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ABSTRACT

The energy balance of the Earth is regulated in part by ice clouds, which both
reflect shortwave solar radiation and absorb infrared radiation from the Earth. These
clouds appear frequently worldwide, with up to 70% coverage in tropical regions. The
microphysics of ice clouds determines their radiative properties, and is important for
accurately predicting the role of ice clouds in Earth’s energy balance. However,
describing the microphysics of ice clouds remains a challenging problem, especially
with regard to the shape of ice particles and the degree of ice particle surface
roughening. In-situ studies have found evidence for ice surface roughness and have
found many complex ice geometries; however, these studies are limited spatially and
temporally. An approach which allows large-scale analysis is to retrieve these properties
via theoretical modeling using satellite observations of polarized reflectance from ice
clouds, since polarized reflectance is sensitive to the shape and roughness of ice
particles.

The theoretical model requires the scattering properties of simulated ice particles.
These properties are obtained for 10 different ice shapes and 17 different levels of
surface roughness. Simulations are performed for 3 different effective ice particle
diameters: 30, 60 and 90 um.

Overall, the retrieved shape is dominated by the compact aggregate of columns.
Although the exact composition of shapes varies from month to month, the compact

aggregate of columns remains the most commonly retrieved shape.



The retrieved roughness varies from moderately rough at o = 0.1 to severely
rough at o = 0.5. Retrieved roughness varies more than shape, and smooth surfaced ice is
most prominent in January. Tropical regions tend to have ice particles that are more
roughened, while the midlatitudes and polar regions tend to have more smooth ice. In
almost all cases, roughened ice represents > 60% of the total retrievals.

The asymmetry parameter inferred from the retrieval of ice particle shape and
roughness has a mean value near 0.77, with only small differences based on assumed ice
effective diameter. The median value of the asymmetry parameter has a nearly constant

value of approximately 0.75.
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CHAPTER I

INTRODUCTION AND BACKGROUND

Ice clouds play an important role in regulating the energy balance of the Earth
(Liou 1986), with cloud coverage of up to70% in tropical latitudes (Guignard et al. 2012;
Nazaryan et al. 2008). Insufficient knowledge of the shape and degree of surface
roughness of ice crystals within ice clouds is a large source of uncertainty in forward
light scattering and radiative transfer simulations of ice clouds used in downstream
applications such as MODIS (MODerate resolution Imaging Spectroradiometer) satellite
ice cloud products. Considerable motivation exists, therefore, to investigate the
microphysics of ice clouds in order to reduce the uncertainties in their radiative
properties and refine estimates of the impact of ice clouds on the energy balance of the
earth.

In order to deliver accurate satellite ice cloud retrieval products, the modeling
parameters that go into a retrieval algorithm must accurately represent the cloud being
investigated. Changes in the cloud microphysics can have a large impact on radiative
properties. Assuming rough ice particles instead of smooth could increase the amount of
energy reflected back to space by a factor of two (Baran 2012; Ulanowski et al. 2006).
Particle shape can also have a large impact on the radiative properties and can influence
the cloud radiative forcing. To reduce these uncertainties and deliver more accurate ice
cloud retrieval products to end users, and ultimately better estimates of climate change,

we must investigate the microphysics that controls the radiative properties of ice clouds.



Previous Studies

The different types of ice particles in ice clouds were first comprehensively
described and classified by Magono and Lee (1966). According to this study, the most
common habit (shape) is hexagonal, with a column being the most frequently seen of the
hexagonal habits. Other habits or variations include rosettes, needles, aggregates, and
plates. Ice particle habit geometries can become quite complex, especially larger
aggregates of particles. The particle habit depends on many different factors, including
the temperature and relative humidity at which the ice formed (Gayet et al. 2011,
Korolev et al. 1999). Heymsfield and Miloschevich (2003) showed that the distribution
of ice varies from cloud top to base, with more pristine shapes near the cloud top and
more complex shapes near cloud base because the particles fall and aggregate together.

Baran (2009) showed images of ice particles from a Cloud Particle Imaging
(CPI) probe that are representative of the ice seen in midlatitude and tropical cirrus (ice)
clouds. At cloud top, some of the ice seen in the images is small and irregularly shaped,
along with a few columns, bullets, and other habits. The abundance of small ice particles
is likely due to the shattering of large ice particles on the probe inlet, artificially
increasing the amount of small ice seen in the images (Korolev et al. 2011). Compact
aggregates and spatial bullet rosettes are also seen and tend to be more common in the
midlatitudes (Um; McFarquhar 2007). Some of the observed using the CPI probe also
appears to have hollow structures, a feature noted by Magono and Lee (1966) and Baran

(2012).



Other types of instruments may be used infer the shape of ice cloud particles,
including the Forward Scattering Spectrometer Probe (FSSP), cloud and aerosol
spectrometer (CAS), polar nephelometer, and the Cloud Integrating Nephelometer
(CIN). See Baumgardner et al. (2011) for an overview of the different measurement
techniques. The CAS instrument uses a focused laser beam to collect the scattering
pattern of the ice particle and infer its shape based on theoretical scattering calculations.
For measurements from July 2002 of a cirrus cloud, Baumgardner et al. (2005) found
that 90% of observations were explained by a model consisting of bullet rosettes, plates,
and columns.

Surface roughness has been observed in laboratory measurements of ice and in
field campaigns (Baran et al. 2011; Ulanowski et al. 2006). Thermodynamic conditions
influence whether an ice particle is roughened and how rough it becomes (Baran et al.
2011), but it is currently unknown what percentage of ice particles in clouds might be
roughened or how rough they are. Nevertheless, observations from the PARASOL
(Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with
Observations from a Lidar) satellite indicate a large percentage of ice seen in ice cloudy
scenes has at least some roughness. Any roughness present will affect the radiative
properties of ice clouds by changing the scattering phase function, resulting in less
forward scattering and a lower value of the asymmetry parameter g.

The first study to examine the sensitivity of polarization to the ice habit was
Chefer et al. (1998) who showed that polarized reflectance from an ice cloud is sensitive

to the shape of the ice particles. Subsequent studies tested various ice shapes for their fit



to measured polarized reflectance (Baran; C.-Labonnote 2006, 2007; C.-Labonnote et al.
2001; Cole et al. 2013). Columns were found to be the best fit choice for a single ice
shape in the studies by Baran and Labonnote, whereas a mixture of different ice shapes
was found to be the best fit in Cole et al. In contrast to previous studies which
qualitatively compared simulated polarized reflectance to measured polarized
reflectance, this study employs a rigorous retrieval method to quantitatively select the
best fit ice shape from the nine ice shapes available in the database and a mixture of ice

shapes called the General Habit Mix (Cole et al. 2013).

9 %

Fig. 1. The nine ice shapes included in the retrieval database.



Upon retrieving the ice particle habit and roughness, the asymmetry parameter g
may be inferred from single-scattering calculations. Higher values of g indicate more
forward scattering, with 1 being complete forward scattering. Lower values indicate
more backscattering.

Ice asymmetry parameters have been inferred from flux measurements and
theoretical modeling (Platt et al. 1980; Stephens et al. 1990) with values ranging
between 0.7 and 0.85. In situ measurements have yielded values near 0.75 using Cloud
Integrating Nephelometer and Polar Nephelometer instruments (Garrett et al. 2005;
Gayet et al. 1997; Gerber et al. 2000). In situ measurements generally have limited
spatial and temporal resolution, however. Global retrievals of ice particle habit and
roughness from PARASOL and subsequent retrieval of the inferred asymmetry
parameter can overcome the limited nature of in-situ studies and provide a
comprehensive perspective on the asymmetry parameter value in ice clouds.

The aim of the current research to expand upon the knowledge of ice particle
shape and roughness currently in the literature by rigorously retrieving ice particle shape
and degree of surface roughness using polarized reflectance data from the PARASOL
satellite and model output from full-vector adding-doubling radiative transfer
simulations. These retrievals will be performed for global data from 1 full day of data
selected from four different months of the year. In addition, retrievals for a range of
latitudes will be done to examine the sufficiency of a single global ice cloud model in
climate simulations, or whether more accurate results might be obtained by assuming

different cloud microphysics at different latitudes.



The retrieved shape and roughness from this study will be used to infer the
asymmetry parameter and provide estimates of the global mean and median values of g,
which is an important parameter in climate models.

Scattering Properties

In order to simulate the reflection of polarized radiation from an ice cloud, the
single-scattering properties of the ice particles which compose the cloud must be
obtained. These scattering properties are calculated at 0.86 um for nine different ice
shapes plus one ice habit mixture and nine levels of surface roughness from ¢ = 0 (no
roughness) to o = 0.8 (very rough). The 9 habits are droxtals, solid and hollow columns,
solid and hollow 3D bullet rosettes, plates, a compact aggregate of columns, and a small
and large spatial aggregate of plates, whose geometries are illustrated in Fig. 1. The ice
habit mixture is the General Habit Mix (Cole et al. 2013) where the mixture of ice habits
for a given size is illustrated in Fig. 2. The method for simulating the surface roughness
is to randomly lift and tilt the facet of the ice particle, with the parameter o describing
the level of roughness (Yang; Liou 1998). The calculation is done for ice crystals whose
maximum dimension is between 2 and 10,000 um (Yang et al. 2013). The calculations
are done with the ADDA (Amsterdam Discrete Dipole Approximation; (Yurkin;
Hoekstra 2011) and the IGOM (Improved Geometric Optics Method; (Yang et al. 2013)
methods and the results are stored in a database and then used to calculate the bulk
scattering properties. The bulk scattering properties are obtained by averaging over a
particle size distribution, instrument response function, solar spectrum, and any habit

distribution (none if considering a single shape). Because the scattering phase function
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for ice tends to be strongly peaked in the forward direction, a truncation method must be
employed. The method used here is o-fit (Hu et al. 2000), and after truncation other
elements of the phase matrix are normalized. The other scattering parameters of interest
including optical thickness and asymmetry parameter are adjusted according to the
similarity principle (Joseph et al. 1976).
Radiative Transfer Model

A full vector adding-doubling radiative transfer model based on the code of de
Haan et al. (1987) will be used to simulate the top of atmosphere (TOA) Stokes vector
for a wide range of input cloud optical depths, viewing geometries, and microphysical
parameters. This model has been validated against the tables for Rayleigh scattering
given by Natraj et al. (2009) and is accurate to at least 6 decimal places for all viewing
geometries.
Retrieval Methodology

Several previous studies have tried to infer ice shape from polarization
measurements. Labonnote (2001) used polarized reflectance with a variety of ice models
to try to find a best match to observations. Baran and Labonnote (2006) took the same
approach for a greater variety of ice models. In all cases models which had some kind of
inclusion or roughening matched polarized reflectance the best. Van Diedenhoven et al.
(2012) presented a method to infer the ice asymmetry parameter by using polarized
reflectance measurements from the RSP (Research Scanning Polarimeter) aircraft

instrument. The authors used a lookup table of polarized reflectance built using columns



and plates with varying aspect ratios and roughness and minimized differences between
the observed and lookup table values.

The approach in this study is similar to that of van Diedenhoven et al. (2012).
Using the adding-doubling radiative transfer model, simulations of polarized reflectance
are performed for 17 values of surface roughness from c =0to 0 =0.8 in .05
increments. Nine ice shapes and a mixture of shapes are included. Cloud optical
thickness must be considered for optical thickness below 5, because polarized
reflectance saturates at that optical thickness but depends on the thickness below a value
of 5 (van Diedenhoven et al. 2013). Values from 1.0 to 5 for optical thickness are used in
this study with an increment of 0.5.

In all, ten different habits, 17 roughness values, and nine values for optical
thickness are considered, making 1530 distinct combinations. When running a
simulation for any one of the combinations, many different viewing geometries must be
used to reproduce the full range of observations from PARASOL. Solar zenith angles
from O (nadir) to 80 degrees in 4 degree increments are used, along with viewing zenith
from O to 75 degrees in 4 degree increments and relative azimuth from 0-180 degrees in
4 degree increments. This covers the viewing geometries typically seen from PARASOL
(Breon 2009).

The quantity to be minimized in the retrieval algorithm is the relative root mean
square error (van Diedenhoven et al. 2012) defined as:

51 [y tompsim @)
_ [Z=Y Lnmppar)(9)
RRMSE = ! . (1)




Here h is habit, o is level of roughness, and 6 is scattering angle. Lnmp is the

normalized, modified, polarized reflectance (C.-Labonnote et al. 2001):

TLp cosB5+cos By
E v ()

Lymp 6y, @y, 65, @) = E,

cos 0
Es is the extraterrestrial solar irradiance, and L, is the polarized radiance:
L, = +/Q% + U2, 3)

When a pixel is retrieved, the first step is to read out the viewing geometries
from the available viewing directions which can be up to 16. For each geometry, the
polarized reflectance is calculated for every possible combination of habit and roughness
in the lookup table. In order to select habit and roughness from the appropriate optical
thickness, the optical thickness in the PARASOL Level-2 data file is read out and if the
value is < 5 the closest match to the PARASOL specified value that exists in the lookup
table will be used. If the PARASOL optical thickness is > 5, an optical thickness of 5
will be used since polarization will be saturated and no longer depends on the optical
thickness.

When the polarized reflectance for all possible combinations of habit and
roughness have been calculated from results in the lookup table for all viewing
geometries in the pixel, the RRMSE is calculated for each of the combinations and then
the habit and roughness associated with the smallest value of the RRMSE are considered
the retrieved values. This procedure is repeated for all pixels in the PARASOL dataset to

give a global dataset of retrieved habit and roughness.
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PARASOL Satellite

The PARASOL satellite is a French microsatellite launched in 2004 to become
part of the A-Train satellite constellation of Earth-observing satellites. It is in a nearly
circular polar orbit at an altitude of 705 km (Fougnie et al. 2007). It has 9 channels, 3 of
which have polarization capability. For this study, one full day of data from four
separate months will be used. The four dates are 1 January 2007, 1 April 2007, 1 August
2007, and 15 October 2007. These 4 days of data will give an indication of the whether
there is variation throughout the year in global polarized reflectance observed by
PARASOL.

The 0.86 um channel is used in this study and only data over the ocean will be
considered since the ocean surface is dark and nearly non-polarizing at this wavelength.
About 14 orbits are represented in each day of data, providing near global coverage.
Each pixel from the Level 2 cloud product data considered is approximately 18 x 18 km
and the parameters available are reflectance and polarized, normalized radiance. Pixels
will be chosen for use in the study if the Level-2 cloud product indicates that the pixel is
ice phase, is over the ocean, has 100% cloud cover, and has at least 7 viewing
geometries available covering a scattering angle range of at least 50 degrees. This
ensures that features in the scattering pattern over a large range of angles will be

resolved in the retrieval method.
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CHAPTER II

POLARIZATION

The Electric Field

The vector nature of electromagnetic waves must be considered since this study
involves polarization, which is the direction of the electric field. The vector radiative
transfer equation is used in this case since it fully considers the vector nature of the
incident radiation. In addition, the inclusion of polarization comes with the added benefit
of more exact computation of radiances, as Adams and Kattawar (1993) showed. The
intensity is not fully independent of the polarization state so without polarization small
errors are introduced.

Electromagnetic radiation is a transverse wave, meaning that the electric and
magnetic fields oscillate in a direction perpendicular to the propagation direction
(Jackson 1998). The direction of the electric field vector defines the polarization state of
the electromagnetic wave.

Since it is a vector, an electromagnetic wave can be decomposed into the sum of
two components. First, a meridian plane is defined as the plane containing the direction
of propagation and the zenith direction (+z), then the electric field is written as the sum
of a component parallel to the meridian plane and a component perpendicular to the
meridian plane. These two components are also perpendicular to the direction of

propagation. Fig. 3 provides an illustration of the described geometry.

12
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This radiation can be described as a plane wave with equation:

E=E, +E, =[E®+E,p|exp[—i(ki- T — wt)]. (4)
The direction of propagation is fi, contained in the meridian plane, seen in Fig. 3. The
vector T connects the origin to the observation point, w is the angular frequency, k is the
wavenumber, and the unit vectors 8 and @ are perpendicular to the propagation
direction. It follows then that @ x 8 = f.

Note that the terms E; and E; are complex amplitudes with an amplitude and a

phase, meaning that the previous result can be expressed as:

E= [a, exp(—i§;) 6+ a, exp(—i§)) Plexp[—i(kh - F — wb)] . (5)
Chandrasekhar (1947) remarked that for unpolarized electromagnetic radiation, the
complex amplitudes are not stable in the time or space domain and are not
mathematically related. If relationships do exist among these components, the beam is
polarized to some degree.

Polarization in Detail

Polarization described in the most general way is of the elliptical variety, where
the electric field vector traces an ellipse when viewed with the beam traveling toward the
observer. Fig. 4 illustrates the concept. For varying amplitudes and phase differences of
the electric field components § = §, — &,, linear and circular polarization may also be
obtained. Table 1 provides an overview of possible polarization states. The total electric

field for each case can be retrieved by inserting the values from Table 1 into Eq. (5).
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Table 1. Range of possible polarization states. The amplitude and phase differences for
each polarization are shown as well.

State of polarization Amplitude Phase difference
6 =0 —9,
Elliptical a, *a, #0
#+2mn m= 1,0
Linear ay # a, =0
or ay=a; =+2mm m= 1,00
Circular ay =a, =+(@2m+1)7 m=0.0

Natural light, or solar radiation, is unpolarized (Hecht 2002) and consists of rapid
variations in the polarization state, meaning the time-averaged polarization is near zero.
Referring back to Fig. 4, the polarization ellipse of the beam rapidly changes shape and
orientation in time. It is important to note that so-called unpolarized radiation is not
polarization-free, simply that the random fluctuations of polarization cancel out, leaving
a time-averaged polarization of zero. This study will be concerned with randomly
polarized radiation from the sun. To incorporate randomly polarized radiation into the
radiative transfer equation, a method for mathematically representing the polarization
state of a beam of radiation in the equation must be introduced. Chandrasekhar (1960)
adopted the Stokes parameters, derived in 1852 by Sir George Stokes (Stokes 1975), for
this purpose in his treatment of polarization in the radiative transfer equation, and this is

the approach that the current study will adopt as well.
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Fig. 4. Elliptically polarized beam. The propagation direction is given by
the right-hand rule (out of the page) and the total vector traces an ellipse
in the clockwise direction through time.
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Complete Description of a Beam of Light

In order to completely describe electromagnetic radiation, four things need to be
specified: the intensity, plane and degree of polarization, and ellipticity (Chandrasekhar
1960). Chandrasekhar says that it would be quite difficult to include in the radiative
transfer equation “an intensity, a ratio, an angle, and a pure number in any symmetrical
way” (Chandrasekhar 1960). However, the Stokes parameters contain information about
all four of these parameters, and can be included in the radiative transfer equation
instead of the scalar quantity I, which does not include any information about
polarization.

The Stokes vector is a four-element column vector composed of I, Q, U, and V,
the four Stokes parameters. These are quantities which can be measured experimentally,
where | is the intensity, Q is the linear polarization either parallel or perpendicular to a
chosen axis, U is the linear polarization at +45° or -45’ to that axis, and V is the circular
polarization. Many different but equivalent ways exist to define the Stokes parameters;
three ways will be detailed here.

Following van de Hulst (1957), the Stokes parameters can be expressed in the
following way (c.f. Eq. (4)):

I =E,E; +E,E]
Q= EjE; —E,E}
U= EE} +E,E]

V =i(E,El —E,E)), (6)
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where the asterisk denotes a complex conjugate. A constant term (k/2mpp) (Bohren;
Huffman 1983) has been left out of each of the Stokes parameters because most of the
time the relative Stokes parameters are examined instead of the absolute Stokes vector.
The constant gives the Stokes vector components the units of energy per area per time,
or irradiance.

Another way to write the Stokes parameters involves the equation for a plane
wave with amplitude a and phase 6 for each component (c.f. Eq. (5)). Using this
formalism, the Stokes parameters can be written:

I =af +a%
Q=aj—aj
U = 2a;a, cosd
V =2aja;siné . (7)
As before, § is the phase difference §, — 6, of the components.

The third way to represent the Stokes parameters can be done in an intuitive way
from the geometry involved with a polarization ellipse. Considering a polarization
ellipse as in Fig. 5, the electric field vector can be expressed as follows:

E = ap cos Bsin(wt — kA £+ a) + agsincos(wt —kA-F+a).  (8)
The unit vectors p and g are unit vectors along the long and short axes, respectively, and

a is an arbitrary phase angle.
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Fig. 5. Polarization ellipse. This shows angles involved in determining
the polarization state. It is an elliptically polarized beam rotating in the
counter-clockwise direction and is right-handed, with the direction of
propagation into the page (@ x 0).
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The Stokes parameters can then be rewritten in the following form:
[=a
Q = a? cos 2f3 cos 2
U = a2 cos 2B sin 2
V =2a%sin2p . 9)
The quantity tan 8 is a measure of the ellipticity, where 0 is for linear polarization, -1 for
left-circular polarization, and +1 for right-circular polarization.

There are two different conventions for right handed and left handed circular
polarization in the literature; see van de Hulst (1957), Chandrasekhar (1960), Hovenier
(2004), and others for one convention where the direction of rotation of the electric field
vector is observed looking down the beam as it propagates away from the observer. In
this study the convention of Bohren and Huffman (1983) will be followed, where the
direction of rotation viewed as a beam of radiation propagates toward an observer. It
follows that right-circular polarized light will appear to rotate in the clockwise direction
as it moves toward the observer. The conventions in Bohren and Huffman will also be
followed for linearly polarized radiation.

Fig. 6 summarizes the different states of polarization and their Stokes vectors.

All the quantities of the Stokes vector are time averages, because when
measuring the Stokes vector components, superpositions of many different incident
waves are actually being measured over a very short time period. In other words, the

amplitudes and phases of the electric field components which were assumed previously
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to be invariant in time are in fact varying on a very short time scale. This means that in
general light is partially polarized, and the following relation applies:

12>Q%+U%+V2, (10)
If the amplitudes and phases are correlated in time, then the light is said to be fully
polarized and the previous inequality becomes an equality.

The degree of polarization is defined in the following way:

, 2 2 2
DOP = N HUHVE (11)

|

and the degree of linear polarization is:

2,112
pLp = TNLHU" (12)

|

The degree of linear polarization is a quantity useful in satellite remote sensing of
polarized reflectance used in this study.

Because the Stokes vector completely describes a beam of light, a corollary
which can be found is the principle of optical equivalence which states that that if two
beams have the same Stokes parameters, there is no experimental way to distinguish
them, even if they were formed by interaction with different media (van de Hulst 1957).
The significance of this statement is that the Stokes parameters are the complete and
only set of quantities needed to define experimentally the intensity and state of
polarization of a beam of radiation. There can be further theoretical differences, but

these do not correspond to anything physically measurable.
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Fig. 6. Stokes parameters of polarized light. Circular polarization handedness is
determined looking toward a beam of radiation propagating in the direction of the
observer.

In the case that there is no phase relationship among multiple beams of radiation,
the Stokes parameters of the beams are additive. This concept is crucial where multiple
scattering is considered because there can be contributions of many beams to the
outgoing measured beam in a certain solid angle. A beam of radiation incident on the
surface of a medium has a certain Stokes vector, and after interaction with the medium
its Stokes vector is transformed in a new, scattered Stokes vector. The change in the
Stokes vector from interaction with the medium is described mathematically by a 16-
element 4x4 matrix called a transformation matrix F by van de Hulst (1957), and when
normalized, called the scattering phase matrix or Mueller matrix M (Mueller 1948). The

interaction takes the following form:
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QS _ ! PN QO
US - M(M, B, @ ¢ ) UO ) (13)
Vv, Vo

where the subscript s is for the scattered Stokes vector. The Mueller matrix contains all
information about the medium at the specified wavelength and viewing geometry. All 16
elements of the Mueller matrix may be retrieved in an experiment with 49 intensity
measurements (Hielscher et al. 1997), but in many cases some of the elements are not
independent of each other or could be zero if there are symmetries involved, as in the
case of spheres and other geometries.

The adding-doubling radiative transfer model used in this study can be used to
derive the Mueller matrix of a target medium by considering four different incident
polarization states: a Stokes vector of [1,0,0,0], corresponding to unpolarized light; a
Stokes vector of [1,1,0,0], corresponding to light polarized at 0°; a Stokes vector of
[1,0,1,0], corresponding to light polarized at +45°; and a Stokes vector of [1,0,0,1],
corresponding to right-circularly polarized light. However, since the scope of this study
involves only scattering of unpolarized solar radiation from ice clouds, only the first
column of the Mueller matrix can be compared with measurements from the PARASOL
satellite.

The Full Vector Form of the Radiative Transfer Equation

Now nearly all the ingredients needed to describe polarization in the vector
radiative transfer equation have been assembled. What is commonly called the phase
function in the scalar version of the radiative transfer equation is a 4x4 scattering matrix

in the vector radiative transfer equation, which is the product of the single scattering
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Mueller matrix and two rotation matrices. These rotation matrices are needed because
the Stokes parameters are defined in the meridian plane, so the matrices first rotate the
incident Stokes vector into the scattering plane (a plane containing the incident and
scattered directions) where the Mueller matrix acts on it, then rotate the scattered Stokes
vector back to the meridian plane of the scattered beam. The scattering process and
rotations can be written as:
Iy = R(mt — oz )M(@)R(—ay)], . (14)

The right hand side of the equation has terms that must be applied from right to left,
meaning the angle «; is the rotation angle from the meridian plane into the scattering
plane, and the angle a, is the rotation angle from the scattering plane into the meridian
plane of the scattered Stokes vector.
The first three terms on the right hand side are the phase matrix Z:

2(6,9,6",¢") = R(t — a;)M(O)R(—0a,) . (15)
M(O) is the 16-element single scattering Mueller matrix:

M11 M12 M13 M14-
M21 MZZ M23 M24-

M(O) = : 16
©= My My Mgy Mgy (10)
M4-1 M4-2 M43 M44-
and the rotation matrix R is the following, defined by van de Hulst (1957):
1 0 0 0
_ | 0 cos2a sinZ2a O
R() = 0 —sin2a cos2a O] (17)
0 0 0 1

Before fully traversing a medium, the radiation may be scattered multiple times,

leading to many interactions of the type in Eq. (14). The final Stokes vector after
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considering the repeated interactions is the matrix multiplication of the n number of
interactions:

I, = (ZyZp_q ... Z))], . (18)
The product of the n number of phase matrices Z is called the effective Mueller matrix
(Tynes et al. 2001). Normally the reduced effective Mueller matrix is examined instead
of the effective Mueller matrix in order to see polarization effects. To get the reduced
effective Mueller matrix, each element of the effective Mueller matrix is divided by the
Mi; element.

The vector radiative transfer equation including the Stokes vector is defined as

the following:
dI(t,1,e)
H— =l -Itwe). (19)
The source function is given by:
Wo c2m (1 l; l; ror ror
Jowe) = f0 [ 2w, e — @DI(n W, ¢)du'e’ . (20)

Z is the reduced effective Mueller matrix for multiple scattering, and @, is the single
scattering albedo, which is the ratio of scattered to absorbed radiation. Eg. (20) gives the
full description of the transfer of electromagnetic radiation through a medium, including

the effects of polarization.
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CHAPTER Il

ICE PARTICLE SCATTERING PROPERTIES

The adding-doubling radiative transfer model used in this study requires as input
the scattering properties describing the medium through which the radiation will
propagate, which in this case is an ice cloud. The single scattering properties of different
ice shapes and roughnesses are calculated by various methods including IGOM and
ADDA, and then a size distribution is applied, meaning that the scattering properties are
weighted for the fraction of ice particles in each size bin of the distribution. If a
collection of different ice shapes is used instead of one shape, a habit (shape) distribution
is used. Finally, the spectral response function (SRF) of the satellite sensor must be
taken into account in the integration process. The end result is a set of average bulk
scattering properties describing how radiation will scatter from the simulated ice cloud.
The PARASOL 0.865 um (central wavelength) channel will be used in this study.

The IGOM Method

Scattering problems involving very small particles are easier to solve by either
exact methods or approximate methods, but there is currently no exact method to
calculate the scattering from a large particle with potentially complicated geometry like
an ice crystal. Approximate methods can be employed, however. The geometric optics
method is one of these approximate methods and can be used if the wavelength of the
incident light is much smaller than the size of the ice particle (meaning the size

parameter is large). In the current study the wavelength considered is 865 nm. Since the
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smallest ice crystals considered are at minimum one order of magnitude larger than the
wavelength, the geometric optics method may safely be employed.

In geometric optics, a beam of radiation is considered a plane wave, with the
wave front composed of many small rays propagating perpendicular to the wave front. In
order for the calculations to be valid the width between each ray must be smaller than
the size of the ice particle, but larger than the wavelength of the incident light. If this
condition is not satisfied then diffraction due to phase interference breaks down the
assumption of a ray as a plane wave (Ditchburn 1991). In the geometric optics method,
four laws govern the interaction of radiation with matter: reflection, refraction, straight-
line propagation, and the principle of reversibility. The last law embodies the principle
that if a ray is reversed, it will travel in the opposite direction but take the exact same
past as it took to get to its current point. When a ray reaches an ice surface it can be
either reflected or refracted with the new direction and polarization depending on the
properties of the ice particle considered and the incident direction of the ray. Even when
rays are spaced far apart they can interact with each other and changes in phase can
occur, an effect incorporated into the geometric optics method (Yang; Liou 1996).

One phenomenon that standard geometric optics cannot account for is diffraction,
which causes a large increase in the amount of scattered radiation in the forward
direction. Large particles in particular will cause more scattering in the forward direction
from diffraction, which visually would be radiation getting bent around the particle and

focused into the forward direction.
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Fig. 7. Phase function of a solid hexagonal column crystal. The effective diameter
is 90 um.
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Fig. 7 shows the distribution of scattered radiation for a hexagonal ice crystal as a
function of scattering angle. The forward direction is O degrees and the backward
direction is 180 degrees. This distribution is commonly called the phase function, and as
seen here the forward peak is many orders of magnitude larger than the scattered
intensity at other angles due to the diffraction effect. Later version of the geometric
optics method such as IGOM do include a treatment of diffraction in the calculation of
single scattering properties.

Yang and Liou (1997) used a ray-by-ray integration algorithm to obtain the far
field solution for the scattered electric field by integrating the near field electric field
solution inside the particle from the geometric optics method. In this way the full
scattered field and the extinction and absorption cross sections can be obtained, along
with the single scattering albedo. This combined algorithm was named the Improved
Geometric Optics Method. Yang and Liou compared their code with a reference finite-
difference time domain (FDTD) result for size parameters down to 20 and found good
agreement (Yang; Liou 1997).

Bi et al. (Bi et al. 2009) made significant improvements to the IGOM method,
specifically for the treatment of rays that pass through two opposing faces of an ice
crystal in the forward direction. Improvements were made for the mapping of the near
field to the far field in the ray-by-ray integration method with regard to polarized ray
spreading and the d-transmission term for forward scattering through these faces was
dropped. The calculation of the phase function at backscattering angles was also made

more accurate (Bi et al. 2009).

29



Based on observations showing that ice particles can have rough surfaces, a way
to incorporate surface roughness was also added to the model. Two different ways to
incorporate surface roughness were compared in Yang et al. (2008). The first was a
rigorous ray-tracing method where each external ray reflected from a roughness facet or
emerging internal ray from a roughness facet was tracked to see if it interacted with
another roughness facet. There could be many interactions among roughness facets
before a ray finally leaves the particle, and all of these interactions take large amounts of
computational time to calculate. Another approach which avoids the issue of repeated
interactions was also investigated. In this second method the normal to the surface for
each reflection or refraction event was changed and replaced with a random angle
selected from a distribution. In this way multiple reflections and refractions are avoided
because the surface for each individual event is just a flat facet. The two methods
produced comparable results, leading the second method being chosen for use in
calculations (Yang et al. 2008). The spatial orientations of the rough surfaces come from
a Gaussian distribution with a parameter ¢ that quantifies the level of roughness. In the
present study, 17 levels of surface roughness were used from ¢ = 0 (smooth) to c = 0.8
with increments of 0.05. The roughness parameter ¢ cannot be related to a measurable
length scale because the roughness is not rigorously represented in the model, but the
variations in the slopes of the ice surface are still large enough to have an effect on the
incident beam (Yang et al. 2008). The effect of surface roughness is to smooth out the
phase function and make it almost featureless, removing all halo peaks for a value of ¢ =

0.5 and almost all evidence of halo peaks for ¢ = 0.05. Sharp halo peaks are not usually
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seen in remote sensing measurements of scattering and surface roughness could be the
reason why (Baum et al. 2010).
The ADDA Method

The Amsterdam Discrete Dipole Approximation (Yurkin; Hoekstra 2011) is a
method to calculate the scattering properties of arbitrarily shaped particles by the use of
small dipoles that are stacked together until a shape approximating the shape of interest
is found. Complex shapes can be simulated in this way and then Maxwell’s equations
can be solved directly to obtain the scattered radiation field. This method is
computationally most efficient for small particle sizes; in this study, the ADDA method
is used for size parameters less than 20, while the IGOM method was used for size
parameters larger than 20.
Scattering Phase Matrix

The scattering phase matrix describes completely how radiation will scattering
from some ice particle of a certain shape and size. To understand how it is calculated,
first consider an arbitrary incident ray on an ice particle. This incident ray will have an
amplitude and phase with respect to an initial reference plane, while the scattered ray
will have another amplitude and phase with respect to the scattering plane.
The mathematics describing the interaction are given by van de Hulst (1957), in the form
of four complex functions:

Sz S3

s=s o]

(21)

These functions mathematically relate the transformation of the electric field from one

state to another. Most of the time the far field solution is the one used in practical
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applications, where kr >> 1 (Liou 2002). The scattered electric field is then (van de Hulst

1957):

ﬁ] _ [Sz 83] exp(—ikr+ikz) [Eﬁ)] 22)

ESl IS4 S ikr E?
The four S parameters depend on the incident and outgoing directions 6 and the
orientation of the ice particle with respect to the incoming beam. The 16-element
transformation matrix for the Stokes vector is a function of these amplitude functions S.
This transformation matrix (van de Hulst 1957), when normalized, is referred to as the
scattering phase matrix (Liou 2002). The scattering phase matrix and the single
scattering Mueller matrix are proportional to each other.

Using these results, the scattered Stokes parameters can be expressed as:

Qs _ GSP QO
Us "~ 4mr2 Up |’ (23)
Vs V0

where P is the scattering phase matrix, and o is the scattering cross section,
representing the fraction of energy scattered out of the beam and lost.
The scattering cross section is calculated with a straightforward formula given here,

which integrates the intensity over all scattering angles:
1 2n m " £\ s
os =13 Jo fo (Eﬁ i+ ESEY ) sin 0 dode . (24)

The scattering phase matrix is given by:

P(O,a,B) = (25)



It can be seen from Eq. (25) that P depends on the incident and outgoing directions and
the angle at which the incident radiation hits the ice crystal, which is found by using the
angles a and f.

Several concepts are used by van de Hulst (1957) to reduce the number of non-zero
phase matrix elements. If a random sample of ice particles of the same size is taken in
which the particles are randomly oriented in space, many symmetries can be found
which will cancel terms. To cancel the terms depending on ice particle orientation (since

they are randomly oriented), an integration over all orientations can be performed:
1 2m 2 .
P(0) = po— Jy J2P(©,0,B)0s(a, B) sinada df . (26)
Then doing the same thing for the scattering cross section yields:
1 2 .
O =£f0“f;05(a, B) sina da df . (27)

According to van de Hulst (1957), for a certain position of a particle there are three other
positions where the scattering phase matrix is the same as the first position. The so-
called reciprocal position is the first, found by rotation around the line that bisects the
supplement to the scattering angle (called the “bisectrix” by van de Hulst (1957)).
Second is the mirror image with respect to the bisectrix plane, with the last being the
mirror image with respect to the scattering plane. If the assumption is made that the
collection of ice particles has an equal number of all of the possible positions, then the
scattering phase matrix simplifies in the following way:
Py Ppp 0 0
P, Py 0 0

0 0 P33 —Pus)’
0 0 Pys Py

P(O) = (28)
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Eq. (28) is the form of the scattering phase matrix which IGOM will produce for each
size and shape of ice crystal.
Scattering Properties to Describe a Bulk Volume

Once the single scattering properties describing scattering from a single particle
have been obtained the next step is to find the scattering properties that describe a
volume containing many ice particles. This is done by incorporating size and habit
distributions as well as the spectral response function of the PARASOL satellite sensor
and the solar flux at the sensor wavelengths. The adding-doubling model takes the
average scattering properties as input, so the single scattering properties of different
sizes and shapes are averaged together to produce a consistent set of scattering properties
that describes a volume for use in the radiative transfer model.

Baum et al. (2005; 2011) gives the formulas for the average scattering and
extinction cross sections:

2 fomax[shL 656 n(Df(D)]n(D)Fs()SA)DA

JA2 fpmax[gM | i, (D)]n(D)Fs()S()dDdA

Dmin

(29)

Ose

where the subscripts s and e indicate the scattering and extinction cross sections,
respectively. The sum over h is for the mixture of ice crystal habits considered in this
study (the General Habit Mix, or GHM); for a single habit this term is not needed. The
habit fraction f,,(D) is defined in the following way:

Yh=1fn(D) =1, (30)
where M is the number of habits, D is the particle diameter, n(D) is the density, F;(A) is

the spectral response function (SRF), and S(}) is the solar flux.
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The satellite sensor records radiation from a certain wavelength range and is
more sensitive at certain wavelengths than others. The function which describes
sensitivity with wavelength is the spectral response function (SRF). The PARASOL
spectral response function for the 0.865 um band is shown in Fig. 8. This band on the
PARASOL satellite records radiation from 0.804 to 0.924 um, however the band edges
are less sensitive than the center of the distribution. The final averaged scattering
properties are weighted for each wavelength in the SRF and for the intensity of the
sunlight seen by the sensor at each wavelength, S(A).

The ratio of the scattering to extinction cross sections gives the single scattering

albedo ®,:

By = —. (31)

With no absorption, 6, = 65 and @, = 1.
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PARASOL Spectral Response
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Fig. 8. Spectral Response Function for the 0.865 um PARASOL band. Values
have been normalized to the maximum observed value.
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The first moment of the phase function P11 is called the asymmetry factor, or g,
and is the weighted average of the cosine of the scattering angle for scattered radiation.
It is 1 for complete forward scattering (scattering angle of 0°, cos(0) = 1) with lower
values indicating more backscattering.

The average asymmetry factor over the particle size distribution (PSD) and habit

distribution is found using the same method as the scattering cross section:

2 fomaX (5L gn(DA)osh (DA (D)]n(DIFsSA)ADAA
g p—

. (32)
f;\lz Dmax[zﬂdzl 05,h (D) fh (D) |n(D)Fs(A)S(A)dDdA

Dmin
To get a description of the average size of ice particles in a given volume, a concept
called the effective diameter De is used. This quantity is defined as the ratio of the total

volume to the total projected area (Baum et al. 2011):

b3 Zrh:[:l[f;nriix Vh(D)n(h,D)dD| -
T 23 (e Ap(D)n(h,D)dD]

Each particle size distribution (PSD) considered in the calculations will have a
characteristic effective diameter. The average single scattering phase matrix can be

similarly computed:

o X[ ZhL, Pr(8,D,0)05 n (DA (D)|n(D)Fs(A)SA)dDAA
P(®) = A2 (Dmax[yvM
Sy b ¥ [2h=1 95 h (D)fr (D) [n(D)Fs (1) S(A)dDdA

. (34)

Particle Size Distributions
Nine different ice shapes and one habit mixture are used in the current study. For

a single ice habit, Eq. (34) is the same, but the sum over habits is removed since only
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one is considered. The bulk scattering properties are otherwise calculated in exactly the
same way. For both the single habits and the GHM habit mixture, the bulk scattering
properties are produced using a database of over 12,000 particle size distributions
measured by various field campaigns (Baum et al. 2011). The effective diameter is
calculated for each size distribution, and the scattering phase matrix, asymmetry
parameter, and other single scattering properties are calculated. The result is a large
database of scattering properties with an effective diameter which describes each
member of the set. Single scattering properties are desired for regular intervals of
effective diameter, so the results in the database which fall into predetermined size bins
are averaged together to produce a set of scattering properties for a certain effective
diameter. In the present study, scattering properties are calculated for effective diameters
between 10 and 120 um with bin sizes 5 um wide.

Only three effective diameters (30, 60, and 90 um) will be used in this study
because polarization is weakly sensitive to the ice diameter. In order to include size in
the analysis, it would be necessary to include observations at an infrared wavelength
where ice size may be determined.

Truncation of the Forward Peak

Once the bulk scattering properties have been obtained, the forward peak of the
phase function needs to be truncated (removed). Diffraction causes the scattered
intensity in the forward direction (scattering angle ® = 0" ) to be many orders of

magnitude greater than in the backward direction (c.f. Fig. 7). This peak is hard to
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represent in the adding-doubling code because it must be approximated with
polynomials, so it is easier to remove it entirely.

In the radiative transfer model used in this study, the phase matrix is represented
by Legendre polynomials in calculations because the expansion coefficients can be
easily found using orthogonality relations and also can be added together (Liou 2002).
Since the phase function is strongly peaked in the forward direction, representing it
accurately with polynomials requires thousands of terms. The computational time to
calculate these terms is a significant hindrance (Wiscombe 1977). There is a way to
represent the phase function with a few hundred or fewer terms, however.

Truncation removes the forward diffraction peak and so reduces the number of
polynomial terms necessary to approximate the phase function. The &-fit truncation
method (Hu et al. 2000), which is similar to the earlier Delta-M method (Wiscombe
1977), uses weighted singular-value decomposition least-squares fitting, allowing it to
more closely follow the phase function at larger scattering angles. This method chooses
polynomial coefficients based on the minimum in the squared differences between the
actual phase function and the one approximated with polynomials.

When the phase function (P1; term of the phase matrix) is truncated, the other
elements of the phase matrix must be changed in some way to be consistent with the
changes in the phase function. Each of the other phase matrix elements is scaled

according to Chami et al. (2001):

P5,(0) = ;2 P} (0) (35)
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where the asterisk denotes the element after it has been truncated. The similarity
principle states that the optical thickness, single scattering albedo, asymmetry parameter
g, and other scattering properties must also be scaled when the phase function is

truncated (Liou 2002). The truncated asymmetry parameter can be written:

g = (36)

o))
—

-

where here f is the portion of scattered energy in the truncated forward peak. The single

scattering albedo and optical thickness are given by:

~k __ (1_0630
©o = otay) (37)
T = (1 —f&y)t. (38)

All of the reported values for the phase matrix, optical thickness, single scattering

albedo, and asymmetry parameter g used in later sections will be the truncated values.
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CHAPTER IV

PARASOL DATA AND SATELLITE BACKGROUND

PARASOL (Polarization and Anisotropy of Reflectances for Atmospheric
Sciences coupled with Observations from a Lidar) is a French microsatellite which was
launched in 2004 to study the radiative and microphysical properties of clouds and
aerosols and improve our understanding of climate. The instrument on board is a wide-
field imaging radiometer/polarimeter named POLDER (POLarization and Directionality
of the Earth’s Reflectances), capable of retrieving the I, Q, and U Stokes parameters at
up to 16 viewing angles for each pixel (Breon 2009). The Level-2 data is used in this
study, a product which includes parameters of interest including surface type, percentage
cloud cover, optical thickness, and thermodynamic phase. In order to select pixels for
use in this study, many different parameters will be used to filter the available data.
Instrument Design

The imager is a CCD matrix and has a rotating wheel with spectral filters and
polarizers for a total of nine channels, three of which include polarization measurements,
including the 0.865 um channel used in the present study. In order to collect the I, Q, and
U Stokes parameters three measurements are necessary with the polarizer axis turned by
60" for each measurement. To counteract the effect of spacecraft movement during these
polarization measurements a small angle wedge prism is employed for each polarizer

(Breon 2006).
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Fig. 9. Coordinate system for PARASOL observations. 6sis the solar
zenith angle, 6, the viewing zenith angle, and ¢ the relative azimuth
angle.
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Fig. 10. Viewing geometry of the PARASOL satellite. This shows how
measurements are obtained at multiple scattering angles.

Multi-Angle Capability

Fig. 10 shows how PARASOL achieves its multi-angle capability. The satellite
can view the same scene from many different angles as it flies overhead, allowing the
same pixel to have measurements at up to 16 distinct scattering angles. The viewing
zenith angle is defined with respect to the local zenith and varies between 0" and 75’ in
the PARASOL data. The solar zenith angle also is defined from the local zenith and
varies between 0" and 80" in the PARASOL observations. The relative azimuth angle is
defined with respect to the local north direction and varies between 0" and 360° in
observations. According to this definition, 180" is forward scattering, and 0" or 360" is

backscattering. See Fig. 9 for the geometry involved.
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The Level-2 Cloud Product

The PARASOL Level-2 cloud product is produced by processing the Level-1
radiances by CNES (Centre National d'Etudes Spatiales) to generate useful parameters
for the study of cloud microphysics. The parameters used in this study are percentage
cloud cover, surface type, optical thickness, thermodynamic phase, and normalized,
modified, polarized radiance at 0.865 um. The normalized, modified, polarized radiance
is defined in the following way (C.-Labonnote et al. 2001):

TtLp cos B5+cos By

anp(ew @y, O, (ps) = ) (39)

Eg cos B4
where subscript s is for the solar zenith and azimuth angles, and subscript v is for the
viewing angles. Es is the incident solar flux at the top of the atmosphere.

L, is the polarized radiance, defined as:

L, = +/Q% + UZ2. (40)

In order to compare satellite measurements with modeling results, the adding-doubling
radiative transfer model produces Stokes parameters for the simulated ice cloud and
calculates the polarized radiance in the same way as the PARASOL satellite. The
satellite and simulated results can then be used in the retrieval of ice habit and
roughness.

Restrictions are placed on the data used in the current study. To get a full picture
of the scattering, the range of scattering angles for each pixel must be at least 50°. In
addition, the number of viewing directions with available data (out of the 16 possible

directions) must be at least seven, and the PARASOL scene has to be over the ocean.
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The ocean surface is dark and almost non-polarizing at 0.865 um, and so is simple to
model in radiative transfer codes. The restriction on the range of scattering angles allows
broad features in the polarization pattern to be observed for each pixel, which then
allows distinctions to be made among different ice models based on their fit to this
polarization. Because this study focuses on ice clouds, a pixel must be marked as 100%
cloudy and its phase must be marked as ice in the Level-2 cloud product to be included.
Measurements in the sunglint region which is near the solar principal plane (the plane
containing the incident solar zenith direction) are not included because the polarization
is large and would overwhelm and polarization signal from an ice cloud. Data from 1
January 2007, 1 April 2007, August 1, 2007, and 15 October 2007 are used that come
from 14-15 orbits of the satellite. After applying the necessary filters, about 50,000 -
70,000 data points are left from each month of data for use in comparison studies with

modeled data.
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CHAPTER V

RADIATIVE TRANSFER MODEL

In order to calculate the vector intensity of scattered radiation from an ice cloud
at the top of the atmosphere a model must be employed to calculate the transfer of
radiation through the ice cloud layer. In the case of this study, a plane-parallel method is
used where the cloud is considered as a some finite number of horizontal layers, infinite
in extent. Within the plane-parallel assumption, the adding method and the doubling
method are used to calculate scattered intensity. Van de Hulst (1980) presented the
equations for the two methods and has a comprehensive overview of their utility. The
radiative transfer code used in this study was written at the Free University of
Amsterdam by de Haan et al. (1987) and provides the vector intensity and polarization of
radiation at the top (or bottom) of a plane-parallel model.

The Adding Method

The atmosphere can be separated into many plane-parallel layers with different
layers for clouds and atmospheric gases. Fig. 11 illustrates the concept for two
atmospheric layers with . What is desired is the reflection and transmission matrices
(R,T) for the combined system. The adding method is a set of equations which allows
the reflection and transmission matrices of the combined system to be found if the

matrices for the individual layers are known.
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Fig. 11. The adding method. Illustration of a plane parallel system showing how
radiation incoming from above layer 1 will reflect at layer 1 or transmit through and
then reflect at layer 2 or transmit through. Infinite reflections can occur at the interface
between the two layers, but become negligible after several reflections.
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In most cases the reflection and transmission matrices are not known and must be
determined from the optical thickness and properties of the individual layer. To get these
matrices, each layer must be divided into sub-layers thin enough so that it can be
considered homogeneous and scattering can be approximated by either one or two orders
of scattering, significantly decreasing the computational time that the calculation
requires.

Once the reflection and transmission matrices have been calculated for the thin
layers, the adding equations can be used to find the combined matrices and the process
continues until the original optical thickness of the layer for which scattered intensity is
desired has been obtained. Multiple scattering is included in this method by considering
the infinite reflections that can occur at the interface between two layers, an effect fully
incorporated into the reflection and transmission matrices.

The Doubling Method

When the layer considered does not have properties which vary with optical
thickness, then the doubling method can provide a faster way to calculate the reflection
and transmission matrices. The large layer is divided into layers thin enough to
approximate with one or two orders of scattering like in the adding method, but because
the properties of each thin layer are the same, the reflection and transmission matrices do
not need to be recalculated each time. Instead, layers can be added together two at a time
using the adding equations until the optical thickness of the original layer is reached. The

only restriction on the doubling method is that the thin layers approximated with one or
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two orders of scattering must be the same optical thickness so that the reflection and
transmission matrices are exactly the same.

For the current study a three-level atmosphere was employed. The top layer
consists only of Rayleigh scatterers, the middle layer has a single-layer ice cloud, and
the bottom layer is also composed solely of Rayleigh scatterers. A standard mid-latitude
summer atmospheric profile was used and the Rayleigh scattering depolarization factor
used in the adding-doubling model is 0.0279, as reported in Young (1980). The Rayleigh
optical depth for each layer is taken from the tables in Tomasi et al. (2005). Since each
individual layer of cloud or Rayleigh gases is vertically homogeneous, the doubling
method may be used to obtain the reflection and transmission matrices, and the adding
method used to calculate the total reflection and transmission from the combined system.
The Adding Equations

A summary of the equations for adding and doubling are presented in this
section. This summary follows that of de Haan et al. (1987), and further explanations,
illustrations, and equations can be found therein. To keep track of radiation propagating
both upward and downward through a plane-parallel system, de Haan et al. (1987) use
the matrices U(t, w, W', @ — @) and D(t, i, ', @ — @"), defined by the following

equations:
1 2 1 12 12 I ! ! l4 !
I -1w@) == [ [, Ut w i, @ — @DI0, 1, @H'd'de’ ,  (41)
1 r2m (1 li ’ li AN ’ li
I(twe) =—f" [, DL, — @0, 1, @)W dy'de

+ exp [— ﬂ [0, u, @) , (42)
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where 1(0, y, @) is the incident intensity at TOA. Egs. (41) and (42) provide the upward
and downward intensity as a function of optical thickness in plane parallel system. The
direct radiation beam unscattered by the layer and reaching an arbitrary optical thickness
T IS represented by the exponential term in Eq. (42).

The desired result is to be able to calculate the matrices U and D from the albedo
®, and phase matrix Z(z,u,p', — ¢'). Z is the scattering phase matrix as defined in the
meridian plane. The adding equations will allow the calculation of U and D from the
albedo @, and the scattering phase matrix Z.

In this study the Stokes vector at TOA must be the output from the method since
comparison with the measured Stokes vector from satellite data is desired. U and D at
the top of the plane parallel layer are then just determined by their boundary values, and
the boundary value matrices are simply the reflection and transmission matrices. They
can be written as the following:

T, @ — @) =D, ki, ¢ — @)
R, ¢ — @) =00,w 1, ¢ — @)
T (L, ¢ —¢)=D"0,pu, ¢ —¢")
R(wp,o— @) =0T nu,o—9). (43)
The radiation from below the layer is denoted with an asterisk, while t' indicates the
entire optical depth, with T = 0 being the top of the layer. Two assumptions then are

needed. If no reflecting surface is present and if all layers are homogeneous and can be
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approximated with one or two orders of scattering, then the reflection and transmission

matrices can be found with the following equations:

R, o —¢) = Z(u W, ¢ — @) (1 = exp |7’ (— f)]) (44)

4(u+u’)

Z(w 1, @ — @")(exp [— (—)] — exp [—T’ (ul)]) Jifp#p

T(IJ') I"l"! ('p - ('p,) = 4(u+u )

W, e — @ )exp[—T (ﬁ)] : (45)

’ ' DT
T(ww, 0 — @) =3
In order to calculate the infinite reflections which can occur between layers these three

equations are used:

2T
Q.o —¢) = f j R"(m 1", @ — @ )R"(W", 1, 0" — @)p"du"de"”
0 0

2T
Qa9 — ") =— f f Qi r", 0 —@")Qu(W, W, 0" — @ )u"dp"de"
0 0

Qwr, @ — @) =Xm1 Qi @ — @) . (46)
Here a single prime denotes the top layer, while a double prime denotes the bottom
layer. The first equation for Q, integrates the reflection matrix from the bottom layer
(radiation from above) multiplied by the reflection matrix from the top layer (radiation
from below) over all solid angles. The integration finds the contribution of scattering in a
certain direction (u,). The sum over Q,, adds up all of the (possibly infinite) reflections
between the two layers and also considers the number of times n that the beam crosses

the combined layer going in the upward direction.
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With all of these results the matrices U and D (for radiation going up or down) in

the combined layer can be written:
D=T+Qexp [—r' (ui)] +QT
U =Rexp [—t’ (ﬁ)] + RD. (47)

Note that layers with the same optical thickness and single scattering properties have
been used and in addition the layers are homogeneous. The notation is also simplified,
meaning that the final terms in both equations are an integration as in Eq. (46).

The reflection and transmission matrices for the combined layer are the desired

result. These can be found with the following equations:

R, ¢ —¢) =R, ¢ —¢)+ U, 1,1, ¢ — @) exp [‘T' (:7)]

2 1 * n 14 ! 144 ! 143 ! rn rn 144
+%f0“fo T (W', @ — @)U, W', W, " —@)u"du"de”,  (48)
T, @ — @) =T"(Ku,@— @) exp [‘T' (f)] +D(, w1, @ — @exp[—T (ﬁ)]

+%f02“ [T (i, @ — @D(T, 1", W, @" — @ p'du"de” . (49)
To obtain R* and T* it is unnecessary to derive similar equations. A convenient
symmetry relationship exists, as shown in de Haan et al. (1987):
R(Wp, ¢ — @) =R(w W, 9" — @)
T (W, —@) =T, ¢ — ). (50)
If identical homogeneous layers are considered then the adding equations as shown
above can be repeatedly applied to add together layers until the full optical thickness of

the plane parallel system to be modeled is met.
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Expansion of Azimuth Dependent Functions

When using the adding equations to compute the reflection and transmission
matrices of a plane parallel system, the computational time required to calculate the
integrals of the azimuth-dependent functions can be very great. To reduce the
computational time needed, each function dependent on the azimuth angle can be
expanded in a Fourier series. The general form of the expansion is:

Z( 1, @ — @) = Tn_o(2 = 8m0) [Z™ (1, 1) cos m(¢ — ¢")
+Z5"(w 1) sinm(g — @], (51)

where Z could be any of the matrices from the adding equations and &, ¢ is the
kronecker delta. There still needs to be some way to find the Fourier coefficients. Z5™
and Z™ can be found from the following recurrence relation:

Z™ () = (—1D)™ 20 Ph (FS'PL(D | (52)
where S! are the expansion coefficients of the phase matrix in generalized spherical
functions, and P, is a matrix of generalized spherical functions. Generalized spherical
functions are the more general form of the Legendre polynomials and have the same
orthogonality and addition relationships which make them useful for polynomial
expansions in numerical calculations. Jackson (1998) has a more comprehensive

introduction and overview of generalized spherical functions.
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CHAPTER VI

RESULTS

The adding-doubling radiative transfer model calculates the top of atmosphere
TOA Stokes vector from which the polarized reflectance is obtained for a given ice
model input. Simulations were performed for 17 levels of roughness and 9 different ice
habits plus one ice habit mixture. In addition, optical thickness was considered for
thicknesses below 5, because at 5 and above the polarization is saturated and optical
thickness does not affect the results. The simulations were stored in a lookup table for
use in the retrieval algorithm.

The retrieval algorithm minimizes the difference between the observed polarized
reflectance from PARASOL and the simulation data. First the optical thickness is
estimated based on the total reflectance at 0.865 um, and then the simulated polarized
reflectance for all possible combinations of habit and roughness is calculated. The
smallest RRMSE corresponds to the retrieved habit and roughness.

The output from the retrieval is a dataset consisting of the retrieved ice particle
habit and surface roughness for each pixel in the PARASOL dataset. Four different
months of data are considered with one full day of global observations for each month.
The days are 1 January, 1 April, 1 August, and 15 October 2007. The number of
retrieved pixels for each month is between 50,000 and 70,000. Table 2 shows the total
number of pixels for each month as well as the number of pixels located in each latitude

band for which results will be shown. The tropics are defined as less than 30 degrees
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Table 2. Number of PARASOL pixels considered for each day of data.

1 January 2007 | 1 April 2007 | 1 August 2007 | 15 October 2007
Total 54214 67264 69481 63463
Tropics 19264 11881 18580 13182
Midlatitudes | 30278 42660 40169 41936
Polar 4468 12719 10732 8345

north or south latitude, the midlatitudes are defined as 30-60 N and 30-60S, and the polar
regions are defined as > 60N or > 60S. Because of restraints on surface type, scattering
angle, and orbital characteristics, most of the observed pixels are in the midlatitude
regions.

To provide some intuition for the retrieval results that follow, polarized
reflectance for several different ice shapes is plotted against PARASOL polarized
reflectance from 1 August 2007. An ice cloud of optical thickness 5 was used for all
simulations, and 20,000 viewing geometries taken from the PARASOL observations
were used in the adding-doubling model simulations.

The figures on the following pages are arranged in the following way: first the
polarized reflectance simulated using single ice habits will be plotted against density of
PARASOL polarized reflectance to develop some intuition for the behavior of the
polarized reflectance for different ice habits and levels of roughness. After that,

histograms of retrieved parameters will be shown. First retrievals of ice habit will be
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examined using global data from 4 different months of the year. Retrievals of habit done
for latitude bands will be examined to see if there is any dependence on latitude, and
then histograms of retrieved habit assuming different ice effective diameters will be
looked at to investigate the size dependence of the retrieved habit.

The same structure will be followed for presenting histograms of retrieved ice
roughness: global retrieval results for 4 different months of data, then results separated
by latitude, then size dependence of the roughness retrievals. Finally, histograms of the
retrieved habit for pixels which are retrieved as either smooth or rough are shown to see
if any ice habits are predominantly smooth or rough.

A global best fit of ice habit and roughness is also selected from the retrieval
results, and a plot of its polarized reflectance as well as full single scattering phase
matrix is shown.

Fig. 12 shows the polarized reflectance plotted for the solid column ice habit.
Colored contours are the density of PARASOL polarized reflectance, and the black dots
are simulations. Each black dot corresponds to the polarized reflectance simulated using
one viewing geometry, and the spread in the simulation points is due to multiple viewing
geometries corresponding to the same scattering angle. For the smooth case in the top
left panel, there are many features in the simulations which are not found in the
observations. The trend of the PARASOL observations is linearly decreasing polarized

reflectance with scattering angle, but this cannot be reproduced by the smooth model.
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Fig. 12. Polarized reflectance simulated for solid columns. The effective diameter is 60
um, and the ice cloud optical thickness is 5. Color contours are density of PARASOL
polarized reflectance observations, and black dots are simulations. Each dot represents a
calculation of polarized reflectance for a single viewing geometry.
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If surface roughness is considered, many of the features of the smooth model
disappear. The top right panel of Fig. 12 shows that for a roughness value of o = 0.20,
the polarized reflectance matches the observations except at small scattering angles. The
oscillatory features in the smooth case are not seen and the decreasing trend is
reproduced. The bottom two panels of Fig. 12 show increasing levels of roughness, but
the results do not change appreciably, except for angles near 100 degrees. A roughness
value of o = 0.8 corresponds to the maximum value of roughness used in the retrieval.

Fig. 13 shows the same type of plot for the aggregate of columns ice habit.
Because this habit is composed of columns arranged in a compact structure, its simulated
polarized reflectance is very similar to the single solid column. The results follow the
same pattern but are slightly more tightly gathered at large scattering angles between 120
and 150 degrees. Examining plots like this qualitatively does not allow for rigorous
determination of the best ice habit when polarized reflectance patterns are so similar.

Fig. 14 shows polarized reflectance for the hollow column ice habit. The
polarized reflectance signature is very different for this case even though the shape is the
same because the center of the column is hollowed out. The top left panel shows the
smooth case, where polarization is much too high. The oscillatory features seen in the
solid column case are not seen here because of the hollow center, which acts to smooth
out the scattering pattern in much the same way that surface roughness does (C.-

Labonnote et al. 2001).
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Fig. 13. Polarized reflectance simulated for a compact aggregate of solid columns. The
effective diameter is 60 um, and the ice cloud optical thickness is 5. Color contours are
density of PARASOL polarized reflectance observations, and black dots are simulations.
Each dot represents a calculation of polarized reflectance for a single viewing geometry.
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Fig. 14. Polarized reflectance simulated for hollow columns. The effective diameter is 60
um, and the ice cloud optical thickness is 5. Color contours are density of PARASOL
polarized reflectance observations, and black dots are simulations. Each dot represents a
calculation of polarized reflectance for a single viewing geometry.
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The top right panel shows a moderate level of surface roughening added which causes
the polarization to decrease, and the same pattern is seen for the bottom two panels as
well, which show increased surface roughening. The hollow column does not provide as
good a match to PARASOL at scattering angles from 150 to 180 degrees as the solid
column or aggregate of columns does. The spreading of results near these scattering
angles is due to the polarized reflectance approaching zero at the neutral point in the
atmosphere. The neutral point is where both the Q and U components of the Stokes
vector are zero. When Q and U are near zero, the definition of polarized reflection makes
these values diverge from zero, and this effect can be seen in Fig. 14.

Fig. 15 shows polarized reflectance for the small quasi-spherical droxtal ice
habit. Results are similar to the previous three plots, but with an interesting feature near
120 degrees scattering angle that does not get smoothed out with increasing roughness.
True spherical particles have a minimum in the phase function near this angle, causing a
local maximum in the polarization. Since droxtals are quasi-spherical a less pronounced
bump is seen as in Fig. 15.

Results for polarized reflectance simulated using a 5-member spatial aggregate of
plates are shown in Fig. 16. The only difference here is higher polarization at small
scattering angles for the smooth case, and greater spread in the measurements at large

scattering angles.
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Fig. 15. Polarized reflectance simulated for droxtals. The effective diameter is 60 um,
and the ice cloud optical thickness is 5. Color contours are density of PARASOL
polarized reflectance observations, and black dots are simulations. Each dot represents a
calculation of polarized reflectance for a single viewing geometry.
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Small aggregate of plates, Deff = 60
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Fig. 16. Polarized reflectance simulated for a 5 member spatial aggregate of plates. The
effective diameter is 60 um, and the ice cloud optical thickness is 5. Color contours are
density of PARASOL polarized reflectance observations, and black dots are simulations.
Each dot represents a calculation of polarized reflectance for a single viewing geometry.
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From the previous five figures it can be seen that at least qualitatively, roughness
improves the fit to polarized reflectance seen from PARASOL, but it is not possible to
select a single habit that provides the best fit. To explore the fit of polarization further,
results from a quantitative retrieval of habit and roughness will now be shown.

For each day of global data from the 4 months considered, the retrieval algorithm
calculated the polarized reflectance for all possible combinations of habit and roughness
when retrieving a single pixel. Each pixel can have up to 16 viewing directions, all of
which are considered in retrieving the single pixel. This provides a wide range of
scattering angles to consider when selecting the best habit and roughness.

The follow histogram plots first show the retrieved habit for 1 day of global data
out of four separate months of the year, then also retrieved habit from separate latitude
bands. Then the retrieved roughness is shown for the same conditions, and plots of
sensitivity of retrieved habit and roughness to ice effective diameter are also shown.

Fig. 17 is a histogram of the retrieved ice habit for PARASOL data from
different months of the year, for an effective ice particle diameter of 60 um. This is
nearly the mean effective diameter retrieved for ice from MODIS (Mace et al. 2005) The
ordinate is the fraction of total pixels, and the abscissa shows the 10 different single ice
habits and 1 mixture that are considered in the retrieval. The aggregate of columns
dominates the retrieved pixels, with a consistent 65-75% of pixels across the year. Solid
columns and hollow columns contribute another 15-20%, with small fractions also of
solid 3D bullet rosettes and a 5-member spatial aggregate of plates. None of the other

shapes has a meaningful number of retrieved pixels.
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Retrieved ice habit, 4 seasons global data, Deff = 60
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Fig. 17. Global retrieved ice habit. This shows a histogram of the fraction of total pixels
retrieved as one of the 9 single habits or habit mixture, shown for data from 4 different
months. DX = droxtal, PL = plate, SC = solid column, HC = hollow column, SB = solid
bullet rosette, HB = hollow bullet rosette, AGC = compact aggregate of columns, SMP =
5 member spatial aggregate of plates, LRP = 10-member spatial aggregate of plates, and
GHM = General Habit Mix.
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Retrieved ice habit, 4 seasons tropical data, Deff = 60
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Fig. 18. Ice habit retrieved in tropical regions. This shows a histogram of the fraction of
total pixels retrieved as one of the 9 single habits or habit mixture, shown for data from 4
different months in tropical regions only. DX = droxtal, PL = plate, SC = solid column,
HC = hollow column, SB = solid bullet rosette, HB = hollow bullet rosette, AGC =
compact aggregate of columns, SMP =5 member spatial aggregate of plates, LRP = 10-
member spatial aggregate of plates, and GHM = General Habit Mix.
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Looking at the retrieved habit as a function of latitude bands, Fig. 18 shows
results for the tropics, both the northern and southern hemisphere. Two habits dominate,
the compact aggregate of columns and hollow columns. Aggregates comprise the same
fraction of the total retrievals at 60-70%. Hollow columns are 20% or slightly more for
most months and the 5-member aggregate of plates is less than 5% in all cases.

Fig. 19 and Fig. 20 show the retrieved habit for the midlatitudes and the polar
regions, respectively. The midlatitude retrievals and polar retrievals again show the
aggregate of columns dominating, though in the polar regions the percentage falls to
60% or slightly below. Droxtals make up a larger fraction of the retrieved habit for
PARASOL pixels located in polar regions, from 15% to nearly 20% for data from
January.

To investigate the sensitivity of the retrieval of habit to the ice effective diameter,
Fig. 21 shows the retrieved habit for three different effective diameters, 30, 60, and 90
um. 30 um is smaller than the mean ice size retrieved from MODIS, 60 is near the mean,
and 90 is larger. The PARASOL global dataset from 1 August 2007 was used for this
case. Little sensitivity to size is seen and most retrieved habits are within a few percent
for each size. Fig. 22 shows the same plot, but using PARASOL data from 1 January
2007. In this case as well, the retrieval returns nearly the same habit fractions no matter

what ice effective diameter is used.
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Retrieved ice habit, 4 seasons midlat data, Deff = 60
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Fig. 19. Ice habit retrieved in midlatitude regions. This shows a histogram of the fraction
of total pixels retrieved as one of the 9 single habits or habit mixture, shown for data
from 4 different months in midlatitude regions only. DX = droxtal, PL = plate, SC =
solid column, HC = hollow column, SB = solid bullet rosette, HB = hollow bullet
rosette, AGC = compact aggregate of columns, SMP =5 member spatial aggregate of
plates, LRP = 10-member spatial aggregate of plates, and GHM = General Habit Mix.
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Retrieved ice habit, 4 seasons arctic data, Deff = 60
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Fig. 20. Ice habit retrieved in polar regions. This shows a histogram of the fraction of
total pixels retrieved as one of the 9 single habits or habit mixture, shown for data from 4
different months in polar regions only. DX = droxtal, PL = plate, SC = solid column, HC
= hollow column, SB = solid bullet rosette, HB = hollow bullet rosette, AGC = compact
aggregate of columns, SMP = 5 member spatial aggregate of plates, LRP = 10-member
spatial aggregate of plates, and GHM = General Habit Mix.
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Retrieved ice habit, August global data 3 sizes
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Fig. 21. Retrieved ice habit for 3 effective diameters and data from 1 Aug. 2007. This
shows a histogram of the fraction of total pixels retrieved as one of the 9 single habits or
habit mixture, shown for 3 different effective diameters and data from 1 August 2007
over the entire globe. DX = droxtal, PL = plate, SC = solid column, HC = hollow
column, SB = solid bullet rosette, HB = hollow bullet rosette, AGC = compact aggregate
of columns, SMP = 5 member spatial aggregate of plates, LRP = 10-member spatial
aggregate of plates, and GHM = General Habit Mix.
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Retrieved ice habit, January global data 3 sizes
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Fig. 22. Retrieved ice habit for 3 effective diameters and data from 1 Jan. 2007. This
shows a histogram of the fraction of total pixels retrieved as one of the 9 single habits or
habit mixture, shown for 3 different effective diameters and data from 1 January 2007
over the entire globe. DX = droxtal, PL = plate, SC = solid column, HC = hollow
column, SB = solid bullet rosette, HB = hollow bullet rosette, AGC = compact aggregate
of columns, SMP = 5 member spatial aggregate of plates, LRP = 10-member spatial
aggregate of plates, and GHM = General Habit Mix.
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Turning to ice roughness now, the global retrieval of ice roughness for an
effective diameter of 60 um is presented in Fig. 23. About 20-30% of pixels return as
smooth (i.e., no ice surface roughness present), with the rest having a distribution
centered near a roughness value of o = 0.2, although another peak is present at o = 0.5.
The data from August have the fewest pixels retrieved as smooth with 20%, whereas
October has the most at nearly 35%.

Significant differences are seen when separating results for ice roughness by
latitude. Pixels in the tropics as seen in Fig. 24 are smooth 5-10% of the time depending
on month, and a large fraction of pixels (25% — 40%) are retrieved at a roughness value
of o = 0.5. The same distribution of roughness is seen at smaller roughness values,
though the center shifts toward higher roughness at ¢ = 0.25.

When roughness at midlatitudes is considered as shown in Fig. 25, the
distribution of roughness shifts down again to o = 0.15, and 20-40% of pixels return as
smooth. The fraction of smooth pixels varies considerably between August and October,
which could indicate these change during different times of the year, or could simply
mean that the fraction of smooth pixels varies for other unknown reasons. The ice
roughness in polar regions as seen in Fig. 26 again has a distribution centered near o =

0.15, but even more pixels retrieve as smooth, from 35-45% of the total.
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Retrieved ice roughness, 4 seasons global data, Deff = 60
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Fig. 23. Global retrieved ice roughness. This shows a histogram of the fraction of total
pixels retrieved as one of the 17 values of roughness considered in the retrieval, for
global data. o is a parameter describing the level of surface roughening, with 0 being
smooth and 0.8 being extremely rough. DX = droxtal, PL = plate, SC = solid column,
HC = hollow column, SB = solid bullet rosette, HB = hollow bullet rosette, AGC =
compact aggregate of columns, SMP =5 member spatial aggregate of plates, LRP = 10-
member spatial aggregate of plates, and GHM = General Habit Mix.
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Ice roughness, 4 seasons tropical data, Deff = 60
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Fig. 24. Ice roughness retrieved in tropical regions. This shows a histogram of the
fraction of total pixels retrieved as one of the 17 values of roughness considered in the
retrieval, for data from the tropics only. o is a parameter describing the level of surface
roughening, with 0 being smooth and 0.8 being extremely rough. DX = droxtal, PL =
plate, SC = solid column, HC = hollow column, SB = solid bullet rosette, HB = hollow
bullet rosette, AGC = compact aggregate of columns, SMP =5 member spatial
aggregate of plates, LRP = 10-member spatial aggregate of plates, and GHM = General
Habit Mix.
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Ice roughness, 4 seasons midlat data, Deff = 60
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Fig. 25. Ice roughness retrieved in midlatitude regions. This shows a histogram of the
fraction of total pixels retrieved as one of the 17 values of roughness considered in the
retrieval, for midlatitude data. o is a parameter describing the level of surface
roughening, with 0 being smooth and 0.8 being extremely rough. DX = droxtal, PL =
plate, SC = solid column, HC = hollow column, SB = solid bullet rosette, HB = hollow
bullet rosette, AGC = compact aggregate of columns, SMP =5 member spatial
aggregate of plates, LRP = 10-member spatial aggregate of plates, and GHM = General
Habit Mix.
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Ice roughness, 4 seasons arctic data, Deff = 60
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Fig. 26. Ice roughness retrieved in polar regions. This shows a histogram of the fraction
of total pixels retrieved as one of the 17 values of roughness considered in the retrieval,
for data from polar regions. o is a parameter describing the level of surface roughening,
with 0 being smooth and 0.8 being extremely rough. DX = droxtal, PL = plate, SC =
solid column, HC = hollow column, SB = solid bullet rosette, HB = hollow bullet
rosette, AGC = compact aggregate of columns, SMP =5 member spatial aggregate of
plates, LRP = 10-member spatial aggregate of plates, and GHM = General Habit Mix.
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Retrieved ice roughness has more of a dependence on the ice effective diameter.
For PARASOL data from 1 August 2007, Fig. 27 indicates that especially at roughness
value of ¢ = 0.5, changing the effective diameter from 30 um to 90 um decreases the
fraction of pixels that will be retrieved at that roughness value and shifts these retrievals
to lower roughness. For 1 January 2007 PARASOL data, the retrieval shows the same
shifting of roughness, as Fig. 28 demonstrates. Increasing the effective size decreases the
roughness for o = 0.5 and shifts the distribution of roughness lower.

To examine what habits are retrieved if the roughness is retrieved as
smooth, Fig. 29 shows a histogram of the retrieved habit for these pixels. Three effective
diameters are shown, and the PARASOL data is from 1 August 2007. In contrast to the
retrievals of habit for all data, if roughness is retrieved as smooth, the aggregate of
columns is just 40-50% of the total. Solid columns see a substantial increase and make
up 25-40% of the retrievals, and droxtals, solid 3D bullet rosettes, and a 5-member
aggregate of plates make up the rest. Fig. 30 shows a histogram of retrieved habit for
pixels whose roughness is retrieved as very rough, or a o value of 0.5. Only two habits
have a non-negligible appearance, hollow columns and the compact aggregate of
columns. Results vary based on effective diameter, but in general the aggregate of
columns is retrieved slightly more often for very rough pixels. The same patterns for
smooth and rough pixels are seen if PARASOL data from other months of the year is

used in the analysis.
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Retrieved ice roughness, August global data 3 sizes
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Fig. 27. Ice roughness for 3 effective diameters and data from 1 Aug. 2007. This shows a
histogram of the fraction of total pixels retrieved as one of the 17 values of roughness
considered in the retrieval, for 3 ice effective diameters and global data from 1 August
2007. o is a parameter describing the level of surface roughening, with 0 being smooth
and 0.8 being extremely rough. DX = droxtal, PL = plate, SC = solid column, HC =
hollow column, SB = solid bullet rosette, HB = hollow bullet rosette, AGC = compact
aggregate of columns, SMP = 5 member spatial aggregate of plates, LRP = 10-member
spatial aggregate of plates, and GHM = General Habit Mix.
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Retrieved ice roughness, January global data 3 sizes
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Fig. 28. Ice roughness for 3 effective diameters and data from 1 Jan. 2007. This shows a
histogram of the fraction of total pixels retrieved as one of the 17 values of roughness
considered in the retrieval, for 3 ice effective diameters and global data from 1 January
2007. o is a parameter describing the level of surface roughening, with 0 being smooth
and 0.8 being extremely rough. DX = droxtal, PL = plate, SC = solid column, HC =
hollow column, SB = solid bullet rosette, HB = hollow bullet rosette, AGC = compact
aggregate of columns, SMP = 5 member spatial aggregate of plates, LRP = 10-member
spatial aggregate of plates, and GHM = General Habit Mix.
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Habit for pixels retrieved smooth, 3 sizes (global)
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Fig. 29. Ice habit retrieved for smooth surfaced ice. This shows a histogram of the
fraction of total pixels retrieved as one of the 9 single habits or habit mixture, shown
here only for pixels retrieved as smooth and 3 effective diameters. DX = droxtal, PL =
plate, SC = solid column, HC = hollow column, SB = solid bullet rosette, HB = hollow
bullet rosette, AGC = compact aggregate of columns, SMP =5 member spatial
aggregate of plates, LRP = 10-member spatial aggregate of plates, and GHM = General
Habit Mix.
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Habit for pixels retrieved very rough, 3 sizes (global)
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Fig. 30. Ice habit retrieved for rough surfaced ice. This shows a histogram of the fraction
of total pixels retrieved as one of the 9 single habits or habit mixture, shown for pixels
retrieved as very rough (0=0.5) and 3 effective diameters. DX = droxtal, PL = plate, SC
= solid column, HC = hollow column, SB = solid bullet rosette, HB = hollow bullet
rosette, AGC = compact aggregate of columns, SMP =5 member spatial aggregate of
plates, LRP = 10-member spatial aggregate of plates, and GHM = General Habit Mix.
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No single habit and roughness combination can reproduce polarized reflectance
seen from PARASOL observations, as the previous results show, but the aggregate of
columns would represent a large fraction of pixels, and a roughness value of 6 = 0.2 is
near the median of the distribution of roughness. Fig. 31 shows the polarized reflectance
of this ice habit and roughness. At large scattering angles it appears to be an excellent fit
to PARASOL measured on 1 August 2007, but not at small scattering angles. However,
a majority of the PARASOL measurements fall in the scattering angle range where this
ice habit fits the best.

To investigate the scattering properties of this ice shape further, Fig. 32 shows
the full single-scattering phase matrix of the aggregate of columns at three different
roughness values. Adding roughness will change all the elements of the phase matrix,
but the ones most important for remote sensing are P11 and P12/P11, shown in the two
left side panels. The top left panel shows P11, the scattering phase function. Numerous
peaks exist at halo angles for the smooth ice which disappear as the roughness value
increases. The element P12/P11 shown in the bottom left panel represents the linear
polarization and clearly shows that there are oscillatory features seen there which are
also represented in the multiple-scattering polarized reflectance results calculated from
the adding-doubling radiative transfer model. Adding roughness removes these features

and results in a nearly featureless linear polarization curve.
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Agg. of Columns, Deff = 60, Rough .20

0.06 w w ,
: ®PARASOL 1 Aug. 2007 | [0-30
0.05
8 0.25
S 0.04
3
8 - 10.20
&= 0.03
v
m0.15
© 0.02
N
S 0.10
o 0.01 -
o
0.00' 0.05
-0.01 J

60 90 120 150 180
Scattering Angle

Fig. 31. Polarized reflectance simulated for a compact aggregate of columns. The
effective diameter is 60 um and the roughness value is o = 0.2. Ice cloud optical
thickness is 5. Color contours are density of PARASOL polarized reflectance
observations, and black dots are simulations. Each dot represents a calculation of
polarized reflectance for a single viewing geometry.
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Aggregate of Columns
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Fig. 32. Single-scattering phase matrix for a compact aggregate of columns. This
assumes three different levels of surface roughness. The phase function P11 is shown in
the top left panel, while the degree of linear polarization —-P12/P11 is shown in the
bottom left panel.
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The results of the retrieval algorithm for the mean and median ice roughness are
summarized in Table 3. The mean retrieved roughness varies between a o value of 0.15
and 0.25, while the median roughness is consistently a o value of 0.15 or 0.2. Mean
retrieved roughness is larger if a smaller ice effective diameter is assumed in
simulations, while the median roughness is the same for all four months of data no
matter which effective diameter is used in simulations.

Upon retrieving the ice particle roughness and habit and assuming an effective
diameter, the ice asymmetry parameter g can be found from single-scattering
calculations (described in Chapter I11). The asymmetry parameter is a measure of the
relative amounts of forward and backward scattering, with complete forward scattering
represented by a g value of 1 and lower values indicating more backscattering. Table 4
provides values for the retrieved asymmetry parameter for all four days of data and three
effective diameters. Mean values for all cases are near 0.77, while median values are
slightly lower near 0.75. The mean asymmetry parameter increases if the assumed

effective diameter increases, while the median value decreases slightly.
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Table 3. Mean and median retrieved ice roughness for all four days of data and three
effective diameter sizes.

Month January April August October
Deff =30 um Mean: 0.25 Mean: 0.2 Mean: 0.25 Mean: 0.25
Median: 0.2 Median: 0.15 Median: 0.15 Median: 0.15
Deff = 60 pm Mean: 0.2 Mean: 0.15 Mean: 0.2 Mean: 0.15
Median: 0.2 Median: 0.15 Median: 0.15 Median: 0.15
Deff =90 pm Mean: 0.2 Mean: 0.15 Mean: 0.2 Mean: 0.15
Median: 0.2 Median: 0.15 | Median: 0.15 | Median: 0.15
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Table 4. Retrieved values of the asymmetry parameter g for all four months of data and
three effective diameter sizes considered.

Month January April August October

Deff =30 pm Mean = 0.7626 | Mean =0.7632 | Mean = 0.7602 | Mean = 0.7650
Median = Median = Median = Median =
0.7538 0.7538 0.7538 0.7538

Deff= 60 pm Mean = 0.7695 | Mean =0.7695 | Mean = 0.7639 | Mean = 0.7737
Median = Median = Median = Median =
0.7492 0.7492 0.7491 0.7508

Deff =90 pm Mean =0.7713 | Mean =0.7711 | Mean =0.7652 | Mean = 0.7758
Median = Median = Median = Median =
0.7498 0.7498 0.7496 0.7498
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CHAPTER VII

SUMMARY AND CONCLUSIONS

In this study an adding-doubling radiative transfer model was used to simulate
the polarized reflectance observed at the top of the atmosphere for ten different ice
habits and 17 different roughness values. These simulations were performed for the
entire range of viewing geometries observed by the PARASOL instrument, and the
results were stored in a lookup table for use in a retrieval algorithm.

Simulated polarized reflectance for several ice shapes and levels of roughness
was first examined to see how roughness can change the qualitative fit to polarized
reflectance. As expected from previous results (Baran; C.-Labonnote 2007; C.-
Labonnote et al. 2001; Cole et al. 2013), smooth ice cannot match the observed polarized
reflectance over the entire range of scattering angles. Introduction of surface roughness
evens out the simulated polarized reflectance and lowers its magnitude. As the surface
roughness increases to the maximum considered value of o = 0.8, polarized reflectance
changes very little except at scattering angles below 120 degrees where it increases
slightly.

Retrievals of ice particle shape and roughness from satellite measurements of
polarized reflectance were done by minimizing the differences between simulated
polarized reflectance and the PARASOL measurements at the viewing geometries for
each PARASOL pixel. Retrievals were done for 4 days of global data from 4 different

months of the year. Each day of data contained between 50,000 and 70,000 pixels.
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Considering retrievals incorporating global data, the ice habit which was
retrieved most often in all cases was the compact aggregate of columns. Retrieved
fractions were generally between 60% and 70% for the compact aggregate of columns,
and various other shapes contributed small amounts. If the data is separated by latitude,
the compact aggregate of columns is still the most often retrieved habit.

Considering global data, some level of roughness was retrieved in approximately
70% of pixels and did not vary considerably month to month. The mean retrieved
roughness was a o value of 0.2, corresponding to a value in between “moderate” and
“severe” surface roughness values (0.03,0.50) seen in the literature (Cole et al. 2013;
Yang et al. 2008).

Retrieved roughness varies considerably depending on latitude. If PARASOL
data from only the tropics (30N — 30S) is considered, smooth ice particles are retrieved
for only 5-10% of cases, depending on month. Very rough ice of o = 0.5 is retrieved in
approximately 30-40% of cases. For midlatitude data, smooth ice is 20-40% of retrieved
pixels, and for polar regions it is as much as 45%.

The small amount of smooth ice in the tropics may be due to different processes
generating the ice clouds seen there. Deep convection dominates the tropics and blowoff
from this convection forms many of the ice clouds seen by satellite (Baran 2009) In-situ
studies have found aggregates are common in deep convective ice clouds (Um;
McFarquhar 2007), and the efficient riming processes within the thunderstorm anvil may
be contributing to the surface roughness measured for pixels in the tropics (Baran et al.

2011).
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Ice clouds in the midlatitudes and polar regions are generated more often by
synoptic processes, where mixed-phase riming would be less likely and the ice forms at
colder temperatures. Smooth ice tends to form when the temperature is very low
(Magono; Lee 1966).

The retrieved habit does not depend on the ice effective diameter used in the
simulations, which is expected since polarization has little dependence on the ice particle
size. However, the retrieved roughness does have some dependence on ice size,
especially for larger values of roughness. This points to the need for a retrieval algorithm
incorporating infrared wavelengths to determine the ice particle effective diameter
before proceeding with a retrieval of roughness using polarization. However, because the
dependence is not strong, retrievals using an average value for ice effective diameter
should not have large errors in retrieved roughness.

The polarized reflectance plotted against density of PARASOL measurements for
the most commonly retrieved shape and roughness of a compact aggregate of columns
and roughness of o = 0.2 matches very well except for small scattering angles. This
could be caused by the presence of smooth ice crystals and rough ice crystals in the same
PARASOL scene, since smooth ice tends to have higher polarization at small scattering
angles. No mixtures of rough ice and smooth ice were used in the retrieval, however.
The retrieval method selects the single level of roughness describing the entire
population of ice crystals in the cloud which fits the best with measured polarized

reflectances.
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Various field campaigns have noted that aggregates are a very common ice habit,
especially near deep convection (Baran et al. 2011; Garrett et al. 2005). Van
Diedenhoven et al. (2012) found that ice which had a very low asymmetry parameter and
high distortion best matched measurements from the Research Scanning Polarimeter
(Cairns et al. 2003) instrument. Collocated in-situ probes indicated a high level of
aggregate ice particles, indicating a low asymmetry parameter below 0.8.

The compact aggregate of columns has the lowest asymmetry parameter values
of any ice habit among the 10 habits and mixtures considered in the present study.
Because aggregates were the most commonly retrieved habit, the retrieved asymmetry
parameter should also be low. The asymmetry parameter for all data considered had a
mean value near 0.77 for all months, with a median value closer to 0.75. Van
Diedenhoven et al. (2013) reported retrieved asymmetry parameter values of between
0.76 and 0.8 with a median value of 0.78, so the asymmetry parameter retrieved in this
study is slightly lower but still comparable. However, other results in the literature report
asymmetry parameters of about 0.73, slightly lower than the values from the present
retrieval (Gerber et al. 2000).

It is important to note that the surface roughness in the present model cannot be
related to any physical size, and as such it is difficult to compare the retrieved roughness
to in-situ measurements of ice roughness. These retrieval results can, however, serve as a
guide for ice model development with the goal of reducing uncertainties in the

description of the radiative properties of ice clouds.
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This work may be further extended by producing year-long and multi-year
climatologies of the retrieved habit, roughness, and asymmetry parameter from
PARASOL polarized reflectance measurements. RSP measurements of polarized
reflectance can be used in the future using the same method (van Diedenhoven et al.
2013).

Ice habit and roughness have a significant impact on the radiative properties of
ice clouds, so it is necessary to describe these parameters accurately when doing global
modeling or satellite retrievals. For ice cloudy scenes specifically in the midlatitudes or
polar regions, different ice models incorporating more smooth ice and more pristine ice
habits may represent the microphysics better. When using only one ice habit, however,
an aggregate of columns with a lower roughness value or even smooth surfaces may be
the best model to use in these regions. For tropical regions, higher values of roughness
are generally retrieved and therefore must be incorporated into model simulations. Based
on the results of this study, an ice model which captures the microphysics on a global
scale of the large majority of ice cloudy scenes observed by PARASOL is the compact

aggregate of columns with a roughness value of ¢ = 0.20.
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APPENDIX A

SUPPLEMENTARY FIGURES

Scattering angles for all August data
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Fig. 33. Histogram of scattering angles from 1 August 2007 data. Much of the data is
found at backscattering angles.
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Scat. Angle for Pixels retrieved very rough, Deff = 60
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Fig. 34. Histogram of scattering angles for pixels retrieved as very rough. The effective
diameter is 60 um and the PARASOL data is from 1 August 2007. Very rough isa o
value of 0.5.
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Scat. Angle for Pixels retrieved smooth, Deff = 60
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Fig. 35. Histogram of scattering angles for pixels retrieved as smooth. The effective
diameter is 60 um and the PARASOL data is from 1 August 2007. Smooth is a o value
of 0.
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