith
et al. (2013), the vertical spread of the Martian dust shows a seasonal dependency: "Dust typically
extends to higher altitudes ( 40-50km) during the perihelion season than during the aphelion season
(<20km).”

From Figure 2.8 values for the single scattering albedo, a, at wavelengths 0.4, 0.6 and 0.8 um are taken
as: Aga = 081, Ao = 0.92 and Apg = 0.97.
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Figure 2.6: Scattering matrix elements of CO, gas and Martian dust. The near isotropic scattering behaviour of Rayleigh scatter-
ing is visible in the phase function (P,,) of the CO, gas. In contrast, the Martian dust phase function exhibits very strong forward
scattering. Elements P,,, P33, P,4, P;, and Ps, are normalized by P,,. Element P,, represents the single scattering degree of
linear polarization. For CO, gas the well-known Rayleigh linear polarization pattern is visible in P,,. This pattern results in the
single scattering Rayleigh sky in an atmosphere dominated by gas scattering with little multiple scattering, see Figures 4.14 and
4.15 for a visual of this pattern in the sky. The pattern is used for validation of the code, detailed in Section 4.6. Ten elements of
the scattering matrices are not plotted, two of these are not independent (P,; = P;, and P,; = P3,) and eight are zero (P, 3, P14,
Py3, P4, P34, P35, P4y and P,,, see Equation 2.14).
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Figure 2.7: Figure from Smith et al. (2013) showing the vertical distribution of dust in terms of mixing ratios, n;. Optical thicknesses
have been calculated from mixing ratio profiles with Equation 2.24. The observations were done by the CRISM instrument on
board the Mars Reconnaissance Orbiter.
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not negligible and is therefore taken into account in the code. Values for a at wavelengths 0.4, 0.6 and 0.8 um are taken as:

o4 = 0.81, a9 = 0.92 and ayg = 0.97. Figure is taken from Smith et al. (2013).
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Figure 2.9: Figure from Montabone et al. (2011). Total dust optical thickness (vertical) of the atmosphere from five data sets at
Meridiani Planum on Mars. Infrared observations were converted to their visible equivalent.
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2.6. Combining multiple constituents in one layer

A model of the Martian atmosphere is implemented in the code by defining homogeneous shell lay-
ers. In general, a certain layer will have multiple atmospheric constituents. Scattering by this mix
of particles can be simulated by combining their relevant scattering matrices weighted by their optical
thicknesses. The contribution of each of these constituents to the scattering and absorption in a layer is
weighted by the scattering and absorption coefficients. The optical thickness, single scattering albedos
and the scattering matrix for a combination of atmospheric constituents are calculated in the following
ways:

Tsca (WP (6, 1) + 75ca(HP(6, 1)

Player(e' )= T (A) + ta (D) , (2.25)
Tsea(A) + T5cq(4)

A) = s 2.26

Aayer@) = T D) + s () + thea(D) + Tops (D (2.20)

Tlayer(l) = 1q (D) + T%S(A) + 15ca(d) + Tgbs A - (2.27)

The superscripts in the above equations refer to molecule and aerosol. In the PA3S code, these are CO,
gas and dust, respectively. A cloud in the code is simulated as a region that breaks the homogeneity
of a layer. In that region, the optical properties of the cloud particles are also included when calculating
the combined optical properties (of the cloud region) with Equations 2.26-2.27.

An overview of the methods used in this research to determine the relevant optical properties of the
main constituents is given in Table 2.2. The cloud CO, ice properties are also mentioned for completion,
even though the methods are described in Chapter 3.

Table 2.2: Overview of the methods used to determine the optical properties of the relevant constituents of the Martian atmo-
sphere. Properties of the cloud CO, ice particles are also mentioned, these will be discussed in Chapter 3. ADDA is a software
package that is also detailed in Chapter 3. The numbered subscripts in the dust single scattering albedo refer to the respective
wavelengths: 0.4, 0.6 and 0.8 pm.

constituent T P a

. Rayleigh scattering,
CO, gas Equations 2.21-2.23 Equation 2.19 1.0

. experiments by a04=0.81, a(¢=0.92, a,5=0.97,
dust Equation 2.24 Laan et al. (2009) Figure 2.8 by Smith et al. (2013)

0.01-0.6, analysis by calculated with ADDA 1.0, derived with

cloud COz ice  p1ssttanen et al. (2010) ADDA




Calculating cloud particle scattering
matrices with ADDA

The shapes and sizes of the CO, ice crystals that constitute the Martian mesospheric clouds are not
known. Several size distributions are suspected from previous studies, see Table 1.1 in Chapter 1. In
this research, we decided to calculate the scattering matrices (P) and scattering and absorption cross-
sections (C,., and C,s) with the software package ADDA. This was done for a set of size parameters
(x = 2mr,q/A) corresponding to the size distribution found by Maattanen et al. (2010) and the three
considered wavelengths: 0.4, 0.6 and 0.8 um. Subsequently, the scattering matrix (Psp) for particles
distributed in size according to a size distribution was calculated, for each wavelength.

ADDA (Yurkin and Hoekstra, 2011) has been developed by Dr. A. G. Hoekstra and colleagues at
the University of Amsterdam and is an implementation of the Discrete Dipole Approximation method
(Draine and Flatau, 1994). Both ADDA and DDA simulate scattering by 3D objects of various shapes
by approximating the objects with a finite amount of dipoles. A brief overview of the ADDA software and
its main input parameters is given in Section 3.1. Next, the importance of using a sufficient number of
dipoles for convergence is detailed in Section 3.2. Normalization of the scattering matrix is discussed
in Section 3.3. For validation of proper use of the software, ADDA results for a sphere are compared
with results of a Mie code in Section 3.4. The refraction index of the material is required input, picking
adequate values is detailed in Section 3.5. Subsequently, combining ADDA results to create scattering
matrices of size distributions is considered in Section 3.6. Two out of the three suspected crystal
shapes mentioned in Subsection 1.1 were not readily available in ADDA, generating these shapes is
discussed briefly in Section 3.7. In Section 3.8, results are given and discussed for cubes, octahedra
and cube-octahedra shapes. Finally, a comparison of results for a size distribution of cubes with results
of a size distribution of spheres is performed in Section 3.9. This comparison is of interest because
Mie scattering is often assumed in literature concerning the mesospheric clouds.

3.1. Overview of software and main parameters

The ADDA software has many options but only the most important features used in this research are
discussed in this section. The purpose of ADDA is to calculate P, Cs., and C,ps in situations where
Rayleigh scattering (small size parameter) and Mie scattering (homogeneous spheres) are not appli-
cable. In ADDA, a particle shape is defined within a 3D computational grid containing an adjustable
number of boxes (grid size). A shape is created by putting dipoles in certain boxes while leaving others
empty, see Figure 3.1 (Yurkin and Hoekstra, 2011) for a 2D projection. In this way, various finite shapes
can be approximated, a shape needs a certain number of dipoles to be accurately approximated. The
accuracy of ADDA results in terms of grid size is further considered in Section 3.2.

A few built-in shapes are readily available, among these is the box shape (a 3D cube). The particle
size parameter (x = 2m 1,4/, With 7, the radius of a particle if its volume were contained in a sphere)
is adjustable by manipulating the number of dipoles and the incoming wavelength. The most straight-
forward way to do this is by giving the grid size and the wavelength as input through the command

21



22 3. Calculating cloud particle scattering matrices with ADDA

/
/
B
onDDonnD
\

A

=l

Figure 3.1: Figure from Yurkin and Hoekstra (2011) schematically showing the computational grid. In this 2D projection of the
grid, a sphere is approximated with boxes containing dipoles, boxes with dipoles are gray, void boxes are white.
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Figure 3.2: Figure from Yurkin and Hoekstra (2014) showing the applicability of ADDA for spheres of different size parameter x
and refractive index m. (a) The gray region signifies a region of incomplete convergence, lower left region is complete conver-
gence, dashed lines represent memory requirements. The simulations we ran were done for fifteen x values ranging uniformly
between 7.8 and 47.3 with m = 1.41 (justified in Section 3.5) for nearly all runs, mostly fitting well within the convergence region.
To assure convergence for simulations with size parameters 42.3 and 47.3 a slightly lower m was taken: 1.38. (b) Approximate
total walltime (elapsed real time) for different combinations of x and m using 64 processors. The simulations we performed for
m =~ 1.4 (black dots) matched quite well with the estimates in this figure.

line. There are other combinations of inputs to setup the simulations, for more information the reader
is referred to the ADDA manual (Yurkin and Hoekstra, 2014). One of the most important features is
the ability to integrate the results over all possible orientations of the particle. Theoretically, arbitrarily
large size parameters are possible, but these will result in computational times that are unpractical and
will have a higher chance of not converging. See Figure 3.2 from Yurkin and Hoekstra (2014), where
the convergence region and computation times are presented in terms of the size parameter, x, and
the refractive index, n (m in the figure).

3.2. Accuracy and grid size

A sufficient number of dipoles is required to accurately calculate the scattering matrix of any shape.
The effect of grid size on convergence is not the same for every shape. For instance, approximating
the shape of a sphere with a grid of cubes is more difficult than approximating a cube. See Figure 3.3,
where a sphere approximated with a grid-size of 20x20%20 has been presented. It is required to check
for the shape you are using whether or not the results have converged. A too large grid size is also not
desirable because of long computation times. According to the ADDA manual (Yurkin and Hoekstra,
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Figure 3.3: Approximation of a sphere with boxes containing dipoles, left plot is for grid size 20 x 20 x 20, right plot for 100 x
100 x 100. Larger grid sizes approximate the shape more accurately. Figure generated with LiteBil software developed at the
Laboratory of Paper Coating and Converting at Abo Akademi University (Laboratory of Paper Coating and Converting at Abo
Akademi University).

2014), a good rule of thumb to assure convergence is to choose a grid size in such a way that the
amount of dipoles per wavelength is equal to or larger than 10. For the cubes, this notion was tested
for smaller size parameters (shorter simulation times) by increasing the grid size until convergence
while tracking the number of dipoles per wavelength. In the ADDA manual it is also stated that the
rule of thumb is applicable to size parameters x > 10. For the octahedral and cube-octahedral crystal
shapes it was not possible to keep the number of dipoles per wavelength at 10. This was because the
grid size was constrained by the CAD models used for creation of the shape files (see Section 3.7).
The number of dipoles a light wave "sees” will be comparatively low, sharp edges of the particle will
not be well represented and errors will be introduced, causing the results to be more akin to those of
smoother shapes, like spheres or ellipsoids.

3.3. ADDA conventions and normalization of the scattering ma-
trix

The output of ADDA is not readily applicable as scattering matrix P (Equation 2.15 from Chapter 2) for
application in the PA3S code. The ADDA manual (Yurkin and Hoekstra, 2014) states that multiplication
by k? (the free wave number k = 2m/1) converts ADDA output into the Stokes phase matrix (Z).
Multiplying again by 4m/C,., (total multiplier A2 /m/C,.,) results in the normalized Stokes scattering
matrix, in the research denoted by P. However, this approach is sensitive to C;., which is also ADDA
output. There is a more robust way of normalizing ADDA output. Scattering matrix P input into PA3S
code should conform to the following normalization (based on Hansen and Travis, 1974):

aqQ
f Pi—=1. (2.13)
4 41

When the phase function is integrated over the entire solid angle, the result should equal 1. The
approach is to simply perform this integration and divide the ADDA scattering matrix output (P4?24) by
the result
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PADDA
P= : (3.1)
> J PAPPA sin 6 do

This normalization has been applied to all ADDA results before the comparison with Mie code in Section
3.4 and before using the matrices as input into the PA3S program.

ADDA uses a exp(—wt) convention for the time dependent part of the harmonic electric field in their
derivations, the same convention is used in the work of Mishchenko (for details see e.g. (Mischenko
et al., 2000)). Care should be taken when comparing or concurrently using results acquired with meth-
ods that use exp(+wt) (e.g. methods based on Hansen and Travis (1974) or Hulst (1981). The P;,
and P,; elements can be of opposite sign. It was made sure that all scattering matrices were in the
ADDA/Mishchenko convention before input into PA3S

3.4. Comparison with Mie code

Several benchmark studies for ADDA have been published, see for example (Yurkin et al., 2007),
(Ayranci et al., 2007) and (Penttild et al., 2007). For validation of proper use of the software, ADDA
output for a sphere has been compared to results from Mie computations using a well-tested code
based on De Rooij and Van der Stap (1984). Both results are shown in Figure 3.4. ADDA results
were generated with a grid size of 16 x 16 x 16 and both sets of results were for a size parameter of
x = 4.7 with real refractive index n,, = 1.33 (imaginary part of refractive index was set to zero). The
results match very well after normalization of the ADDA output over the full solid angle as described
in Section 3.3. Note in Figure 3.4 how the different time factor conventions mentioned in Section 3.3
(exp(—wt) by Mishchenko in ADDA vs exp(+wt) by van de Hulst in Mie code) result in an opposite
sign of Py,.
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Figure 3.4: Comparison between an ADDA run using spheres and Mie computation based on De Rooij and Van der Stap (1984).
The ADDA run was with a 16 X 16 x 16 grid size, both plots are for a size parameter of 4.7 and a real refractive index of 1.33
(imaginary refractive index is zero). These results were used to test for proper use of the ADDA software. The results show a
good match, note the opposite sign of P;, caused by different conventions for the time dependent part of the harmonic electric
field, explained in Section 3.3.
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3.5. Complex refractive index of CO2 ice

The real and imaginary parts (n,- and n;) of the complex refractive index (n) of CO, ice are necessary
input for the ADDA simulations. In general, the refractive index exhibits a dependence on the wave-
length and the temperature. Nevertheless, a high resolution profile of the refractive index in the visible
spectrum is not necessary. This is because this research is concerned with simulating scattering by
cloud particles of which the exact morphology and optical properties are still uncertain, not with the
interpretation of actual measurements.

This whole section is based on Warren (1986) who reviewed several experiments measuring the com-
plex refractive index of clear CO2 ice in several parts of the electromagnetic spectrum. Warren states
that the temperature of atmospheric Martian CO2 ice is probably around 150 K and therefore his re-
view focuses on experiments at similar temperatures. According to Schulze and Abe (1980), the real
refractive index is relatively independent of the temperature at temperatures above 75 K. This indicates
that measurements at lower temperatures compiled by Warren are valid results for application in the
150 K situation.

In the left plot in Figure 3.5 from Warren (1986), the measurements have been summarized. It is clear
that there is a wide range in measurement results probably caused by conducting the experiments at
different temperatures and the presence of measurement uncertainties. The measurements by Seiber
et al. (1971), Tempelmeyer and Mills (1968) and Egan and Spagnolo (1969) cover a wide enough
range of the visible spectrum. Measurements by Egan and Spagnolo (1969) give constant n, over
the visible spectrum but with a large measurement uncertainty. Results by Tempelmeyer and Mills
and Seiber et al. both show n, decreasing with increasing wavelength, but with different steepness.
The measurements by Seiber et al. were performed at a slightly higher temperature than those by
Tempelmeyer and Mills.

In this research we used n,, = 1.41. ADDA is sensitive in terms of convergence and computation
time to the refractive index and size parameter as shown in Figure 3.2. For a few combinations of
size parameter and refractive index the settings entered the non-convergence zone in Figure 3.2. For
these runs the refractive index was set to n,, = 1.38 to stay clear from the non-convergence zone. This
choice is based on the measurements by Seiber et al. (1971) at 82 K and 4 = 0.6 um, even though
Egan and Spagnolo (1969) conducted experiments at 195 K, closer to the suggested 150 K of Martian
atmospheric CO2 ice. This is motivated by the large measurement uncertainty (+0.05) in the Egan and
Spagnolo data.

The value of n, is assumed to be constant in the visible spectrum, despite the fact that the data gen-
erated by Seiber et al. is clearly not constant across the visible spectrum. However, based on the
required accuracy in this research, such an assumption is deemed appropriate. This decision is also
supported by the large spread shown by the experimental data, even at similar temperatures.

Absorption properties of a material are defined by the imaginary part of the complex refractive index
(n;). The right plot in Figure 3.5 shows measurements performed by Egan and Spagnolo (1969) as
presented by Warren (1986). From the figure can be concluded that n; is very small in the visible
spectrum. ADDA runs with n; set to zero and n; set to values taken from the right plot in Figure 3.5
were compared to check if n; could be simply set to zero. This was indeed the case, see Figure 3.6 for
an example of such a comparison.

The assumption of constant real and imaginary refractive indices in the visible spectrum allows for
simplifications when generating the scattering matrix of a size distribution of cloud particles, detailed in
Section 3.6: Scattering matrices now only depend on the size parameter x. This means that scattering
matrices do not have to be calculated separately for every wavelength but simply for a set of different
x (spanning at least the range of the distribution), scattering matrices of intermediate values of x can
subsequently be generated with interpolation. Assuming the size distribution derived by Maattanen
et al. (2010) with cloud particle equivalent radii of 1-3 um, results in the minimum and maximum x-
values shown in Table 3.1 for the three considered wavelengths.



26 3. Calculating cloud particle scattering matrices with ADDA

5

5T 77— 10° T LI R B B L B T T
L Tempelmeyer 4 E - : l 3
E?" | - {.\{ ’/BOK and Mitls 77K | € o .
N b4 L 4
F R 3\/80 Seiber et al. 1 9 - —
8 S 82K =
e ! i o L .
- PR + s
O 14— Ny +— 4 @
< } S~ w - -
£ | 11 1)1
5 i
L | 1 w
w L p 5 ( | o 10 o - =
<] 77K 40K Egan and x C E
5 F Spagnolo ﬁ W C Egan and Spagnolo 195K ]
B 13kl 30K 195K 4 =z I i
= - - .
2 M Schulze » Wood and Roux 20K Tz L
I&J [ and Abe 0 20K Yomada <z[
d Person o - -
Kruger o 10K an 1 2
{ and Ambs —-4>'<2K (LU - §
pele 1 S ) I R T SR N TP S T
04 06 o8 1.0 l2 2 0.4 0.6 0.8 1.0
WAVELENGTH (um) WAVELENGTH (m)

Figure 3.5: Left: Measurements of the real refractive index of CO, ice at visible wavelengths from several studies compiled by
Warren (1986). Right: Measurements of the imaginary refractive index of CO, ice at visible wavelengths found by Egan and
Spagnolo (1969), figure is presented in Warren (1986).

Table 3.1: Minimum and maximum size parameters x = 2m 1,4/A for the three considered wavelengths assuming the real and
imaginary refractive index are constant in the visible spectrum, with a range of ¢, (1-3 um) based on analysis by Maattanen
et al. (2010).

wavelength  x,,in  Xmax

0.4 pm 15.7 473
0.6 um 105 314
0.8 um 78 236

3.6. Scattering matrices of size distributions

In general, particle sizes vary according to a size distribution. A scattering matrix of a size distribution
is generally much smoother than the scattering matrix of a single particle size. With a size distribu-
tion, many notable features (peaks and valleys) of the scattering matrix are evened out. These could
otherwise cause very distinct signals in flux or degree of polarization simulated with the PA3S code.
There is no reason to assume the mesospheric cloud particles are of a single size. Analysis of OMEGA
observations onboard Mars Express by Maattéanen et al. (2010) indicates that the particle sizes form
a size distribution with effective radii between 1 and 3 pm and median values of 2.0-2.3 um. Their
analysis was performed under the assumption that the particles where homogeneous spheres.

The procedure for generating the scattering matrix of the size distribution (from now on indicated by
Psp) consists of several steps which will be explained in this section. Summarized these are:

1) Assume a size distribution based on minimum and maximum particle radii from literature.

2) Determine the Gauss-Legendre weights w,; and abscissae x; in the interval [-1,1] to some degree
N, which is the number of weights and abscissae in the interval.

3) Map w,; and x; to their relevant counterparts w,; and r; in size interval [13,;5, Tmax] found in liter-
ature, find the number of particles n(r;) at each r;.

4) Use ADDA to calculate the scattering matrices PAPP4 and the scattering cross-sections C42P4 for
a reasonable number of size parameters (enough to capture the size distribution) (C4224 were all
zero because the imaginary refractive index was set to zero, justified in Section 3.5).

5) Use linear interpolation between PAPP4 and C4RP4 from step 2 to find their respective interpolant
functions. From these two interpolant functions sample the scattering matrices P, and correspond-
ing Cs¢q,; at size parameters 2w r; /A. Do this for every wavelength of interest by taking appropriate
minimum and maximum values of the size parameters, see Table 3.1.
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Figure 3.6: Comparison of ADDA runs for cubes, x = 17.5, with n; set to zero and with a small n; corresponding roughly to the
value (2 - 10~%) measured at a wavelength of 1 um by Egan and Spagnolo (1969), see the left plot in Figure 3.5. The two sets
of plots completely overlap, this indicated that n; could be set to zero in the visible spectrum.

6) Combine the matrices P,, resulting in matrix Psp, of the size distribution for a certain wavelength.

Equations step 1
For particle size distributions usually a log-normal distribution is assumed. This is also the case in this
research. From De Rooij and Van der Stap (1984) the log-normal distribution is

2
Inr—In Ty
) (3.2)

1 1
nr)=——=—exp|—5 | ———
® rlnoV2m p[ 2 ( Inag

where 1, is the distribution median and o, is the geometric standard deviation. The o, of a set of
numbers {x;, x,, .., x,, } is calculated with

n 2
(1 .
o4 = exp Zia ( n;l /'ug) ) (3.3)

where pg4, the geometric mean is

Ug = /X1 X Xy - (3.4)

Equation step 2
Now, n(r)dr is the number of particles with radius r to r + Ar. The size distribution is integrated with
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Gauss-Legendre quadrature. First, in the interval [-1, 1] the abscissae x; and weights w,; were found
with the numpy function "leggaus”. On the [-1, 1] interval it holds that

1 N
~ . ), 3.5
| S dx ;wlf(xl) (3.5)

where the degree N is the number of abscissae and weights in the interval.

Equations step 3
Next, the abscissae and weights were mapped to the interval of effective radii found by Maattanen et al.
(2010) using

1
n= E(xi + 1) (Tmax — Tmin) + Tmin » (3.6)

Wri = EWxi(rmax = Tmin) » (3.7)
Steps 4 and 5
Scattering matrices PAPP4 were generated with ADDA for enough size parameters in the size distri-
bution to capture the shape of the distribution. Because the real refractive index was assumed to
be constant across the visible spectrum and the imaginary refractive index was assumed to be zero
across the visible spectrum (see Section 3.5), scattering matrices, P, only change with the size param-
eter. This meant that P, at size parameters 2rr; /1, could be calculated by finding a linear interpolant
of the ADDA scattering matrices PAPP4 and evaluating the interpolant function it at each 2 7; /2. Cyeq;
were calculated in a similar fashion (absorption cross-section results were all zero).

Equation step 6
Finally, Ps, was found with

Per = Z PI. Csca,i n(rl) Wri
sP Z Csca,i n(rl) Wri

(3.8)

3.7. Generating octadrons and cube-octahedrons shapes for ADDA
According to Mangan et al. (2017), the CO, ice particles are probably cubes, octahedrons or cube-
octahedrons. ADDA has a built-in option for a cubic scatterer, the other two shapes were not readily
available. So-called shape-files can be read in by ADDA and these had to be generated. For this
purpose a software called PIP (point-in-polyhedron) by Schuh (2007) has been added to the ADDA
software-package. This program can convert the commonly used .obj file format (although some other
common CAD-file formats are supported as well) into a data format that is usable by ADDA. CAD-
files for common polyhedrons are freely available on the internet for non-commercial purposes, in this
research they were downloaded from GrabCad (2019). With software called LiteBil, the shape files
generated with PIP were visualized to verify that the conversion from .obj format to ADDA shape-file
was done correctly. Visualisations of the octahedron and cube-octahedron shape files by LiteBil are
presented in Figure 3.7.

3.8. ADDA results

Results for the size distribution scattering matrix elements are given for the cubes, octahedra and cube-
octahedra, shapes that have been predicted by Mangan et al. (2017). Scattering matrix elements for
size distributions of cubes are presented in Figure 3.8, octahedra in Figure 3.9 and cube-octahedra in
Figure 3.10. For each shape, the plots are given for three wavelengths: 0.4, 0.6 and 0.8 um. See Table
3.1 for the ranges of size parameters for each wavelength.

All three figures show that with increasing size parameter, the scattering matrices become increasingly
complex. Since the size parameter is x = 2m 1,4/, this complexity increases when the wavelength
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Figure 3.7: Cube-octahedron shape, downloaded shape object file from GrabCad (2019), shape file created with pip and plot
generated with LiteBil software (Laboratory of Paper Coating and Converting at Abo Akademi University).

decreases with respect to the particle size. For all three shapes the scattering matrix elements become
smoother with increasing wavelength. For size-distributions of cube-octahedra, the features seen in
blue (especially in P;;) seem relatively smooth compared to the those seen for the other two shapes in
blue. This could be caused by the lower number of dipoles per wavelength (smaller grid sizes) at which
these simulations were performed which introduces errors, especially at larger size parameters (smaller
wavelengths). A cube-octahedron’s sharp edges are not represented correctly and the results start to
somewhat resemble those of a sphere. Looking at the single scattering degree of linear polarization
(P,) it is clear that distinct patterns are exhibited for each shape and every wavelength. This is in
accordance with the notion in literature that the degree of polarization is very useful for determination
of particle shape (Hansen and Travis, 1974).

3.9. Comparison of size distributions of cubes and spheres

The results of the cube, octahedron and cube-octahedron size distributions are compared with the
same size distribution of spheres (particle sizes between 1 and 3 pm with median of 2.2 uym). This
information is useful since Mie codes are more readily available and often much faster. If results for
size distributions of cubes, octahedra and cube-octahedra result in scattering matrices that are very
similar to those of size distributions of spheres, it would be more practical choice to just use the latter.
The comparison over a broad range of scattering angles is of interest because surface-based observa-
tions can potentially detect the same cloud from a broad range of scattering angles. For space-based
observations this is more difficult; in general, the orbit puts constraints on the viewing geometry and
illumination conditions. From Figure 3.11 it is clear that the scattering matrices exhibit roughly the
same forward-scattering and back-scattering behaviour in the phase function (P;;). This makes sense
because this behaviour is mainly dictated by particle sizes (Hansen and Travis, 1974), which are the
same for each shape. However, the sphere scattering matrix shows more distinct peaks and valleys
for values of 8 between roughly 50° and 130°. Moreover, the sphere size distribution P;, shows a very
sharp negative and positive peak at small scattering angles and a clear valley at high scattering angles.
These features are not present for a cube size distribution.

In conclusion, using spheres as constituents of the mesospheric clouds is not appropriate in this re-
search because simulation results of PA3S would show distinct features in the flux and degree of po-
larization that are probably not present in reality. Such results would be too optimistic. For eventual
analysis of real measurements, the approach described in this chapter should be repeated for various
size distributions, with variable real and imaginary refractive indices in the visible spectrum and perhaps
for combinations of cubes, octahedra and cube-octahedra. Also, experimental measurements under
atmospheric conditions similar to the Martian mesosphere could be conducted.
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Figure 3.8: Scattering matrix elements for a size distribution of cubes. Results were generated by interpolating between sets
of ADDA outputs for cubes calculated at different size parameters and applying Equation 3.8, explained in Section 3.6. Range
of equivalent particle radii of the distribution is 1-3 um. Wavelengths considered are 0.4, 0.6 and 0.8 um. Corresponding size
parameter ranges are 15.7-47.3 (0.4 um, blue), 10.5-31.4 (0.6 um, green) and 7.8-23.6 (0.6 um, red).
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Figure 3.9: Same as Figure 3.8 but for a size distribution of octahedra.



32 3. Calculating cloud particle scattering matrices with ADDA

P12 /P11

0.2

P21 /P11

0 50 100 150 0 50 100 150 0 50 100 150
scattering angle scattering angle scattering angle
P22 /P11 P33 /P11 P34 /P11

0.4 . ‘ . . . ‘ . — .
0 50 100 150 0 50 100 150 0 50 100 150
scattering angle scattering angle scattering angle
P43 /P11 P44 /P11

-0.2 1 . , ; —-1.0 1 . r :
0 50 100 150 0 50 100 150
scattering angle scattering angle

Figure 3.10: Same as Figure 3.8 but for a size distribution of cube-octahedra.
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Figure 3.11: Comparison of scattering matrix elements for log-normal size distributions of spheres and cubes for equivalent
volume radii between 1 and 3 pm, median radius 2.2 um. Results are for a wavelength of 0.8 um, corresponding to size
parameters x between 7.8 and 23.5. Results for several size parameters were generated with ADDA, the detailed method is
described in Section 3.6. Cubes are represented by the blue lines and spheres by the red lines. Both shapes show strong
forward scattering and weaker back-scattering, however, spheres exhibit clearer peaks in the phase function whereas cubes
results in a smoother phase function for 8 between 50° and 130°. Also spheres show a sharp valley and peak at low scattering
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PA3S code

This chapter discusses the Monte Carlo code that has been developed for this research, named PA3S
(Polarized Atmospheric Spherical Shell Simulation). Section 4.1 starts with a brief overview of some
important features. Section 4.2 explains the coordinate systems used in the code. In Section 4.3 a
photon is followed conceptually along its path to explain the main steps in the algorithm. The chapter
ends with a note on CPU-times in Section 4.4. This is relevant since Monte Carlo simulations are known
for long computing times.

4.1. Code overview and main features

The most important feature of PA3S are the spherical shells used to represent the atmosphere. This
feature allows for simulation of twilight lighting conditions, a feature that is not possible with plane-
parallel radiative transfer codes. Other notable features are (some of which are possible with a plane-
parallel code):

+ adjustable size of planet and planetary atmosphere
* arbitrary number of layers

» arbitrary number and size of detectors placed on the surface or in the atmosphere, giving results
for multiple solar elevations in one run

+ the possibility of three types of scatterers: gas, dust and cloud

+ control of the maximum order of scattering

4.1.1. Adding different constituents

All atmospheric constituents are defined beforehand by giving their scattering matrices as input. For
each layer a different combination of gas and dust is generated by setting their relative optical thick-
nesses. The distinction of the two in the code is that optical thickness of the gaseous constituent is
set by adjusting its pressure for each layer, for dust the optical thickness is set directly. Clouds are
handled differently from the gas and dust because they add a non-homogeneity to a layer, whereas
the gas and dust are homogeneous within a layer. This distinction in terminology is important because
clouds are technically just another aerosol, but in the context of the code they are considered different.
Currently the code includes one type of gas, one type of dust and one cloud. An arbitrary mixture of
gases and dust (or other aerosols) could be used by adding up the scattering matrices of the gases
and aerosols using Equation 2.25. Another option would be to read in more scattering matrices with
the subroutines that are present. Note that scattering matrices used as input to the program should be
normalized over the solid angle (P11 integrated over the full solid angle should equal 1, see Section
3.3), as no normalization of the scattering matrix is performed by the code.

35
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4.1.2. Layers

Because twilight illumination conditions cannot be simulated assuming a plane parallel atmosphere,
the simulation uses a spherical atmosphere. This spherical atmosphere consists of spherical shell
layers, similar to the layers of an onion. Each layer is homogeneous and contains a gas (mixture) and
(optionally) aerosols in varying fractions. This means that the scattering cross-sections, absorption
cross-sections, optical thicknesses of all the constituents and the total optical thickness are all constant
in a single layer.

Figure 4.1: Schematic 2D depiction of a code setup with three layers and a cloud present. The cloud is represented by the thick
black arc in the third layer. Three detectors (black dots) have been placed on the planet surface. The incident sunlight is shown
in the top left.

4.1.3. Point sources disk

lllumination by the Sun is simulated by placing point sources in a disk and releasing photons, all in
the same direction. This disk is formed by dividing up a square that covers the entire disk into an
arbitrary number of cells. Photons are released from the midpoints of each cell. This ensures that
each source represents the same amount of solar flux because the cell areas are all equal. If photons
from a source do not hit the atmosphere (i.e. the source falls outside of the radius of the planetary
disk), the source is discarded. Errors in incoming flux are introduced since a circle is approximated
with squares. Decreasing the distance between the sources reduces these errors. See Figure 4.2 for
a graphical representation of the sources. The sources plane can be constrained to exclude certain
sources, which is used to reduce computation times. If for instance the northern hemisphere with an
optically thin atmosphere is of interest, there is no need to emit photons from sources that cover the
southern hemisphere since virtually none of them will have an effect in the northern hemisphere.

4.1.4. Detectors

Detectors are placed on the surface to store the Stokes parameters of photons that reach them. At a
detector, flux from various directions is stored in four matrices that represent each Stokes parameter.
Every element in the 2D matrix represents the discretized elevation-azimuth. Each detector area must
be equal to properly compare the flux they receive. To achieve this, a congruent, equal-area mesh
is formed on a sphere representing the detector radius, see Figure 4.3. Each cell in this mesh has
constant cos ¢ and constant 2. A disadvantage of this approach is that cells do not have constant
aspect ratio.

The mesh can be constrained by defining a detector latitude and longitude range, and the number
of latitude and longitude nodes is adjustable. See Figure 4.3. In this research only a small area on
the surface in the twilight-zone is of interest, but detectors can be placed at arbitrary locations in the
atmosphere. Only storing photons near the twilight zone improves run times and reduces memory
storage of the output data. Photon directions are stored as elevations and azimuths at detectors.
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Figure 4.2: Figure showing the setup of the disk containing the point sources representing sunlight. Number and location of
sources is adjustable by constraining their allowed x- and z-coordinates in the sources disk. This is to shorten run-times when
only a select number of detectors is of interest. In this figure nine detectors are visible on the planet. The sources disk can be
thought of as the 2D projection of the planet sphere (with atmosphere). Photons are by default released in a direction parallel to
the y-axis: dir, = [0, 1, 0]. Released photons are unpolarized: I, = [1,0,0, 0].

When a photon falls within a detector’s borders, the photon is counted as if it intersected the center of
the detector. In other words it is shifted to the middle of a detector cell, see Figure 4.4. The spatial
resolution of the code is thus the size of a detector cell.

4.2. Coordinate Systems

The code uses a planetocentric reference frame for photon propagation and scattering. The reference
frame is inertial, rotation of the planet is not considered. A run of PA3S simulates lighting conditions
at one instant in time, therefore planetary rotation is not relevant. Lighting conditions for different solar
elevations can be analysed simply by placing detectors on different locations on the planet. See Figure
4.5, photon positions (p) are tracked by their Cartesian coordinates in the planetocentric reference
frame, directions (dir) are Cartesian unit vectors in a photon’s reference frame. In the context of
rotation of Stokes vectors at photon scattering (Subsection 4.3.4) it is useful to express the photon’s
direction in spherical coordinates in the photon reference frame, ¢ and 9 in Figure 4.5.

In Figure 4.6, the planetocentric reference frame is also depicted but with the planet’s surface included.
The x-axis goes through the planets meridian that divides the day-side and night-side, the y-axis is
aligned with the incoming direction of the solar flux and the z-axis passes the planet’s North pole.
Detector positions are defined by their latitude and longitude on the planet. The x-axis of the Cartesian
frame goes through the prime meridian (where longitude is zero), latitude is zero at the equator.

Each detector has it own East-North-Up (ENU) directions. Photon directions are stored as elevations
and azimuths relative to a local horizontal reference at a detector consisting of the ENU directions.
Azimuth is zero in North direction and is positive counter-clockwise when looking towards the zenith,
elevation is zero at the horizon and 90 degrees at zenith. Negative elevations are possible in the
program, but in this research the detectors are on the surface and negative elevations are therefore
never encountered. See the depiction of the sky-dome, relevant angles and unit vectors at a detector
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Figure 4.3: Depiction of nine detector cells on the planet surface. In the congruent detector mesh, each cell area is equal because
cell heights gradually stretch towards the poles.

Figure 4.4: Zoomed in part of Figure 4.3 showing three photon packets (grey stars). Two of them land within detector cells, their
detection location is moved to the middle of the cell. One photon packet lands outside of the detector range and is not detected.

position in Figure 4.7. Note that the ENU-vector in Figure 4.7 are the same as in the planetary frame
in Figure 4.6.

Summarized, when a photon is detected, its Cartesian position and direction (w.r.t. a planetary frame)
are converted into a latitude-longitude position (w.r.t. a planetary frame) and a local elevation-azimuth
direction (w.r.t. the local horizontal plane at a detector). The local ENU-vectors of a detector latitude-
longitude position are found with an algorithm described by Subirana et al. (2011).



4.3. Algorithm 39
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Figure 4.5: Figure showing the planetocentric reference frame used to track photon positions, p. The photon’s direction is ex-
pressed in the photon reference frame in Cartesian coordinates, dir. The photon direction is expressed in spherical coordinates,
@ and 9, in the case of Stokes vector rotation at scattering, detailed in Subsection 4.3.4. This is done to be able to use spherical
trigonometry.

€ = (—sinl, cos 1,0)
fi = (—cosAsing, —sindsin ¢, cos ¢)
i = (cosAcos ¢, sindcos ¢, sin ) 4.1)

where ¢ is latitude and 4 is longitude. With the ENU-vectors of a local detector, the Cartesian direction-
vector dir of a photon can be transformed into a local elevation, el, and azimuth, az, as follows (Subi-
rana et al., 2011).

el = arcsin (—dir - )

—dir - &
az = arctan| ———— (4.2)
—dir - A

4.3. Algorithm

PA3S has two main phases: the setup phase and the photon propagation phase. After the setup
phase the user can review the settings and cancel the program or start the propagation phase. Photon
propagation is done in parallel for better performance. See Figure 4.8 for a flow chart of the PA3S
algorithm. Key elements of the program are explained in the following subsections.

4.3.1. Setup - initial values

During the setup phase, the sources, detectors and layers are initialized. Input scattering matrices
and optical thicknesses of the gas, dust and clouds are read and combined into one scattering matrix
for each layer with Equation 2.25. The single scattering albedo of each layer is calculated from the
scattering and absorption optical thicknesses of the constituents with Equation 2.26. The total optical
thickness is found for each layer with Equation 2.27. If enabled, the extent and thickness of the cloud’s
spherical shell segment is initialized. The photons are all moved from the source disk to the top of the
atmosphere where initially the direction is dir, = [0,1, 0] (parallel to the y-axis, see Figure 4.2). The
initial Stokes vector of the photon packet I, = [1, 0, 0, 0] represents unpolarized light. This initial Stokes
vector is defined with respect to the plane containing the propagation direction and the local vertical.
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Figure 4.6: Overview of the planetocentric coordinate system used in the code. Photon propagation is done using Cartesian
coordinates, the x-axis splits the planet in day-side and night-side, the z-axis goes through the North pole. Detector locations
are defined with longitudes (zero at x-axis) and latitudes (zero at equator). At detectors, auxiliary East-North-Up unit vectors are
used to transform an incoming Cartesian direction to an azimuth and elevation in a local horizontal detector frame, see Figure
4.7 for a sky-dome centered at such a detector position.

After a scattering event this reference plane changes because the direction has changed (though the
plane is always vertical in the Cartesian plane during propagation).

4.3.2. Photon distance travelled

The algorithm in this subsection is based on Wood et al. (2013). After a photon is released from a
source, it starts moving through the atmosphere. Each layer has a certain optical thickness which is
a combination of the optical thicknesses of the gas, dust and clouds. These layer optical thicknesses
have been calculated in the setup phase. The optical thickness along a path indicates the number of
mean free paths of a photon along a path. In other words; it indicates the number of interactions a
photon will have on average. Randomness is introduced by introducing a random optical thickness
from one interaction to the other. This random 7,. will subsequently be scaled with the layer’s optical
thickness, 7,4y, and the layer’s radial extent, Ar,,., to generate a distance travelled by the photon.
The value e® is the probability that the photon moves an optical thickness t without interacting. The
opposite probability, interacting before travelling the full optical thickness is 1 — e*. A random number
can be sampled from the probability density function in the following way: x = 1 — e®. This leads to the
following

7, =—log(1—x), (4.3)

where x is a random number uniformly distributed between 0 and 1. Now a distance travelled between
interactions is found with
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Figure 4.7: Depiction of a sky dome around a horizontal reference frame at a detector on the planet’s surface. Compare the East-
North-Up (ENU) unit vectors with those in Figure 4.6 where a set of these vectors is also plotted but in the context of the entire
planet. The ENU unit vectors are used to transform incoming Cartesian photon directions (dir) into azimuths and elevations with
Equations 4.1 and 4.2. In this reference frame, azimuth ,az, is zero at fi and is positive counter-clockwise when looking in the
direction of @. The elevation, el, is zero at the horizon and 90° at the zenith.
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4.3.3. Travelling through layers

In PA3S it is possible to define an arbitrary number of layers to represent altitude differences in optical
properties of actual atmospheric layers. Checking whether or not the photon moves into another layer
is done by comparing the distance travelled (see Subsection 4.3.2) with the distance to an intersection
with a layer boundary. Intersections are found taking into account that a photon cannot intersect a layer
moving backward. At each iteration, it is checked if the photon has moved down a layer or up a layer.
Moving down a layer is always checked first. A photon could intersect multiple layer boundaries if the
distance travelled is long enough. If a photon intersects both the lower and upper layer, the distance to
the intersection with the lower layer is always closer. A photon cannot intersect both layer boundaries
and be closer to the upper layer intersection because it cannot move backward. This is evident from
Figure 4.9.

Layer crossings are evaluated by finding intersections of a line (photon path) and a sphere (layer bound-
aries) in 3D. The equation of a sphere in 3D can be written as

r2=|p-el’=lp-ol", (4.5)
where p is a point on the sphere and c is the position vector of the sphere center. Every layer boundary

is a spherical surface with the sphere center at the planet center, therefore ¢ = [0, 0, 0] in the Cartesian
grid. A point on a line in 3D can be written with the following vector notation:

p = po + t dir, (4.6)
here po is the line origin (the last known photon location), dir is the direction unit vector and ¢ is a

distance along the line. To find an intersection between the line and sphere the equations are combined.
After some manipulation the result is

(dir - dir) t2 4+ 2(dir - po) t + po - Po — 2> = 0. 4.7)
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Figure 4.8: Flow chart of PA3S algorithm.

This is a quadratic equation in t. The equation can have no solutions (no intersection), one solution
(line tangent to sphere) and two solutions (two intersections). In the algorithm, negative solutions are
not valid because a photon can not travel backwards on its path. If there is a solution and the distance
travelled is more than t the photon moves into the new layer and is placed at the layer boundary. If there
are two positive solutions for ¢t, the smaller of the two is taken since the photon reaches the intersection
corresponding to the smaller ¢ first.

4.3.4. Photon scattering

When a photon packet has travelled the distance L, it encounters a particle. Subsequently it can scatter
and can possibly be partially absorbed. These two processes constitute interactions in the PA3S code
(emission is ignored as stated in Section 2.2). In the setup phase the combined scattering matrices for
each layer have been constructed. To determine the new direction of the photon packet after scattering,
a scattering angle, 8, and azimuthal angle of scattering, 1, have to be generated, see Figure 4.10. The
scattering angle is also required to determine the new polarization state because the scattering matrix,
P(6), depends on 8). The algorithm is different for the cases of single scattering (photon has not yet
scattered) and multiple scattering (photon has already scattered at least once) as will be explained in
the following text.

Sampling single scattering 6 with rejection method

The phase function (the (1,1)-element of the scattering matrix) represents the probability that a photon
is scattered in a certain direction. Integrating the phase function over the whole solid angle equals a
probability of 1. The azimuthal angle, vy, is sampled uniformly from the range 0 - 2. A scattering angle,
6, is sampled from the combined phase function using the rejection method. The method requires to
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Figure 4.9: Figure showing variables used to check if a photon travels to another layer. The photon’s last position is at pg, the
photon propagation direction is dir, the radius of the lower layer boundary is . Intersections between a the photon path (a line)
and a layer boundary (a sphere) are found with Equation 4.7. In this figure, two intersections with the lower layer exist (one or
zero intersections are also possible). The travelled photon path,L is longer than the distance to the closer intersection, t,, and
therefore the photon is placed at this closer intersection.

generate a random 6,. uniformly from O - = and a probability P. uniformly from O - 1. The corresponding
probability that the photon scatters in direction 6, is:

P(6;) = P11 (6] - (4.8)

If P(6,) = B, then 6, is accepted as the scattering angle. Otherwise, a new 6, is generated until the
condition is met.

Sampling multiple scattering 6 and y with rejection method

If the photon has already scattered once, Stokes parameters Q and U can be non-zero and they play a
part in finding the scattering direction. Now both 8 and y have to be sampled. A 6, is sampled uniformly
from O - = and a .. is sampled from 0 - 2. Again, a random probability, B, is sampled uniformly from
0 - 1. Now the probability that the photon scatters in direction 6, ¥ is

P(,0) = P11 (0)]y + Py2(0)[Qocos(2Y) + Upsin(2y)] . (4.9)

If P(Yy,6,) = P, 8, and i are accepted as the scattering angle and azimuthal angle. So, in contrast
to the single scattering rejection method, the P,,-element of the scattering matrix also plays a role in
multiple scattering.

Stokes vector rotation at scattering event

With 8 and ¥ the scattered direction can be found. The scattering matrix transforms an incoming
Stokes vector into a scattered Stokes vector. This matrix is defined in the scattering plane. However,
the incident Stokes vector is defined with respect to a different plane. Out of convenience, this plane
is always the plane containing the direction, dir, and the local z-direction in the photon reference
frame, see Figure 4.5. In Figure 4.11 from Hovenier and Van der Mee (1983), dir corresponds to OP,
and the local z-direction is ON, thus the plane the incident Stokes vector is with respect to the plane
defined by ONP;. The Stokes vector first has to be rotated to the scattering plane OP,P, over an
angle corresponding in magnitude to o;,. Next, it is transformed by the scattering matrix. Finally, it



44 4. PA3S code

- AN
/ \
/ \
/ \
/ \
/ \
/ ¥ |
l \
| |
incoming direction Q I 7 ' |
\ [
0 \ |
scattered direction \ /
\ /
\ /
\ /
N /

Figure 4.10: Figure showing the scattering angle, 8, and azimuthal angle of scattering, 1. These angles determine the scattered
direction.

is rotated over angle o, to define it with respect to the plane containing the scattered direction (OP,
or the new dir) and local North (ON or the local z-direction in the photon reference frame), i.e. the
plane containing ONP,. The incoming elevation and azimuth, 9’ and ¢’, are found by transforming
the incoming Cartesian photon direction, dir, to spherical coordinates in the photon reference frame
(depicted in Figure 4.5). With 8 and ¢ (generated in the previous step), the scattered direction in
spherical coordinates, 9 , ¢, can be calculated. Now, the angles a; and g, can be found using spherical
triangles.

Firstly, o, is defined by y. If ¢’ > ¢ as in Figure 4.11, g, simply equals y. By convention positive
rotations are defined to be counter-clockwise when looking in the propagation direction (looking from
O to D). In this case the rotation is negative, and the rotation matrix L(a) with ¢ = —g; is

If ¢’ < ¢ then o, = ¢ — m and the rotation is counter-clockwise, thus positive. Resulting in

1 0 0 0
_ |0 cos(20y) sin(20;) O
Lo1) = 0 —sin(20;) cos(207) O (4.10)
0 0 0 1
In both cases the scattering matrix is transformed in plane ODS using scattering matrix P(6):
P11(0) Pp(6) 0 0
_|P2(0) P(6) 0 0
FO=1707 "0 7 pye) Puo) @)
0 0 P3,(0) Pue(6)

The angle g, can be found using the Side-Angle-Side problem from spherical trigonometry (Wertz,
2001)

cos(% -9') — cos(@)cos(g —-9)
sin(e)sin(g —-9)

0, = acos2 ,H(g —9 . 4.12)

If ' > ¢, the rotation from ODS to ONS is counter-clockwise (positive). If ¢’ < ¢, this rotation will be
clockwise (negative). Thus the rotation matrix will be

or



4.3. Algorithm 45

X X

Figure 4.11: Figure from Hovenier and Van der Mee (1983), the xyz-frame is centered around the scattering volume at O, direction
of incident light is OP, direction of scattered light is OP,. The left figure shows a situation where incoming azimuth ¢’ is larger
than scattered azimuth ¢, right figure shows the opposite situation. The Stokes vector has to be rotated an angle g, from plane
ONP; to scattering plane OP, P, before it is multiplied by the scattering matrix, finally the Stokes vector is rotated to plane ONP,,.

This results in case 1, ¢’ > ¢:

1
= L(+0,)P(0)L(—0y) 8 , (4.13)
%4

s i

SN ~

and case 2, ¢’ < ¢:

I I
Ql _, Q
ul = L(—0,)P(0)L(+0y) ul - (4.14)
|74 Vi

N l
4.3.5. Interaction with a cloud
In the program a cloud is represented as a part of a spherical shell that has a different scattering
matrix and optical thickness compared to the rest of the layer, see Figure 4.12. The scattering matrix,
single scattering albedo and optical thickness of the CO, ice particles is included in Equations 2.26
and 2.27. The cloud shell element is defined with a certain latitude range (¢c;min, Pcrmax), I0ONGitude
range (Acimin, Acimax) @nd a radial extent (7, min, Termax)- NOW, the same equations as for finding
intersections with layer boundaries from Subsection 4.3.3 can be used to find an intersection point
with the cloud, p;s.:- Since the clouds on Mars are relatively thin, p;,.; is calculated for a sphere with
radius (7. min + Teimax)/2, instead of separately checking for intersections with two spheres with radii
Tamin @Nd T max- Because the cloud is a shell element and not a full spherical shell, an added check
is performed to confirm that the intersection point is within the cloud’s latitude- and longitude-range,
Dcimin < Disct < DPermax ANA Aepmin < Aisee < Acimax- 1750, the next step is to check whether or not the
photon interacts with the cloud or passes through the cloud. Now, locally the cloud is assumed to be a
flat plate with a certain thickness, t;; = 7. max — Teymin- 1he cloud entry angle, @epry, is determined
with
M) ) (4.15)

Aentry = arccos( —
[1Piscell | dir]|
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Figure 4.12: Schematic depiction of a photon interacting with a cloud. At A this cloud shell element is depicted with the curved,
thick, blue line. The long dashed lines are layer boundaries. Two conditions are needed for a photon to hit a cloud: 1) the photon
intersects a sphere with the cloud radius 2) this intersection is within the cloud latitude-longitude range. If the photon hits the
cloud, locally the cloud is assumed to be flat with a certain thickness t.;, see B. The light blue point is the cloud intersection,
Pisct, the entry angle a.,ry is calculated by finding the angle between the vectors p;sc; and dir. Then the maximum path
through the cloud is dyqx = tc1/c0S Qenery- If @ generated path length L (using the cloud optical thickness and the method from
Subsection 4.3.2) is smaller than d,,,4, the photon is scattered in the cloud, otherwise the photon passes through the cloud.

®entry, iS Used to find the maximum path length through the cloud: dyqax = t;/cos @enery- A photon
path length before interaction, L, is generated in the same way as described in Subsection 4.3.2. If
L < d,qx the photon will scatter due to the cloud particles, otherwise it will pass through the cloud. In
this way transmission and scattering by the cloud are simulated. Note that to simplify the algorithm,
photons that have already scattered once in the atmosphere are ignored, their contribution to skylight
measured from the surface is negligible for the high altitude clouds.

4.3.6. Detection and another Stokes vector rotation

When the photon is present in a layer with detectors, it is checked whether or not the photon hits a
sphere with the same radius as the detector using the equations as in Subsection 4.3.3. For example,
if the detectors are at surface level, the algorithm checks if the photon hits the surface. Next, it is
tested whether or not the intersection point is within the detector latitude- and longitude-range. If this
is the case, the intersection point is used to find the correct detector by checking between which set
of nodes of the detector bins the intersection is located, see Figure 4.4. Subsequently, the Cartesian
direction unit-vector is converted into elevation and azimuth with Equation 4.2. A nearest neighbor
binary search over 91x361 direction-bins (91 elevation bins and 361 azimuth bins) is performed with
the converted elevation and azimuth and the incoming Stokes parameters are added to the correct
direction-bin.

In Subsection 4.3.1, it was mentioned that Stokes vectors in this code are always referenced with
respect to planes that are vertical in the Cartesian reference frame (planes containing the propagation
direction,dir, and unit vector [0,0,1]. However, this representation is not practical in the local horizontal
frame at a detector (Figure 4.7). The photon Stokes vector is rotated to the local meridian in the
horizontal frame containing the incoming direction, using the same rotation method as in Subsection
4.3.4. The local meridian corresponds to the plane containing dir and the local up-direction, . Storing
the Stokes vectors in this way allows for easy rotation of the Stokes vectors to an arbitrary meridian
in the sky dome, like for example the solar meridian or a meridian aligned with the optical plane of an
instrument. This is because the stored Stokes parameters have to be rotated over only one angle with
the rotation matrix in Equation 2.10.

4.4. Run times

Monte Carlo simulations are known to have long run times. In PA3S, these increase mainly with the total
number of photons. According to Wood et al. (2013), the number of photons in each bin (in PA3S: an
adjustable number of detector bins, each containing 91x361 direction-bins) follows Poisson statistics,
meaning that the random sampling errors of the energies in each bin are proportional to 1/\/ﬁi, where
N; is the number of photons in the bins. Thus a lot of photons are necessary to reduce large fluctuations
due to sampling errors.
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The dependency of run time on the number of photons is fairly linear, but other factors also influence
run times. See Figure 4.13 where a plot is presented with run times for several runs at different number
of photons. The timing results are given for 1 CPU core, but PA3S has been parallelized with the
OpenMP (Open Multi-Processing) API. The actual run time reduces linearly with increasing number of
cores. For example, one simulation with 1.7-10%2 photons (not plotted in Figure 4.13 to prevent skewing
the plot) was performed with 14 cores, taking 114 hours instead of 1596 hours. Parallelization in the
program is achieved by dividing photon paths over several cores, since each photon path is completely
independent.

Next to the total number of photons, a notable factor that also increases the run time is increasing
optical thickness, though the effect is less easily quantifiable compared to the effect of the total number
of photons. For an indication, the last two timing results in Figure 4.13 are at equal total number of
photons but the total vertical optical thickness (all atmospheric layers combined) differs by a factor
of two. With a total atmospheric optical thickness of 0.2 the run time was 21.5 hours, a total optical
thickness of 0.4 resulted in 30 hours. Run times also increase with the total number of layers, but this
effect has not been investigated thoroughly.

30
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Figure 4.13: Total run time of PA3S code plotted against total number of photons. Plots are given for 1 core, the run time
decreases linearly with increasing number of cores. Run time does not increase monotonically with total number of photons
because it is also influenced by other factors. Most notably, run times also increase with increasing optical thickness and
increasing number of layers.

4.5. Complementary programs

A number of Python scripts have been written to manipulate input and output data. It was necessary
to convert scattering matrices from ADDA output and other sources to a standard format readable by
the code. Tools have also been developed to generate scattering matrices of size distributions using
multiple ADDA outputs (log-normal size distributions, but other distributions are easily implemented).
Code output can be stored in text format, HDF5 format (The HDF Group, 1997-2019) or both. For both
output file types, scripts have been written to easily visualize the data using the Python library Matplotlib
(Hunter, 2007). Figures 4.16 and 4.17, and the figures in Chapter 5 have been generated with these
scripts. The complementary scripts, can also produce plots similar to Figure 5.1 in Chapter 5, such a
plot is meant to give a quick overview of the settings of a simulation; locations of sources, locations of
detectors and the location of a cloud if present.

4.6. Validation of code with polarization portrait of Rayleigh sky

To validate the output of the PA3S code itis compared with the single scattering Rayleigh model. Natural
skylight shows a distinct pattern under clear circumstances when only considering photons that have
been scattered once. The pattern is visible in the degree of polarization (DoP, I,,,;/I) and the angle of
polarization (AoP, y), and is a manifestation of the Rayleigh scattering scattering matrix in the sky dome
(see Section 2.4 on Rayleigh scattering and Figure 2.6). The DoP and the AoP are calculated from the
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Stokes parameters using Equations 2.6 and 2.7. Multiple orders of scattering, haze and clouds in the
atmosphere muddle up this clear pattern. Second order scattering creates its own signature which
is discussed in Section 5.2. The DoP and the AoP of the single scattering Rayleigh sky model from
literature are compared with results from the code. The results have been generated by setting the
maximum number of scattering interactions to 1, giving a pure single scattering Rayleigh sky.

When looking at a point in the sky-dome and pure single Rayleigh scattering, the local E-vector always
makes a 90° angle with the scattering plane (the plane containing the observed direction and the Sun
direction). See Figure 4.14a from Horvath (2014) showing the orientations of the electric vectors for a
Rayleigh sky: take any point on one of the circles projected on the dome, the arc between this point and
the Sun is perpendicular to the black line tangent to the point, this is true for every point. See Figure
2.4 for another example. The E-vector orientations form concentric circles around the Sun, shifting as
the Sun moves across the sky-dome, see Figure 4.14b-c from Horvath (2014). An important note is
that the pattern changes when taking the AoP with respect to different planes in the local horizontal
reference frame. Several conventions exist for this, common ones are with respect to:

1) the solar meridian, containing the Sun direction and zenith

2) each local meridian, containing the observed direction and zenith (changes for every observed
azimuth)

3) the North-South meridian

Different conventions give different patterns for the angle of polarization. In Figure 4.14 by Horvath
(2014) convention 1 is used. Figure 4.15 from Pomozi et al. (2001) uses convention 2. Conventions
2 and 3 give similar patterns but the angles are shifted by the angular distance between the solar
meridian and the North-South meridian. This angular distance changes with latitude, on the equator it
is 90°.

Plots for the DoP, the AoP and Stokes parameter I (total flux) are given in Figures 4.16 and 4.17. The
AoP plots are shown for two conventions: with respect to the local meridian and with respect to the solar
meridian. I is given for easy reference of the Sun’s location in the sky. Plots of V' (circular polarization
flux) are not presented because P;, of the Rayleigh scattering matrix is zero for all scattering angles,
therefore no V is present in the Rayleigh model. Results are presented for a wavelength of 0.4 um
and for two solar elevations, 1.5° (Figure 4.16) and 33.5° (Figures 4.17). Note that in both figures, the
bottom-right AoP is taken with respect to the solar meridian (the meridian containing the Sun, zenith
and the observer) and should be compared with Figure 4.14 (although pay attention that colors are
shifted by 90°, 0° is blue in Figures 4.14 but red in Figures 4.16 and 4.17. In contrast, the bottom-left
plots present the AoP with respect to each local meridian and should be compared with Figure 4.15.
It is clear from comparison that the simulation results are validated in terms of the single scattering
Rayleigh model.



4.6. Validation of code with polarization portrait of Rayleigh sky 49

30" elevation

n

= =100%

ree of polariza
D o
S o
EE S

60" elevation

Figure 4.14: In this figure by Horvath (2014) the polarization portrait of the single scattering Rayleigh sky is projected onto a
half sphere representing the sky dome. In a the E-vector orientations resulting from single Rayleigh scattering are depicted, the
E-vector orientations form concentric circles centered around the Sun and anti-Sun. Subfigure b shows the angle of polarization
(AoP) pattern. The AoP is defined with respect to the solar meridian in this figure (convention 1 in the text). For instance, in
red regions the E-vectors are oriented perpendicular to the solar meridian. In ¢ the degree of polarization (DoP) is presented.
The DoP is minimum at the Sun and anti-Sun and maximum at 90° away from the Sun and anti-Sun, this is a manifestation of
element P,, of the Rayleigh scattering matrix depicted in Figure 2.6. Comparing the plots in a and b for the three different solar
elevations, it is clear that the concentric circles follow the Sun across the sky, causing the patterns to change.
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Figure 4.15: Figure by Pomozi et al. (2001) showing the angle of polarization (AoP) and degree of polarization (DoP) patterns of
the sky dome in a 2D projection for several solar elevation angles. 90° elevation is in the middle of each plot, note the changing
position of the black dot representing the Sun. The DoP is minimum at the Sun and anti-Sun and maximum at 90° away from
the Sun and anti-Sun, this is a manifestation of element P,, of the Rayleigh scattering matrix depicted in Figure 2.6. The neutral
points (points with minimum Do P) are not shifted. They are exactly at the Sun and the anti-Sun under the horizon, this is because
these plots represent the single scattering Rayleigh sky. The AoP in these plots is with respect to each local meridian of incoming
light (convention 2 in the text), in contrast to Figure 4.14 where the AoP is with respect to the solar meridian.
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Figure 4.16: Output from PA3S for a single scattering Rayleigh sky at a detector near the equator with a solar elevation of 1.5°.
Simulations were done with only CO, gas present, no dust and no clouds. Top left: flux in photons for easy identification of the
Sun’s position (bright dot in the West). Top right: degree of polarization, the pattern matches the patterns presented in Figures
4.14 and 4.15 with the maximum DoP at 90° from the Sun. Bottom left: angle of polarization with respect to each local meridian
of incoming light at the detector. The pattern matches nicely with at similar elevation of 5° in Figure 4.15. Bottom right: angle of
polarization with respect to the solar meridian, compare with Figure 4.14. The patterns are very similar apart from a difference
in the color spectrum: in Figure 4.14 an AoP of 90° is red while in this figure it is light blue.
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Figure 4.17: Similar to Figure 4.16 but with a solar elevation of 33.5°.



Results

In this chapter results, of the PA3S code for simulating Martian ground-based observations are pre-
sented. The following sections present results with different combinations of gas, dust and clouds
present in the simulation. The simulations with clouds (Sections 5.3 and 5.5) are performed using a
size distribution of cubes, i.e. the scattering matrix elements from Figure 3.8. Octahedra and cube-
octahedra would give very similar results in the flux, the patterns visible in degree of polarization (DoP)
and angle of polarization (4oP) will be different but this does not affect the eventual conclusions in the
research. First, in Section 5.1 the layer setup used for most results presented in this chapter is given.
Next, Section 5.2 starts with a description of second order Rayleigh scattering effects and discusses
whether or not these effect are visible in the Martian atmosphere. The results in Section 5.2 are there-
fore without dust and CO, clouds, only with CO, gas. Section 5.3 discusses results for an atmosphere
without dust loading, but with a cloud, such results could be compared with clouds in dust loaded sce-
narios to see the effects of the dust on the cloud signal. Section 5.4 deals with an atmosphere model
with only gas and dust and briefly discusses the blue sunsets that occur on Mars. Finally, Section 5.5
gives the results with all constituents present.

5.1. Common simulation settings

Most results in this chapter are generated with the same number of layers and the same CO, gas
pressure profile shown in Table 5.1, representing the Martian atmosphere under different atmospheric
scenarios. These results are shown in Figures 5.5-5.13. Only the results in Figures 5.3 and 5.4 were
not generated with these settings, since these results are meant to demonstrate second order Rayleigh
scattering neutral points (explained in Section 5.2) in a hypothetical atmosphere with a more optically
thick atmosphere compared to that of Mars. Such an atmosphere was necessary because the second
order scattering neutral effects are not visible in the Martian atmosphere, as will be detailed in Section
5.2. The CO, gas pressure profile in Table 5.1 is based on Table 4.17 from Haberle et al. (2017). All
results presented in this chapter are for detectors near the equator with the Sun in the West. Clouds,
if present, are set up such that the cloud extends along the solar meridian (in West-East direction)
covering all detectors in the twilight zone, see Figure 5.1.

Table 5.1: Settings for the number of layers and the CO, gas pressure profile used to generate results presented in Figures
5.5-5.13 (not Figures 5.3 and 5.4). The pressure profile is based on Table 4.17 from Haberle et al. (2017). Layer 1 starts at the
surface, the highest layer, in this case layer 5, is always the start of space in PA3S.

layer layer start radius [km] CO, gas pressure [Pa] 7., [-]
1 3389 562 0.0040
2 3392 316 0.0036
3 3399 74 0.001

4 3429 4 0.00006
5 (start of space) 3475 0 0

53
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Figure 5.1: Output of a Python script complementary to the main PA3S code, used for the visualization of results and simulation
settings. This plot shows the locations of the detectors (blue dots) and the currently selected detector (yellow plus sign), the
presence and location of a cloud (white dots) and the extent of the photon point sources for this simulation (purple dots). The
settings for simulations in this chapter are similar to those shown in this figure: detectors near the equator, cloud parallel to the
direction of direct sunlight and a constrained sources disk to reduce unnecessarily long simulation times.

5.2. Rayleigh scattering neutral points in the Martian atmosphere
Second order Rayleigh scattering effects on Earth are well known and documented, see for example
Horvath et al. (1998). It is interesting to see if these effects are also visible in the atmosphere of Mars.
Results in this section are with only CO, gas present, no dust and no cloud. First, some theory on
second order Rayleigh sky effects is given. Next, single scattering and multiple scattering results for
a hypothetical atmosphere are presented to demonstrate the difference between the single scattering
Rayleigh sky and the sky with second order effects included. This eventually leads to a comparison
with results generated with a Mars atmosphere model.

The polarization of the sky differs from the ideal single scattering Rayleigh sky due to the presence
of aerosols (that have a different scattering matrix) and multiple scattering. Rayleigh single scattering
results in positive polarization, meaning perpendicular to the plane of scattering (the plane containing
the observed point and the Sun, see for example Figure 4.14). In the ideal single scattering Rayleigh
atmosphere there are two neutral points: one at the Sun and the other at the anti-Sun. See for example
the first pair of DoP and AoP plots in Figure 4.15 or Figure 4.16. If enough multiple scattering is
present, some negative polarization will be present in the direction of the Sun and anti-Sun. What
was formerly one neutral point will split into two regions of zero polarization on the solar meridian,
above and below both the Sun and the anti-Sun. These four neutral points follow the movement of
the Sun in the sky. With increased atmospheric optical thickness their distance from Sun and anti-
Sun increases since the amount of multiple scattering increases with increased optical thickness. This
phenomenon is most evident at low elevations where incoming photons have had a longer path through
the atmosphere.

The neutral points are called the Arago, Babinet and Brewster neutral points (the fourth neutral point is
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unnamed). See Figure 5.2 from Horvath et al. (1998). On Earth the Arago pointis located approximately
20°-30° above the antisun. The Babinet point is around 25°-30° above the Sun. Finally, the Brewster
point is 25°-30° below the Sun. The fourth neutral point is only visible from high altitudes or from space
because it is below the anti-Sun. It has been observed from a hot air balloon by Horvath et al. (2002).
Only two of the neutral points can be visible at one time: Arago-Babinet or Babinet-Brewster. More
details on these neutral points can be found in Horvath et al. (1998).
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Figure 5.2: Figure by Horvath et al. (1998) showing the three neutral points caused by second order Rayleigh scattering, the
fourth neutral point is not shown. A shows Arago-Babinet, B) shows Babinet-Brewster. The neutral points form when the single
neutral points at the Sun (and anti-Sun) splits into two points, the points follow the Sun along its path over the sky dome. Only
two neutral points are visible at the same time. The more optically thick the atmosphere, the further the away the neutral points
are from their original position at the Sun and anti-Sun.

Figures 5.3 and 5.4 show the AoP and the DoP, respectively, in the sky in a rectangular projection
for comparison of the polarization pattern of respectively single scattering (top) and multiple scattering
(bottom) situations. The figures compare the AoP and the DoP of two runs, the top plots show results of
a run with maximum number of scattering set to 1, bottom plots are the AoP and the DoP for a run with
maximum number of scattering set to 8. The simulations were done with CO, gas, without dust, without
clouds for the same atmosphere, two layers with total optical thicknesses: t; = 0.27 and 7, = 0.017.
These values are far higher than the optical thickness of the clear Martian atmosphere, which is around
0.01 for 2 = 0.4 um and 0.00065 for 2 = 0.8 um. The Sun is due West in both figures at 6.5° elevation.
Multiple scattering (bottom plots) is clearly characterized by a more fuzzy picture compared to single
scattering. With single scattering, photons from a certain direction can have followed only one path.
With multiple scattering included there is more randomness.

The AoP in Figure 5.3 is with respect to the local meridian, the color coded angles are with respect
to the vertical. It is visible that the clear neutral point at the Sun (90° West) in the top plot has been
replaced by a band of vertically polarized photons (red) in the bottom plot. The neutral point in the West
has shifted up a few degrees elevation, corresponding to the Babinet point from Figure 5.2. In the East
the Arago point is not indistinguishable, the atmospheric optical thickness is not high enough to shift
the Arago point above the horizon.

In both plots in Figure 5.4 values larger than 8% have been cut off for more color resolution in the areas
with low DoP. Due West it is visible that the area with low DoP is stretched out to higher elevations in
the bottom plot compared to the top plot. In the anti-Sun’s half of the sky (East) the area with low DoP
is also higher at higher elevation in the bottom plot than in the top plot. These stretched out areas of
low polarization correspond with the Arago and Babinet neutral points from Figure 5.2.

See Figure 5.5 for the AoP and the DoP results using the Martian atmosphere model from Section 5.1.
No effects similar to the bottom plots in Figures 5.3 and 5.4 is visible. The Martian atmosphere is too
thin too observe neutral points caused by second order Rayleigh scattering.
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(90° West). The bottom plot is more noisy because the photons are allowed to scatter more than once. Looking in the direction
of the Sun, a vertically polarized band is visible. Instead of a clearly defined neutral point at the Sun at 6.5° as in the top plot,
a more hazy neutral point forms a few degrees above. This corresponds to the Babinet point in Figure 5.2. The same type of
band is seen forming in the direction of the anti-Sun (90° East), but no clear neutral point can be distinguished. The atmosphere
is not yet optically thick enough to shift the Arago point (see Figure 5.2) above the horizon.
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Figure 5.4: Similar to Figure 5.3 but for degree of polarization. The DoP values are capped at 8% to achieve better color
resolution in low-DoP areas. A neutral point is present at the position of the Sun (90° West) in the top plot. The bottom plot is
more noisy because the photons are allowed to scatter more than once. The area of low polarization (<1%) is stretched out to
higher elevation in the bottom plot compared to the top plot. This area corresponds to the Babinet point in Figure 5.2. The same
type of stretching of the low polarization area is happening in the direction of the anti-Sun (90° East) altough less clearly. The
atmosphere is not yet optically thick enough to shift the Arago point (see Figure 5.2) above the horizon.
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Figure 5.5: The AoP (top) and the DoP (bottom) for the simulated Martian atmosphere (settings from Section 5.1) at solar
elevation angle of 6.5°. Compare with Figures 5.3 and 5.4, none of the effects seen in the bottom plots in those figures can
be discerned in this figure. The Martian atmosphere is too thin to observe neutral points caused by second order Rayleigh
scattering.

5.3. With ice clouds, without dust

In this section, results are presented for a Martian atmosphere with an ice cloud, but without dust. This
is not a realistic scenario as the optical thickness of the entire atmosphere on very clear days is rarely
below 0.2, see Figure 2.9. Nevertheless, it is useful to know what a clear observation of the clouds
would look like for comparison with more realistic simulations. Note that in the presence of a cloud, the
positions of the detectors with respect to the cloud are different for every detector, resulting in different
viewing geometries. A way to handle this is by defining a long cloud covering all the detectors. The
results are given for one wavelength, 0.4 um. Figure 5.6 shows the flux (top-left), the DoP (top-right)
and the AoP (bottom) of a cloud that is only 6 m in vertical extent with the Sun at 2.5° solar elevation.
The results indicate that without the dust, such a thin cloud would have been visible easily, even when
the Sun is still above the horizon. Looking at the flux in Figure 5.6, the shape of the phase function
for a size distribution of cubes (blue P;; plot in Figure 3.8) in blue is discernible. The cloud exhibits
strong forward-scattering, a wavy pattern for mid-range scattering angles and a slight back-scattering
peak. In the DoP a barcode-like pattern is visible. Octahedra and cube-octahedra would show a
different type of barcode-like pattern. In regions in the sky dome were the cloud is not present, the DoP
pattern of a Rayleigh sky is visible. In Figure 5.6, the AoP of the cloud shows a discontinuous pattern.
These discontinuities coincide with bands in the cloud where the DoP of the cloud is smaller than the
background DoP of the CO, gas and therefore the AoP of the gas is observed.
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Figure 5.6: PA3S results for an atmosphere without dust loading, with CO, gas and a cloud present. Flux (top-left), the DoP
(top-right) and the AoP (bottom) of a cloud that is 6 m in vertical extent are presented. The results have been generated for a
size distribution of cubes at 0.4 um and the Sun is at 2.5° solar elevation. These atmospheric conditions are not realistic, the
background dust optical thickness is rarely less than 0.2, see Figure 2.9. The figure serves to demonstrate the patterns in flux,
the DoP and the AoP caused by the CO, ice particles in the sky.
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5.4. Cloudless, dusty atmosphere and blue Martian sunsets

This section presents results for an atmosphere with gas and dust, without clouds. Also, it is investi-
gated whether or not the blue sunsets that are known to occur on Mars can be simulated with PA3S.
The wavelengths at which the results has been generated are slightly different than in the other sections
in this chapter: 0.45 pm (blue), 0.55 um (green) and 0.68 um (red). Unlike the wavelengths used in
the other sections, these wavelengths roughly correspond to actual blue, green and red light. In Figure
5.7, a setting Sun is presented in blue (left) and red (right). The figure demonstrates how the daytime
Martian atmosphere is brighter in red than in blue, leading to the orange-brown sky color atmosphere.
This effect is caused by the stronger scattering of red light and higher absorption of blue light.

Results of the red, green and blue channels have been combined to create a true color approximation
of the Martian atmosphere during sunset. See Figure 5.8 for the RGB color composites in two dust
loading scenarios, the top plot is for z;,; = 0.2 (t:,; is actually wavelength-dependent but this is just for
an indication) and t;,; = 0.4. In the bottom plot, the Sun disk is obscured more by the dust than in the
top plot, resulting in a larger bright patch, whereas in the top plot the bright area is more concentrated
near the Sun. Red dominates in both plots, but in the direction of the Sun the sky is whiter. This makes
sense since blue and green are scattered less than red, they will be relatively stronger in the region
near the Sun. No blue sunset is visible however. According to Ehlers et al. (2014), an important factor
causing the blue Martian sunsets is the wavelength dependence of the Martian dust scattering matrix.
In this research the wavelength dependence of the dust scattering matrix has not been implemented,
see Figure 2.6. Ehlers et al. (2014) state that Martian dust shows stronger scattering of blue light
compared to red light at small scattering angles. This added increase in "blueness” would probably
turn the white areas in Figure 5.8 into a light-blue.

In Figure 5.9, the AoP (top) and the DoP (bottom) patterns of a dusty atmosphere without clouds are
given at a solar elevation of 30°, the Sun is at 90° West. The AoP pattern is similar to that of CO, gas
but much more noisy because of the presence of multiple scattering. In the bottom plot, it is interesting
to note the orange band in the eastern part of the sky with a DoP > 10%. This result corresponds to
element P,, of the dust scattering matrix. See Figure 2.6, P;, shows a shallow valley that peaks at a
scattering angle of roughly 100°.
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Figure 5.7: Flux results for simulations without clouds with a fairly heavy dust loading. The left set of plots is in blue (0.45 pm),
the right set of plots is in red (0.68 pm). From top to bottom the solar elevation angles of the plots are: 30°, 15°, 0° and -7.5°. Both
simulations were done with the same number of photons and with the same dust mixing ratio profile, see Section 2.5. However,
because of the different Q.. of the two wavelengths, (see Figure 2.8) the optical thicknesses resulting from Equation 2.24 will
not be equal. Red light will scatter more often than blue light, 7ot piye = 0.426, Trorrea = 0.500. Also, blue light is absorbed
more than red light, ap;e = 0.8, areq = 0.97. These wavelength dependencies of dust optical thickness and single scattering
albedo cause the Martian atmosphere to be brighter in red than in blue. However, at low solar elevation angles, the prevalence of
red over other wavelengths (especially blue) is weaker in the area near the Sun, causing the Martian sunset to be a bluish white.
The effect is very faintly visible in this figure. Because a logarithmic scale is used, flux values at the same order of magnitude
are mapped to similar color values rendering the right set of plots only slightly brighter than the left set. See Figure 5.8, which is
a composite image made from blue, green and red channels where the aforementioned effect is better visible.
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Figure 5.8: Composite image made by combining three channels: 0.45 um (blue), 0.55 um (green) and 0.68 pum (red). The
top plot is at lower dust loading, roughly for 7, =~ 0.2 and the bottom plot is for 74y ~ 0.4. Actually 7, is different for each
wavelength resulting in the reddish color. The Sun is obscured more by a bright haze in the bottom plot. Whitening of the area
around the Sun is clearly visible, due to the presence of more blue and green light coming from these directions compared to other
parts of the sky. However, no bluish color is visible, this is probably because the wavelength dependence of the dust scattering
matrix was not taken into account in this research. Ehlers et al. (2014) state that such a dependency explains the white-bluish
color of the Martian sunset. The RGB coloring scheme capped flux values above a certain threshold. Subsequently, the flux
values of each channel were mapped to grey-scale and the grey-scale values of each pixel were scaled such that the ratios of
RGB values correspond to the ratios of the original flux values in red, green and blue. The threshold was set at 1 - 105 photons.
With a different total number of photons this threshold would have to be different to produce the same plots and changing the
threshold has a strong influence on the eventual color. Thus, even though these figures are very reminiscent of the Martian
atmosphere, they only indicate that red light scatters more in the PA3S simulation as expected.
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Figure 5.9: AoP (top) and DoP (bottom) patterns in a dusty Martian atmosphere without clouds. The plots are given at a solar
elevation of 30°, the Sun is at 90° West. The AoP pattern is similar to that of CO, gas but much more noisy because of the
presence of multiple scattering. In the bottom plot, it is interesting to note the orange band in the eastern part of the sky with
DoP > 10%. This result corresponds to element P;, of the dust scattering matrix. See Figure 2.6, P,, shows a shallow valley
that peaks at a scattering angle of roughly 100°.
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5.5. With clouds, with dust

Simulations with dust and clouds included showed that even at low dust loading scenarios (total vertical
Tqaust = 0.2) the CO, ice clouds will not be visible during the day, shown in Subsection 5.5.2. However,
the simulations suggest that the CO,, ice clouds will be visible during twilight.

In this section, first, the flux and the DoP of simulated mesospheric clouds are presented for four differ-
ent scenarios corresponding to different optical thicknesses of the cloud and the dust. Subsequently,
results for the best scenario and wavelength are shown for a simulation with a high total amount of
photons, 1.7 - 1012,

5.5.1. Results for different atmospheric conditions and wavelengths
The four scenarios considered in this subsection are:

1) Tcioua = 0.1, 7445t = 0.2, Figure 5.10.
2) Tooua = 0.1, T4yt = 0.4, Figure 5.11.
3) Tcioua = 0.3, Tquse = 0.2, Figure 5.12.
4) T.0uqa = 0.3, Taust = 0.4, Figure 5.13.

In each of Figures 5.10-5.13 results are shown for these scenarios at three wavelengths: 0.4 (top),
0.6 (middle) and 0.8 (bottom) um, referred to as blue, green and red. The dust optical thicknesses
are actually wavelength dependent (see Sections 2.5 and 5.4) and deviate slightly around the values
Taust = 0.2 and 74, = 0.4 for each wavelength. Nevertheless, the mixing ratio profiles were the
same for each wavelength, thus values 0.2 and 0.4 are just used to distinguish between scenarios with
different mixing ratio profiles. The cloud optical thicknesses were based on the analysis by Maattanen
et al. (2010). In contrast to 74,4, the cloud optical thicknesses, 7,44, are given the same value
for each wavelength. The cloud scattering matrices that have been used are for size distributions of
cubes and have been calculated with methods described in Chapter 3, corresponding scattering matrix
elements are presented in Figure 3.8. Based on conclusions made in Section 3.5, the single scattering
albedo of the clouds, a ;4,4 Was taken as 1.0.

The clouds in all figures are clouds that are 0.1 km in vertical extent at an altitude of 70 km. The vertical
extent of the cloud is important in the PA3S algorithm, see Subsection 4.3.5. According to Dowling and
Radke (1990), on Earth, cirrus clouds have typical values of 1.5 km and usually range between 0.1 km
to 8 km in vertical extent. Maattanen et al. (2010) state that they found in their analysis that Martian
mesospheric CO, ice clouds range between 5 to 10 km in vertical extent, though they are not clear
whether this refers to the more common cirrus clouds or less common cumulus clouds. Thus, 0.1 km
is taken as a conservative value for the vertical extent, representing cirrus-like mesospheric CO, ice
clouds. Figures 5.10-5.13 are all for a solar elevation of -9.5°. In most scenarios, the clearest cloud
signal could be seen in at this solar elevation. From the plots, it is evident that the cloud DoP pattern
is best visible in blue wavelengths. Especially in red, the cloud signal stands out better in lower dust
loading scenarios, compare the bottom plots of Figure 5.10 with 5.11 and the bottom plot of Figure 5.12
with 5.13. In blue, the cloud signal is less sensitive to dust loading because blue is scattered less than
green and red, resulting in more direct, blue light hitting the clouds. This is in line with the reasoning in
Section 5.4. In all cases, the clouds are more easily detected in the DoP than in the flux.
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Figure 5.10: PA3S results with dust loading included and a 100 m thick CO,, cloud present at 70 km altitude. The cloud is parallel
to the West-East meridian and part of it is visible in the sky plots as a faint, broad band running from West to East. The left plots
give the flux in photons and the right plots show the DoP. These results are all generated in the twilight zone at a solar elevation
of -9.5°, given at three wavelengths in the visible spectrum: 0.4 (top), 0.6 (middle) and 0.8 (bottom) um. The layer settings
and CO, gas pressure profile settings were according to Table 5.1. The cloud optical thickness and dust loading correspond to
scenario 1 from the text: t;jouq = 0.1, Tause = 0.2.
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Figure 5.11: Similar to Figure 5.10 but with scenario 2 from the text: T;jouq = 0.1, Taust = 0.4.
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Figure 5.13: Similar to Figure 5.10 but with scenario 4 from the text: Tjouq = 0.3, Tgust = 0.4.
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5.5.2. Results in blue with a large number of photons

Figures 5.10-5.13 serve the purpose of identifying the best wavelength and atmospheric conditions,
these are: blue (0.4 um), t;oua = 0.3 and 74,5 = 0.2. With these settings and the same cloud of 100
m in vertical extent, another simulation was done with a high total number of photons, 1.7 - 10'2. The
flux, the DoP and Q and U Stokes parameters of this simulation run are presented in Figure 5.14 for
6s = —9.5°. From the flux plot (top left) it is clear that a sufficient number of photons has reached the
detector, but no cloud is visible in the flux. In the DoP (top right) a cloud signal is discernible along the
solar meridian (along West-East direction) starting around 60° elevation in the Western sky until roughly
50° elevation in the Eastern sky. The strongest cloud DoP is near 50° elevation in the East with a value
of approximately 20%. The bottom plots in Figure 5.14 show the Q and U signals, respectively. The
cloud Q and U signals are relatively weak compared to the strongest Q and U in the sky due to the dust,
coming from the West. The cloud Q varies between being one to two orders of magnitude weaker than
the dust Q in the West. It seems that the high cloud DoP at 50° elevation in the East is mainly because
of the contribution by Q. The U signal of the cloud is weaker; it is two orders of magnitude weaker than
the strongest dust U in the West, without any significant peak value. However, a faint barcode pattern
is visible at careful inspection. Even though the cloud’s Q and U signals are fairly weak, the cloud is still
distinguishable in the corresponding DoP signal at high elevations in the East and West because the
background signal is weak in this directions. It should be noted though that the low number of photons
of the Q and U signals is important to consider during instrument design.

Figures 5.15 and 5.16 show the same flux and DoP results of blue light from Figure 5.14, but depicted
only along the solar meridian for several solar elevation angles, 6. In the 2D projections of the sky
dome in Figure 5.14, the solar meridian corresponds to a line connecting 90° West and 90° East. At
6s = 5.5° and 65 = 15.5°, the cloud is not visible in neither the flux nor the DoP. In the twilight zone, at
6s = —9.5°, the cloud is still not detectable in the flux, but it is visible in the DoP. The observed DoP
along the solar meridian starts to vary strongly in the range of zenith angles between -30° and +50°
compared to the DoP at 85 = 5.5° and 6 = 15.5°: between 0 and 20% (corresponding elevations are
between 60° in the East and 40° in the West). This range in zenith angles is analogous to a range of
scattering angles between 60° and 140°.
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Figure 5.14: PA3S results in blue in the twilight zone at solar elevation angle of -9.5° for a long run with 1.7 - 10*2 photons. The
simulation was performed with dust optical thickness 74,5 = 0.2 and cloud optical thickness 7,4 = 0.3, the Sun has set in
the West. In the flux (top left), no cloud is visible. In the DoP a barcode-like cloud signal is visible along the solar meridian from
60° elevation in the Western sky until roughly 50° elevation in the Eastern sky. At some parts of the sky along the solar meridian,
the cloud DoP depolarizes the signal noticeably, corresponding to the darker patches in the DoP. The cloud’s Q signal (bottom
left) contributes most to the DoP a pattern is visible in the Eastern sky, peaking around 50 ° elevation in the East. The cloud U
(bottom right) is weaker, though a very faint barcode pattern is visible in the East. The bottom plots are given with a discrete
color range to be able to distinguish the orders of magnitude of the respective Q and U signals Both Q and U are one to two
orders of magnitude weaker than the forward scattered dust Q and U signals in the Western sky, but the results suggest that a
high elevations in the Western and Eastern sky the cloud is observable in the DoP.
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Figure 5.15: Flux along the solar meridian at the equator for simulated detectors at three solar elevation angles, 65, in blue light.
Each detector has a 100 m thick cloud overhead but it is clear that no cloud is discernible in the flux. A cloud is present at the
each of the three detectors corresponding to the three solar elevation angles. The zenith angle equals elevation minus 90°, -90°
is due West, +90° is due East. The Sun is setting in the West and the lines in blue and yellow are still on the day-side, the two
spikes to the left coincide with the position of the Sun. The green line is in the twilight-zone; the flux is considerably weaker and
more noisy because fewer photons reached this detector.
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Figure 5.16: Similar to Figure 5.15 but for the DoP. The presence of a cloud is evident at 65 = —9.5 at zenith angles between
-30° and +50° (elevations between 60° in the East 40° in the West). This is visible in the strong oscillations between 0 and 20%
DoP that the green line exhibits, corresponding to the similar bar-code pattern seen in the DoP plot in Figures 5.14. The range in
zenith angles is analogous to a range of scattering angles between 60° and 140° (singly scattered light along the solar meridian
coming from zenith corresponds to a scattering angle of 90°). Thus, the simulated DoP of the cloud is distinguishable at a broad

range of scattering angles.






Conclusions

In this chapter, conclusions of the research are given. The objective of the research was to predict the
flux and polarization signals of light interacting with mesospheric CO, ice clouds, as observed from the
Martian surface during twilight, using a spherical shell radiative transfer code.

Relevant constituents for the simulation of CO, ice clouds in the Martian atmosphere

The relevant constituents (next to the CO,, ice clouds) for a radiative transfer simulation of the Martian
atmosphere were identified to be CO, gas and dust. Optical thicknesses, single scattering albedos and
scattering matrices were derived at wavelengths 0.4, 0.6 and 0.8 um. For CO, gas, Rayleigh scattering
theory was applied, and for the dust, experimental data from literature was used.

Derivation of optical properties of CO, ice

Optical constants of CO, ice have been calculated with the ADDA software (Yurkin and Hoekstra, 2011)
for three particle shapes: cubes, octahedra and cube-octahedra. Scattering matrix elements of size
distributions of these shapes have been calculated at the three considered wavelengths using a size
distribution from literature.

Influence of CO, gas

The CO, gas on Mars does not obscure the CO, ice clouds because the Martian atmosphere is very
thin. Furthermore, no second order Rayleigh scattering neutral points occur in the Martian atmosphere
because the atmosphere is not optically thick enough enough.

Influence of dust

The influence of dust is of much greater importance for a surface based observation strategy than the
CO, gas. The clouds are not visible during the day because of the dust. During twilight, the CO, ice
clouds are more easily detected in low dust-loading scenarios. The simulations with PA3S suggest that,
because of the dust, stronger cloud signals are observable in lower wavelengths. Lower wavelengths
have a smaller dust optical thickness, meaning more direct light can hit the clouds. Lower wavelengths
are absorbed more strongly by dust, thus the background light is weaker in lower wavelengths.

Feasibility of surface-based observation strategy

Simulations were only done for cubes because, based on calculation of optical properties of octahedra
and cube-octahedra, it was determined that using these two shapes would give different DoP patterns
but would have no influence on the conclusions regarding feasibility. Simulation results suggest that
a surface-based observation strategy of the mesospheric CO, ice clouds is feasible. Data acquired
from the surface can potentially characterize the CO, ice clouds, offering valuable insight into several
processes at work in the Martian atmosphere. It will be difficult to detect the clouds in the flux because
of the background dust. Detection through measurement of the DoP of the clouds is promising. Looking
at a broad range of scattering angles is crucial for two reasons: firstly, to distinguish the clouds more
easily from the background dust in the DoP, and secondly, to successfully determine cloud particle
morphology. Different cloud particle shapes result in different DoP patterns. Patterns measured at
broad scattering angles could be compared with scattering matrix elements generated with computer
algorithms or with experiments to find matches. The simulated signal in Q and U is relatively weak
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(around one to two orders of magnitude weaker than the strongest signal in the twilight sky), this is
something that should be considered in instrument design.

Development of a flexible, spherical radiative transfer code with polarization

The PA3S code has been developed in such a way that it can be applied to other problems where
sphericity of the atmosphere is not negligible. In this research, PA3S has been used for low and nega-
tive solar elevation angles, but the code can also simulate illumination conditions at high solar elevation
angles. The code has been successfully validated with Rayleigh single scattering polarization portraits
from literature. PA3S has also been made parallel with OpenMP for better performance. Scripts for
effective visualization of PA3S output have been developed as well.



Discussion

In this report, the developed PA3S code has been used to predict the flux and polarization signals of
mesospheric CO, ice clouds. Based on the predicted signal, general advice regarding a surface-based
instrument is given in Sections 7.1-7.6. Finally, recommendations for extension of the PA3S code are
presented in Section 7.7.

7.1. Timing and pointing of instrument

PA3S simulation results suggest that the mesospheric CO, clouds are observable from the surface
during twilight. Simulations with a 100 m thick cloud at 70 km, showed that the cloud was visible in
the degree of polarization (DoP) between solar elevation angles of -8° and -12° with the best signal
at around -10° solar elevation. A vertical extent of 100 m is relatively small according to analysis by
Maattanen et al. (2010). Clouds larger in vertical extent will probably be brighter and visible for longer
to some degree, but at a certain size, there will be enough multiple scattering in the cloud such that
the cloud DoP-signal decreases in strength. This depolarizing effect due to cloud multiple scattering
has not been investigated in this research. This should not be confused with multiple scattering by
the gas and dust which has been implemented. The strong forward scattering of the Martian dust
obscures the cloud signal at lower elevation angles when looking at the Sun’s half of the sky, even at
large negative solar elevation angles. The cloud signal is also difficult to detect when looking in the
direction of the anti-sun at low elevations. This is because little direct sunlight can reach the clouds
due to the large amount of dust, and at a certain point the planet is in the way. The CO, ice clouds are
best observable between 60° elevation in the East and 40° elevation in the West, this is analogous to
a range of scattering angles between 60° and 140°.

Being able to measure large parts of the sky and at broad scattering angles is important. Observations
at broad ranges of scattering angles can effectively discern the barcode-pattern visible for instance
in Figures 5.10-5.13. An instrument that sees a lot of the sky at once is also less sensitive to the
orientation of the platform it is mounted on, like a rover. Moreover, during real observations, the clouds
will often not be perfectly homogeneous stretching over the entire sky dome above the detector (though
Maattanen et al. (2010) do present an observation of a large cloud, stretching out over two-thirds
of a degree in longitude and a full degree in latitude, see Figure 1.5). They could be a collection
of discontinuous streaks or parts of the cloud could be obstructed by lower altitude clouds. It is not
necessarily straightforward where to point the instrument at. Looking at most of the sky dome at once
nullifies this problem and eliminates moving parts for pointing in the design. FlySPEX (Snik et al., 2016)
is an instrument with such capabilities. See Figure 7.1 from Snik et al. (2016) for an impression of the
FlySPEX design. It should be noted that saving large swaths of the sky could require high amounts of
memory. Also, link budget constraints might complicate such measurements.
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Figure 7.1: Render of the FlySPEX design from Snik et al. (2016).

7.2. Measured quantities

The clouds are barely visible in the flux and the flux does not give a lot of information on particle shape.
Therefore, a good approach is to detect the DoP of a cloud for a wide range of scattering angles. A
range of approximately 30° scattering angles would give already very useful information already but
the broader the range, the easier it is to identify the particle shape.

A DoP pattern can be compared with the scattering matrix (P;,) of suspected candidates for particle
shapes for qualitative information on particle shapes, sizes, composition (the condensation nuclei are
not known) and refractive index. This is also possible if multiple scattering is present in the meso-
spheric cloud. Multiple scattering will be less polarized and will thus decrease the DoP, but it will not
eliminate the pattern. This pattern could also be visible in the angle of polarization (AoP), but accu-
rate measurements of the AoP are more difficult and would not provide more information than DoP
measurements.

Even though the DoP signal of the clouds is observable in the twilight zone, the Q and U signals (which
are the main contribution to the DoP) of the mesospheric CO, ice clouds at a low solar elevation angles
have been found to be relatively weak; around one to two orders of magnitude weaker than the stronger
dust Q@ and U signals in the Sun’s part of the sky. This low photon flux has important implications for the
instrument design. An instrument must be capable to perform a measurement from a relatively small
amount of photons and sensitive enough to detect small differences in for example Q or U. Longer
integration times could aid in this matter, but the movement of the clouds and thus the shifting of the
DoP patterns should also be taken into account.

The more prevalent, thin CO, clouds will not be visible in the circular polarization, V. However, thicker
cumulus clouds might give some signal in V, but this was not explored in this research because of
the cloud single scattering simplification, see Subsection 4.3.5. However, the dust on the day side
probably does give a signal in, V. Results with PA3S suggest so, see Figure 7.2. Most instruments do
not measure V in planetary atmospheres because it is significantly smaller in magnitude compared to
Q and U. V is thus more easily lost in the noise, meaning the measurements are more difficult and less
accurate. It is interesting to note that some polarimetry approaches, like that of FlySPEX, assume that
V = 0, which is not the case on Mars because of multiple scattering by dust. Results of PA3S could be
a useful tool to estimate errors this might cause or to apply corrections.

7.3. Wavelength

The simulations where done at three wavelengths: 0.4, 0.6 and 0.8 um. Observing in smaller wave-
lengths is the most promising. Firstly, the P;,-element for all combinations of particle shape and wave-
length in Chapter 3 showed more complexity across the range of scattering angles for 0.4 ym than for
the longer wavelengths. The effect of element P,, is the most significant on the DoP because the more
prevalent cirrus-type clouds are thin and photons will likely not scatter often in the clouds. Though,
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Figure 7.2: PA3S results for dust on the day side, solar elevation angle is 20.5°, the Sun is in the West. There is a signal in V (left
plot) caused by multiple scattering by dust when looking West. The dust scattering matrix, shown in Figure 2.6, exhibits strong
forward scattering, explaining the high amount of multiply scattered light coming from the West. In the right plot, the degree of
circular polarization is shown, DoCP = V/I. ltis clear that this signal is very weak, < 1%.

because at smaller wavelengths the number of features over the range of scattering angles is higher,
a better angular resolution might be necessary at smaller wavelengths. Secondly, the Martian dust
is more optically thick for wavelengths of 0.6 and 0.8 um, because of the wavelength dependence of
the Martian dust extinction coefficient, Q.,:(4), as seen in Figure 2.8 from Smith et al. (2013). PA3S
simulation indicate that more blue light will directly hit the mesospheric clouds and less scattered blue
light from the background dust and gas will be present in the twilight zone. In contrast to the wave-
length dependence of the cloud particle scattering matrix, the wavelength dependence of the cloud
optical thickness has not been taken into account. Results for wavelengths of 0.4, 0.6, 0.8 um were
generated with the same cloud optical thickness based on the range found by Maattanen et al. (2010)
(t = 0.01 — 0.6 and median values of 0.13 — 0.2). This dependency could be included for further
refinement of the results.

7.4. Measurement season

The Martian dust is the most significant factor that obscures the €0, ice clouds when observing them
from the surface. Even when the atmosphere is at its clearest, the dust total optical thickness rarely
is below 0.2, see Figure 2.9 (Smith et al., 2013). The best time to observe the mesospheric clouds
is when there is a higher chance of the mesospheric clouds forming and when dust loading is lowest.
Luckily, there is overlap between these time windows. This is no coincidence since the Martian dust
heats up the atmosphere (Clancy et al., 2000). Maattanen et al. (2010) compared mesospheric cloud
observations with output of a General Circulation Model (GCM). They concluded that most of the clouds
were detected where the GCM predicted the coldest temperatures at mesospheric altitudes, at solar
longitudes of Lg = 0 — 30°. Smith et al. (2013) mention that considerably more dust is present during
perihelion season (Lg = 180 — 360°) than during aphelion season (Lg¢ = 0 — 180°). The dust also
reaches higher altitudes during perihelion season, potentially blocking direct sunlight that would have
otherwise hit the clouds during the twilight period.

7.5. Cloud particle single scattering calculations

The cloud particle scattering matrices were calculated using the software package ADDA (Yurkin and
Hoekstra, 2011). Simulations were run at reasonable grid sizes and until convergence. However, at
larger size parameters simulation runs took up a lot of computing time. ADDA was used in parallel
mode, but the available number of cores was limited. Some ADDA runs at high size parameters where
done at lower refractive indices as mentioned in Section 3.5 to shorten run times. This is not ideal, run
times could be shortened using more cores or other methods of calculating the cloud particle scattering
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matrices could be looked into and compared with ADDA.

Also, ADDA simulation were performed for three particle shapes (cubes, octahedra and cube-octahedra)
at three wavelengths (0.4, 0.6 and 0.8 um) for one size distribution (1-3 pm, based on analysis by
Maéattanen et al. (2010)). For interpretation of actual observations, more ADDA results for more com-
binations of shapes, wavelengths and size distributions should be generated. Possibly, these could be
combined with scattering matrices derived from experimental measurements. Mangan et al. (2017) cre-
ated CO, ice crystals under Martian atmospheric circumstances and give a description of their method.
They did not measure a scattering matrix however. Similar experiments for other particles have been
done by other studies, for example Laan et al. (2009). A collection of such results is available in the
Amsterdam-Granada light scattering database (Mufioz et al., 2012).

Furthermore, the ADDA output used to generate scattering matrices of size distributions of cloud parti-
cles were generated with a real refractive index that was assumed to be constant in the visible spectrum,
and with an imaginary refractive index that was set to zero. These assumptions were deemed appropri-
ate for the accuracy required in this research, see Section 3.5. ADDA simulations could be performed
using a wavelength-dependent real refractive index and/or including the imaginary refractive index, but
such a refinement would only be relevant in the context of a comparison of actual measurements with
ADDA results.

7.6. Further analysis with PA3S

For further analysis of a surface-based observational strategy and for instrument sizing, PA3S results
can be used. It is advisable to increase signal-to-noise-ratio of PA3S output with more photons, this
could be done on more powerful computers with more cores. Furthermore, it is recommended to
perform simulations for more dust loading scenarios and more cloud settings (optical thickness, vertical
and horizontal extent representing cirrus vs. cumulus clouds).

7.7. Recommendations for extension of the code

Adding cloud multiple scattering

In Subsection 4.3.5, it was noted that cloud interaction is simulated as a photon intersecting a spherical
shell segment. Subsequently, the maximum distance travelled through the cloud is compared with the
slanted thickness of the cloud (see Figure 4.12 for a depiction) to check whether or not the photon
scatters or passes through the cloud. This means that only single scattering is supported in the cloud.
Such a method is acceptable for the mesospheric Martian clouds since they are relatively optically thin.
However, it is not suitable for clouds that are very large or very dense, such as cumulus clouds on
Earth. In such a situation a cloud cell is better suited. Such a cell could have six walls, a photon can
scatter multiple times within this cell. After each scatter it should be checked if the photon has crossed
one of the walls of the cloud cell.

Surface reflection

Currently the code does not include surface reflection. Since the context of this report was a surface-
based observation strategy, this feature was not developed. During twilight conditions, light reflected
from the Martian surface is negligible and will have little effect obscuring the cloud signals. For another
application where surface reflection is not negligible, it can straightforwardly be added.

Water ice clouds

Smith et al. (2013) mentions that water ice clouds are often found atop dust layers. Such water clouds
could possibly be confused for CO, clouds. Therefore, evaluation of their flux and polarization signals
might be useful. Addition of such clouds into the code would be a fairly straightforward process. It
would simply require the addition of a cloud with optical properties corresponding to water ice under
Martian atmospheric conditions.

Adding dependence of scattering matrix on incoming photon direction

All the atmospheric constituents in PA3S have been assumed to be randomly oriented. Because of
this, the scattering matrix is independent of the orientation of a scattering particle with respect to the
incoming photon direction. In some situations, the assumption of randomly oriented particles is not
valid. For example, in Earth’s atmosphere, thin hexagonal ice crystals can all align horizontally in
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still air. Refraction of sunlight hitting such horizontally aligned crystals is known to cause two optical
phenomena: sun dogs and circumzenithal arcs.

Two things would have to be done to account for this effect, regarding both ADDA and PA3S. In this
research, ADDA results have been generated with a setting that averages over all incoming directions
of a light beam, resulting in one scattering matrix for all combinations of incoming photon directions
and particle orientations. Thus, to account for the aforementioned effect, different scattering matrices
would have to be generated, with ADDA or with similar software, for different directions of the incoming
light beam with respect to the orientation of the scattering particle. Subsequently, an extension to PA3S
should be added that identifies the correct scattering matrix that should be sampled, based on the angle
between the incoming photon direction and orientation of the particle. The current photon direction is
always known in PA3S. Particle orientation could be defined as some angle with respect to the local
horizon.

Placement of detectors in the atmosphere

In this research all detectors were placed on the surface and hence only elevations from 0° to 90° have
been considered. Implementing a detector placed in the atmosphere using the full elevation range
(-90° to 90°) has not been tested but could be easily added. A possible application for such a setting
is to simulate measurements by balloons.
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