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Abstract

Ice clouds are an important element in the radiative balance of the Earth’s climate
system, but their microphysical and optical properties still are not well constrained,
especially ice particle habit and the degree of particle surface roughness. In-situ ob-
servations have revealed common ice particle habits and evidence for surface rough-5

ness, but these observations are limited. An alternative is to infer the ice particle shape
and surface roughness from satellite observations of polarized reflectance since they
are sensitive to both particle shape and degree of surface roughness. In this study
an adding-doubling radiative transfer code is used to simulate polarized reflectance
for nine different ice habits and one habit mixture, along with 17 distinct levels of the10

surface roughness. A lookup table (LUT) is constructed from the simulation results
and used to infer shape and surface roughness from PARASOL satellite polarized re-
flectance data. Globally, the retrievals yield a compact aggregate of columns as the
most commonly retrieved ice habit. Analysis of PARASOL data from the tropics results
in slightly more aggregates than in midlatitude or polar regions. Some level of surface15

roughness is inferred in nearly 70 % of PARASOL data, with mean and median rough-
ness near σ =0.2 and 0.15, respectively. Tropical region analyses have 20 % more pix-
els retrieved with particle surface roughness than in midlatitude or polar regions. The
global asymmetry parameter inferred at a wavelength of 0.83 µm has a mean value of
0.77 and a median value of 0.75.20

1 Introduction

There are still considerable uncertainties in the characterization of the radiation bal-
ance of the earth, with the problem of clouds in the earth’s atmosphere near the fore-
front (IPCC, 2007). Even though ice clouds can be optically thin they are still important
because of their spatial coverage, which can reach 70 % in the tropics (Nazaryan et al.,25

2008; Guignard et al., 2012). The ice habit and degree of surface roughness of the ice
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particles within natural ice clouds can have a large impact on the radiative properties
of the clouds and affect estimates of their radiative forcing (Baran, 2009; Wendisch
et al., 2005, 2007; Yang et al., 2008a, b; Yi et al., 2013). Assuming rough ice particles
instead of smooth can lead to a two-fold increase in the amount of solar energy re-
flected back at the top of the atmosphere (TOA) (Ulanowski et al., 2006; Baran, 2012).5

To reduce the uncertainties in the characterization of the microphysics of ice clouds,
this study uses polarized reflectance measurements from the PARASOL (Polarization
and Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations
from a Lidar) platform along with simulations from a full-vector radiative transfer model
to infer the habit and degree of surface roughness of particles within the ice clouds.10

The different types of habits 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 for larger aggre-15

gates 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, depending on the updraft velocity. At low updraft ve-
locities (cm s−1), the particles tend to have size sorting with height, with more pristine20

shapes near the cloud top and more complex shapes near cloud base because the
particles grow, gain mass, fall through the cloud, and begin to sublimate as they en-
counter warmer temperatures. With updraft velocities approach m s−1 or higher, many
large particles can be present near cloud top.

Baran (2009) showed images of ice particles from a Cloud Particle Imaging (CPI)25

probe that are representative of the ice seen in midlatitude and tropical cirrus (ice)
clouds. At cloud top, some of the particles seen in the images are small and irregu-
larly shaped, along with a few columns, bullets, and other habits. The abundance of
small ice particles may be due to the shattering of large ice particles on the probe
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inlet, artificially increasing the number of small particles 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 and McFarquhar, 2007). Some of the par-
ticles observed by the CPI probe appear to have hollow structures, a feature noted
by Magono and Lee (1966), Schmitt and Heymsfield (2007), Baran (2012), and Yang5

et al. (2008c, specifically, the photograph by Steven Warren shown in Fig. 1 of this
reference).

Other types of instruments may be used infer the shapes of ice cloud particles, in-
cluding the Forward Scattering Spectrometer Probe (FSSP), cloud and aerosol spec-
trometer (CAS), polar nephelometer, and the Cloud Integrating Nephelometer (CIN).10

See Baumgardner et al. (2011) for an overview of the different measurement tech-
niques. The CAS instrument uses a focused laser beam to measure the scattering
pattern of an ice particle and infer its shape based on theoretical scattering calcula-
tions. For measurements from July 2002 of a cirrus cloud, Baumgardner et al. (2005)
found that 90 % of their observations could be explained with a model consisting of15

bullet rosettes, plates, and columns.
Surface roughness has been observed in laboratory measurements of ice and from

in situ measurements obtained in field campaigns (Korolev et al., 2011; Um and McFar-
quhar, 2007; Baumgardner et al., 2005, 2011; Neshyba et al., 2013). Thermodynamic
conditions influence whether an ice particle is roughened and how rough it becomes20

(Baran et al., 2011), but it is currently unknown what percentage of ice particles in
clouds might be roughened or how rough they are. The numerical treatment of surface
roughening may be thought of as a surrogate for other imperfections in an atmospheric
ice particle that include occlusions, impurities, air bubbles, and internal fractures. Nev-
ertheless, observations from the PARASOL satellite indicate that a large percentage of25

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.
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The studies by Chepfer et al. (1998, 2001) showed that polarized reflectances from
an ice cloud are sensitive to the ice particle habit. Subsequent studies tested various
habits for their fit to measured polarized reflectance (C.-Labonnote et al., 2001; Cole
et al., 2013). Columns that included air bubbles (the “inhomogeneous hexagon model,
or IHM”) were found to provide the best fit choice for a single ice shape in the studies5

by C.-Labonnote et al. (2001) and Baran and C.-Labonnote (2007), whereas a mixture
of different ice shapes was found to be the best fit in Cole et al. (2013).

In contrast to previous studies which qualitatively compared simulated polarized re-
flectance to measured polarized reflectance, this study employs a rigorous retrieval
method to quantitatively select the best fit ice habit from the nine ice habits available10

in the database and a combination of habits called the General Habit Mixture (GHM)
(Cole et al., 2013). Upon retrieving the ice particle habit and roughness, the asymmetry
parameter g is derived from single-scattering calculations.

Ice asymmetry parameters have been inferred from flux measurements and derived
from theoretical modeling (Stephens et al., 1990; Platt et al., 1980) with values rang-15

ing 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 lim-
ited spatial and temporal resolution, however. Global retrievals of ice particle habit and
roughness from PARASOL and subsequent retrieval of the inferred asymmetry param-20

eter can overcome the limited nature of in-situ studies and provide a comprehensive
perspective on the asymmetry parameter value in ice clouds.

The goal of the current research is to rigorously retrieve the ice particle habit and de-
gree of surface roughness using polarized reflectance data from the PARASOL satellite
and model output from full-vector adding-doubling radiative transfer simulations. These25

retrievals will be performed for global data from one full day of data selected from
four different months of the year. In addition, retrievals for a range of latitudes will be
examined to investigate the sufficiency of a single global ice cloud model in climate
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simulations, or whether more accurate results might be obtained by assuming different
cloud microphysics at different latitudes.

2 Data and methodology

2.1 Adding-doubling radiative transfer model

A full vector adding-doubling radiative transfer model developed by de Haan5

et al. (1987) is used to simulate the top of atmosphere (TOA) Stokes vector for a wide
range of input cloud optical thicknesses, viewing geometries, and microphysical pa-
rameters. 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.10

The wavelength used for all simulations is 0.865 µm. The US Standard Atmospheric
Profile (1976) is used in the simulations, with a total Rayleigh scattering optical thick-
ness of 0.01587 for the 0.865 µm PARASOL band. All simulations are performed for
a single-layer ice cloud above an ocean surface.

2.2 PARASOL satellite data15

PARASOL is a French microsatellite that was launched in 2004 to study the radiative
and microphysical properties of clouds and aerosols and improve understanding of the
climate system. The instrument on board is a wide-field imaging radiometer/polarimeter
named POLDER (POLarization and Directionality of the Earth’s Reflectances), capable
of measuring the I, Q, and U Stokes parameters at up to 16 viewing angles for each20

pixel (Deschamps et al., 1994). The Level-2 data are used in this study, a product that
includes other parameters of interest besides the Stokes parameters including surface
type, percentage cloud cover, optical thickness, and thermodynamic phase. The Level-
2 products are provided for 3×3 pixels, or 18km×18km, which is three times the
nominal pixel resolution of 6 km. The Level-2 resolution is used to minimize potential25
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noise due to misregistration of multiangle observations that can occur for an elevated
target such as ice clouds. Pixels are 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 ◦. This ensures that features in the scattering pattern over a large range of5

angles will be resolved in the retrieval method.
The PARASOL Level-1 data are produced by CNES (Centre National d’Etudes Spa-

tiales), and Level-2 products are produced at the ICARE Data and Services Center
(http://www.icare.univ-lille1.fr). The parameters used in this study are percentage cloud
cover, surface type, optical thickness, thermodynamic phase, and normalized, modi-10

fied, polarized radiance at 0.865 µm. The normalized, modified, polarized radiance is
defined in the following way:

Lnmp(θv,φv,θs,φs) =
πLp

Es

cosθs + cosθv

cosθs
(1)

where subscript s is for the solar zenith and azimuth angles, and subscript v is for the
viewing angle. Es is the incident solar irradiance at the top of the atmosphere. Lp is the15

linearly polarized radiance, defined as:

Lp = ±
√

Q2 +U2. (2)

To compare satellite measurements with modeling results, the adding-doubling radia-
tive transfer model produces Stokes parameters for the simulated ice cloud and cal-
culates the polarized radiances in the same form as the PARASOL satellite observes.20

The satellite observations and the simulated results can then be used in the inference
of ice habit and roughness.

Measurements in the sunglint region are excluded because the polarization is large
and would overwhelm a polarization signal from an ice cloud. Data from 1 Jan-
uary 2007, 1 April 2007, 1 August 2007, and 15 October 2007 are used; approximately25
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14–15 orbits of the satellite data are analyzed for each day. After applying the nec-
essary filters, about 50 000–70 000 pixels are available for analysis from each of the
selected days for use in comparison studies with modeled simulations.

2.3 Ice bulk scattering properties

The simulations of polarized radiation from an ice cloud require an assumption of a set5

of single-scattering properties. These single scattering properties are calculated at
0.86 µm for nine different ice habits plus GHM and nine levels of surface roughness
from σ = 0 (no roughness) to σ = 0.8 (severely rough). The 9 habits are droxtals, solid
and hollow columns, solid and hollow 3-D bullet rosettes, plates, a compact aggregate
of columns, and a small and large spatial aggregate of plates.10

The method for simulating the surface roughness is to randomly tilt the facet of the
ice particle, with the parameter σ describing the level of roughness (Macke, 1996; Yang
and Liou, 1998; Shcherbakov et al., 2006; Baran and C.-Labonnote, 2007). The calcu-
lation is done for ice crystals whose maximum dimension is between 2 and 10 000 µm
(Yang et al., 2013). The calculations are done with the ADDA (Amsterdam Discrete15

Dipole Approximation, Gerber et al., 2000) and the IGOM (Improved Geometric Op-
tics 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 habit).20

For both the single habits and the GHM, the bulk scattering properties are produced
using a database of over 14 000 particle size distributions measured by various field
campaigns (Baum et al., 2011). The effective diameter is calculated for each size distri-
bution, and the scattering phase matrix, asymmetry parameter, and other single scat-
tering properties are calculated. The result is a large database of scattering properties25

as a function of effective diameter. Since single scattering properties are desired for
regular intervals of effective diameter, the results in the database that fall into prede-
termined size bins are averaged together to produce a set of scattering properties for
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a given effective diameter. Three effective diameters (30, 60, and 90 µm) will be used in
this study, but a size dependency in the results is not expected because the wavelength
being used (0.865 µm) is fairly insensitive to particle size.

As an example, the average single scattering phase matrix can be computed in the
following way (Baum et al., 2011; Cole et al., 2013):5

P(Θ) =

∫λ2

λ1

∫Dmax

Dmin

M∑
h=1

[
Ph(Θ,D,λ)σs, h(D,λ)fh(D)

]
Fs(λ)S(λ)n(D)dDdλ

∫λ2

λ1

∫Dmax

Dmin

M∑
h=1

[
σs, h(D,λ)fh(D)

]
Fs(λ)S(λ)n(D)dDdλ

, (3)

where σs indicates the scattering cross section. The sum over h is for the mixture of ice
crystal habits (specifically, GHM) considered in this study; for a single habit this term is
not needed. The habit fraction fh(D) is defined in the following way:∑M

h=1
fh(D) = 1, (4)10

where M is the number of habits, D is the particle maximum diameter, n(D) is the
density, Fs(λ) is the spectral response function (SRF), and S(λ) is the solar flux. The
other scattering parameters of interest are determined in a similar way.

Because the scattering phase function for ice tends to be strongly peaked in the for-
ward direction, the δ-fit truncation method developed by Hu et al. (2000) is employed to15

truncate the forward scattering peak so that number of radiation streams can be sub-
stantially reduced in the radiative transfer simulations involved in this study. The other
scattering parameters of interest including optical thickness and asymmetry parameter
are adjusted according to the similarity principle (Joseph et al., 1976)

2.4 Retrieval lookup table and methodology20

Several previous studies have tried to infer ice shape from polarization measurements.
Chepfer et al. (2001) was one of the first efforts to use polarized reflectances with a va-

29491

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 29483–29519, 2013

Ice particle habit and
surface roughness

derived from
PARASOL

B. Cole et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

riety of ice models to try to find a best match to observations. Baran and C.-Labonnote
(2006) took the same approach for a greater variety of ice models. In all cases ice
particle models that had some kind of inclusion or roughening matched polarized re-
flectance the best.

Van Diedenhoven et al. (2012) presented a method to infer the ice asymmetry param-5

eter by using polarized reflectance measurements from the RSP (Research Scanning
Polarimeter) aircraft instrument. The authors used a lookup table (LUT) of polarized re-
flectance built using columns and plates with varying aspect ratios and roughness and
minimized differences between the observed and LUT values. The approach adopted
in this study is similar to that of van Diedenhoven et al. (2012). With the adding-doubling10

radiative transfer model, simulations of polarized reflectance are performed for 17 val-
ues of surface roughness from σ = 0 to σ = 0.8 in 0.05 increments, for all nine ice habits
and the GHM. Values from 1.0 to 5 for optical thickness are used in this study with an
increment of 0.5; an upper limit of 5 is chosen because polarized reflectance saturates
at that value (van Diedenhoven et al., 2013).15

In all, ten different habit assumptions, 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 an-
gles from 0 (nadir) to 80 ◦ in 4◦ increments are used, along with viewing zenith an-20

gles ranging from 0–75◦ degrees in 4◦ increments and relative azimuth angles from 0–
180◦ degrees in 4◦ 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:25

RRMSE =

√√√√√√
J∑

j=1

[
1− Lnmp(sim)(Θj ,h,σ)

Lnmp(PAR)(Θj ,h,σ)

]2

J
. (5)
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Here h is habit, σ is level of roughness, and θ is scattering angle. Lnmp is the normal-
ized, modified, polarized reflectance (see Eq. 1).

When a pixel is analyzed, the first step is to read out the viewing geometries, for
which is kept a maximum of 16 viewing directions. For each set of viewing angles, the
polarized reflectance is calculated for every possible combination of habit and rough-5

ness in the LUT. To select habit and roughness from the appropriate optical thickness,
the optical thickness in the PARASOL Level-2 data file is read in 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.10

When the polarized reflectance for all possible combinations of habit and roughness
have been calculated based on the LUT 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 val-
ues. This procedure is repeated for all pixels in the PARASOL dataset to give a global15

dataset of retrieved habit and roughness.
The retrieval approach in this study is based on the 3×3 pixel cloud retrievals pro-

vided in the Level-2 products, using up to 16 viewing geometries per cloud sample
as a single set from which to find a best fit habit and roughness. Cole et al. (2013)
compared simulated to measured polarized reflectances from PARASOL by choosing20

viewing geometries from a set of PARASOL ice cloud retrievals and then matching the
measured polarized reflectances to a set of simulation points with similar geometries.

3 Results

3.1 Ice habit retrieval

The retrieval algorithm minimizes the difference between the observed polarized re-25

flectance from PARASOL and the simulation data. First the optical thickness is esti-
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mated based on the total reflectance at 0.865 µm. Subsequently the simulated polar-
ized reflectance is calculated for all possible combinations of habit and roughness. 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 months5

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.

The tropics are defined as less than 30◦ north or south latitude, the midlatitudes are
defined as 30–60◦ N and 30–60◦ S, and the polar regions are defined as latitudes> 60◦.10

Because of restraints on surface type, scattering angle, and orbital characteristics, most
of the observed PARASOL pixels are from the midlatitudes.

Figure 1 shows the percentage of each ice habit inferred from PARASOL data for
different months of the year. The results are provided for an effective ice particle diam-
eter of 60 µm. This is nearly the mean effective diameter retrieved for ice from MODIS15

(Mace et al., 2005). The ordinate is the fraction of total pixels, and the abscissa shows
the 9 individual ice habits and the GHM that are considered in the retrieval. The aggre-
gate of columns dominates as the preferred habit in 65–75 % of pixels for each month.
Solid columns and hollow columns contribute another 15–20 %, with small fractions
also of solid 3-D bullet rosettes and a 5-element spatial aggregate of plates. None of20

the other habits is chosen in a significant number of pixels.
The inferred habit has a latitudinal dependence. Figure 2 shows results for the Trop-

ics, defined as 30◦ N–30◦ S. 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-element25

aggregate of plates is less than 5 % in all cases.
Figures 3 and 4 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
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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. Note
that a habit is chosen when the differences are minimized between measured and
simulated polarized reflectances on a pixel level using up to 16 viewing geometries per
pixel, regardless of whether the habit may be a realistic choice from a microphysical5

perspective.
To investigate the sensitivity of the retrieval of habit to the ice effective diameter,

Fig. 5 shows the retrieved habit for three different effective diameters, 30, 60, and
90 µm. 30 µm is smaller than the mean ice size retrieved from MODIS, 60 µm is near
the mean, and 90 is larger. The PARASOL global dataset from 1 August 2007 was10

used for this case. Little sensitivity to size is indicated, as expected at this 0.86 µm
wavelength with little absorption within the ice particles, and most retrieved habits are
within a few percent for each size. Figure 6 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.15

3.2 Inference of ice roughness

The global retrieval of ice roughness for an effective diameter of 60 µm is presented
in Fig. 7. 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 σ = 0.2,
although another peak is present at σ = 0.5. The data from August have the fewest20

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 lati-

tude. Pixels in the tropics as seen in Fig. 8 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 σ = 0.5. The same distribution of roughness is seen at smaller roughness values,25

though the center shifts toward higher roughness at σ = 0.25.
When roughness at midlatitudes is considered as shown in Fig. 9, the distribution of

roughness decreases to σ = 0.15, and 20–40 % of pixels return as smooth. The fraction
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of smooth pixels varies considerably between August and October, which could indicate
these changes 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. 10 again has a distribution centered near σ = 0.15, but even more pixels
are retrieved as smooth, in about 35–45 % of the total.5

Retrieved ice roughness has more of a dependence on the ice effective diameter. For
PARASOL data from 1 August 2007, Fig. 11 indicates that especially at a roughness
value of σ = 0.5, changing the effective diameter from 30 µm to 90 µm 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 same10

shifting of roughness, as Fig. 12 demonstrates. Increasing the effective size decreases
the roughness for σ = 0.5 and shifts the distribution of roughness lower.

Figure 13 shows the result of plotting the polarized reflectance of the habit and rough-
ness combination retrieved for each pixel from 1 August 2007 data. The effective diam-
eter is 60 µm. Every pixel can have up to 16 viewing geometries, each of which would15

be represented by a single black simulation dot. This combination of habits and rough-
ness values fits well with PARASOL observations, similar to the results for the GHM
in Cole et al. (2013). It is likely that many combinations of habit and roughness could
provide a match to PARASOL data. The results of the retrieval algorithm for the mean
and median ice roughness are summarized in Table 1. The mean retrieved roughness20

varies between a σ value of 0.15 and 0.25, while the median roughness is consistently
a σ 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.

3.3 Inference of asymmetry parameter25

Upon retrieving the ice particle roughness and habit and assuming an effective diame-
ter, the ice asymmetry parameter g is obtained from single-scattering calculations. The
asymmetry parameter is a measure of the relative amounts of forward and backward
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scattering, with complete forward scattering represented by a g value of 1 and lower
values indicating more backscattering. Table 2 provides values for the retrieved asym-
metry 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 the5

median value decreases slightly.

4 Summary

In this study an adding-doubling radiative transfer model was used to simulate the po-
larized reflectance observed at the top of the atmosphere for nine different ice habits
and one habit mixture, for 17 different roughness values. These simulations were per-10

formed for the entire range of viewing geometries observed by the PARASOL instru-
ment, and the results were stored in a lookup table for use in a retrieval algorithm.

Retrievals of ice particle shape and roughness from satellite measurements of po-
larized reflectance were performed by minimizing the differences between simulated
polarized reflectance and the PARASOL measurements at up to 16 viewing geome-15

tries for each PARASOL pixel. Retrievals were performed 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 after filtering by cloud phase and ensuring that there were sufficient viewing
geometries for each pixel.

For retrievals using global data, the ice habit retrieved most often in all cases was the20

compact aggregate of columns. Retrieved fractions were generally between 60 % and
70 % for the compact aggregate of columns, but various other habits contributed small
amounts. If the data are separated by latitude, the compact aggregate of columns
is still the most frequently retrieved habit. Some level of roughness was inferred in
approximately 70 % of pixels and did not vary considerably from month to month. The25

mean retrieved roughness was a σ value of 0.2, corresponding to a value in between
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“moderate” and “severe” surface roughness values (0.03, 0.50) seen in the literature
(Cole et al., 2013; Yang et al., 2008a, b).

The inferred roughness varies considerably depending on latitude. If PARASOL data
are considered from only the tropics (30◦ N–30◦ S), smooth ice particles are retrieved
in only 5–10 % of the data, depending on month. Severely roughened ice (σ = 0.5) is5

inferred in approximately 30–40 % of the data. For midlatitude data, smooth ice is in-
ferred in 20–40 % of the data, while for polar regions the inference of smooth particles
can reach 45 %. The small amount of smooth ice in the Tropics may be due to different
dynamical processes generating the ice clouds. Most of the ice clouds in the Tropics
are associated with deep convection (Baran, 2009). In-situ studies have found aggre-10

gates are common in deep convective ice clouds (Um and 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).

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 colder15

temperatures. Smooth ice tends to form when the temperature is very low (Ulanowski
et al., 2006).

The retrieved habit does not depend on the ice effective diameter used in the simula-
tions, which is expected since polarization has little dependence on the ice particle size.
However, the inferred roughness does have some dependence on ice size, especially20

for larger values of roughness. One way of mitigating this issue is to adopt a retrieval
algorithm that incorporates 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 effec-
tive diameter should not have large errors in retrieved roughness.25

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 Dieden-
hoven et al. (2012) found that ice which had a very low asymmetry parameter and
high distortion best matched measurements from the Research Scanning Polarime-

29498

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 29483–29519, 2013

Ice particle habit and
surface roughness

derived from
PARASOL

B. Cole et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

ter (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 9 habits and the GHM considered in the present study.
Because aggregates are the most commonly retrieved habit, the retrieved asymme-5

try 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 report10

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 rough-
ness to in-situ measurements of ice roughness. These retrieval results can, however,15

serve as a guide for ice model development with the goal of reducing uncertainties in
the description of the radiative properties of ice clouds.

Ice habit and roughness have a significant impact on the radiative properties of ice
clouds, so it is necessary to describe these parameters accurately for global modeling
or satellite retrievals. An ice habit mixture with varied surface roughness values as in20

Fig. 13 or the General Habit Mixture (Cole et al., 2013) provide consistent comparisons
with PARASOL polarized reflectance over a wide range of scattering angles. Based on
the results of this study, a single-habit ice model that captures the polarization proper-
ties 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 σ = 0.2.25
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Table 1. Mean and median retrieved ice roughness for all four days of data and three effective
diameter sizes.

Month Jan Apr Aug Oct

Deff =30 µm Mean: 0.25
Median: 0.2

Mean: 0.2
Median: 0.15

Mean: 0.25
Median: 0.15

Mean: 0.25
Median: 0.15

Deff =60 µm Mean: 0.2
Median: 0.2

Mean: 0.15
Median: 0.15

Mean: 0.2
Median: 0.15

Mean: 0.15
Median: 0.15

Deff =90 µm Mean: 0.2
Median: 0.2

Mean: 0.15
Median: 0.15

Mean: 0.2
Median: 0.15

Mean: 0.15
Median: 0.15

29505

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 29483–29519, 2013

Ice particle habit and
surface roughness

derived from
PARASOL

B. Cole et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Retrieved values of the asymmetry parameter g for all four months of data and three
effective diameter sizes considered.

Month Jan Apr Aug Oct

Deff =30 µm Mean=0.7626
Median=0.7538

Mean=0.7632
Median=0.7538

Mean=0.7602
Median=0.7538

Mean=0.7650
Median=0.7538

Deff =60 µm Mean=0.7695
Median=0.7492

Mean=0.7695
Median=0.7492

Mean=0.7639
Median=0.7491

Mean=0.7737
Median=0.7508

Deff =90 µm Mean=0.7713
Median=0.7498

Mean=0.7711
Median=0.7498

Mean=0.7652
Median=0.7496

Mean=0.7758
Median=0.7498
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Fig. 1. Global inferred ice habit from four different months, shown as a histogram of the fraction
of total pixels assigned as one of the 9 single habits or habit mixture. 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 Mixture.

29507

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/29483/2013/acpd-13-29483-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 29483–29519, 2013

Ice particle habit and
surface roughness

derived from
PARASOL

B. Cole et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. Ice habit inferred in tropical regions for data from four different months, shown as a his-
togram of the fraction of total pixels assigned as one of the 9 single habits or general habit
mixture defined in Fig. 1.
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Fig. 3. Ice habit inferred for data from four different months in midlatitude regions only, shown
as a histogram of the fraction of total pixels assigned as one of the 9 single habits or general
habit mixture defined in Fig. 1.
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Fig. 4. Ice habit inferred for data from 4 different months in polar regions only, shown as a his-
togram of the fraction of total pixels assigned as one of the 9 single habits or general habit
mixture defined in Fig. 1.
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Fig. 5. Ice habit inferred for 3 effective diameters from global data recorded on 1 August 2007.
The histogram provides the fraction of total pixels assigned as one of the 9 single habits or
general habit mixture defined in Fig. 1
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Fig. 6. Ice habit inferred for 3 effective diameters from global data recorded on 1 January 2007.
The histogram provides the fraction of total pixels assigned as one of the 9 single habits or
general habit mixture defined in Fig. 1, for 3 different effective diameters.
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Fig. 7. The ice roughness inferred from global data from four different months, shown as the
fraction of total pixels assigned one of the 17 values of roughness considered in the retrieval
process. The roughness parameter ranges from 0 (smooth) to 0.8 (extremely rough).
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Fig. 8. As in Fig. 7 but for the Tropics only.
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Fig. 9. As in Fig. 7 but for midlatitude regions only.
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Fig. 10. As in Fig. 7 but for polar regions only.
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Fig. 11. Ice roughness inferred for 3 effective diameters from data recorded on 1 August 2007,
with roughness defined as in Fig. 7.
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Fig. 12. Ice roughness for 3 effective diameters inferred from data recorded on 1 January 2007,
with roughness defined as in Fig. 7.
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Fig. 13. Polarized reflectances simulated for the “best” combination of the retrieved habits and
roughnesses calculated for data recorded on 1 August 2007. The polarized reflectances were
calculated for the habit and roughness value inferred for each the up-to-16 directions available
PARASOL pixel. The effective diameter is 60 µm. Color contours are density of PARASOL polar-
ized reflectance observations, and black dots are simulations. Each dot represents a calculation
of the resulting polarized reflectance for a single viewing geometry.
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