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ABSTRACT

This study summarizes recent improvements in the development of bulk scattering/absorption models at
solar wavelengths. The approach combines microphysical measurements from various field campaigns with
single-scattering properties for nine habits including droxtals, plates, solid/hollow columns, solid/hollow
bullet rosettes, and several types of aggregates. Microphysical measurements are incorporated from a number
of recent field campaigns in both the Northern and Southern Hemisphere. A set of 12 815 particle size dis-
tributions is used for which 74 = —40°C. The ice water content in the microphysical data spans six orders of
magnitude. For evaluation, a library of ice-particle single-scattering properties is employed for 101 wave-
lengths between 0.4 and 2.24 um. The library includes the full phase matrix as well as properties for smooth,
moderately roughened, and severely roughened particles. Habit mixtures are developed for generalized
cirrus, midlatitude cirrus, and deep tropical convection. The single-scattering properties are integrated over
particle size and wavelength using an assumed habit mixture to develop bulk scattering and absorption
properties. In comparison with global Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) data,
models built with severely roughened particles compare best for all habit mixtures. The assumption of smooth
particles provided the largest departure from CALIOP measurements. The use of roughened rather than
smooth particles to infer optical thickness and effective diameter from satellite imagery such as the Moderate
Resolution Imaging Spectroradiometer (MODIS) will result in a decrease in optical thickness and an increase
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in particle size.

1. Introduction

To infer and intercompare the microphysical and
optical properties of ice clouds from the current suite of
spaceborne sensors that compose the National Aero-
nautics and Space Administration (NASA) Earth Ob-
serving System, the bulk single-scattering properties of
the ice clouds must be described in a consistent fashion
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from the visible (VIS: 0.4 < A < 0.75 wm) through the
infrared (IR: 5 < A < 15 um) spectral region. The
models need to encompass the passive radiometric
measurements from the Moderate Resolution Imaging
Spectroradiometer (MODIS; Platnick et al. 2003), along-
track solar spectral measurements from the Multiangle
Imaging Spectroradiometer (MISR; Diner et al. 1998),
polarization measurements provided by the Polarization
and Directionality of the Earth Reflectance (POLDER,;
Deschamps et al. 1994) sensor, hyperspectral IR mea-
surements from the Atmospheric Infrared Sounder
(AIRS; Aumann et al. 2003), and active measurements
from the Cloud-Aerosol Lidar with Orthogonal Polari-
zation (CALIOP) on the Cloud Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO,;
Winker et al. 2010) platform. Much has been learned
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from intercomparison studies to date, with the resulting
refinement of bulk ice-cloud scattering models for solar
wavelengths described in this study.

The development of ice-cloud bulk scattering models
will not end with current sensors. Future instrumen-
tation will extend the spectral domain of measurements
from the ultraviolet through the far IR. Multispectral
polarization measurements at selected wavelengths
from the VIS through shortwave IR (SWIR: 0.75 <A <
3 um) were to be provided by the Aerosol Polarimetry
Sensor as part of the Glory mission (Mishchenko et al.
2007), which was lost in a launch failure in March 2011.
Future models will need to extend from the ultraviolet
(UV:0.28 <A < 0.4 um) through the far IR (15 <A <
100 um) regimes and also be able to include the full
phase matrix for polarization measurements.

The development of more realistic ice-cloud bulk
scattering models will lead to improvements in our capa-
bility of representing ice clouds in the general circulation
models (GCMs) and thereby improve our understanding
of the role of ice clouds in the climate system. Ice-cloud
parameterization schemes in the current generation of
GCMs are generally based on a limited description of ice-
particle microphysical and optical properties. Our bulk
scattering models, which will eventually cover the spec-
trum from UV through far IR, can be readily used for the
development of an ice-cloud parameterization scheme
suitable for application in GCMs. Moreover, a GCM ice-
cloud parameterization scheme based on our model will
be consistent with what is widely used in satellite cloud
products and will facilitate intercomparison between
model simulations and remote sensing products.

The basic method to build bulk ice-cloud scattering
and absorption models was reported in Baum et al.
(2005a,b; 2007). These models incorporated microphysical
data from a variety of field campaigns (Baum et al. 2005a)
and databases of ice-particle single-scattering properties
developed from several different numerical light-scattering
models. The development of band models was described for
a narrowband imager such as MODIS (Baum et al. 2005b)
that required consideration of the imager spectral response
functions. These models were used for MODIS collection-5
cloud products. The differences between the collection-4
and collection-5 (hereinafter C4 and CS5, respectively) cloud
microphysical and optical properties were investigated by
Yang et al. (2007).

Spectral models have been developed using a similar
approach for use by hyperspectral IR sensors (Baum
et al. 2007) as well as for the shortwave region (Kindel et al.
2010). Models developed for a generic set of Advanced
Very High Resolution Radiometer channels are being used
in operational cloud-property retrievals (Heidinger and
Pavolonis 2009) by the National Oceanographic and
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Atmospheric Administration. These models enable in-
tercomparison studies to be performed that implement in-
ternally consistent ice-cloud bulk scattering properties.

As these ice-cloud models are percolating through the
community, users are providing feedback and criticism.
In the shortwave spectral region, for example, it was
noted that there are discontinuities in certain properties
such as the absorption efficiency over the particle size
range. Additional limitations include gaps in spectral
coverage, the use of only smooth-faced particles in the
scattering calculations, a lack of microphysical data for
ice clouds having ice water content (IWC) values below
1072 g m ™~ (which tend to have very small effective
diameters), and an issue with the interpretation of two-
dimensional cloud (2D-C) probe data when large ice
particles shatter at the inlet to the probe, leading to
unrealistically large numbers of small particles (Field
et al. 2006). One issue that caused considerable confu-
sion to users of the models was in how to most appro-
priately treat the delta-transmission energy term in
radiative transfer calculations.

This study addresses the issues that have come to the
attention of the authors and describes the research ad-
vances that have been made since the previous studies
were published. Because the basic approach to building
the bulk scattering-property models is similar to the
earlier studies, we will focus on the improvements.
Section 2 describes the data used in this study, including
microphysical data from recent field campaigns and ac-
tive lidar measurements from CALIOP. Section 3 de-
scribes the many changes in the derivation of ice-particle
single-scattering properties as well as the implemen-
tation of two new habits: the hollow bullet rosette and
the aggregate of plates. Section 4 discusses the deriva-
tion of more realistic habit mixtures than that used in
the earlier studies and discusses the microphysical and
single-scattering properties that result from their adop-
tion. This discussion makes use of CALIOP measure-
ments. The implications of the new models for the remote
sensing of ice clouds are discussed in section 5.

2. Data
a. Microphysical data

The ice-cloud bulk scattering models described in
Baum et al. (2005a) were developed from 1117 in-
dividual particle size distributions (PSD) obtained from
midlatitude and tropical field campaigns. The PSDs
provide a description of particle number density from
approximately 50 to >6000 um and were developed
primarily from 2D imaging probe data; data from small-
particle probes for <50 um were not used because of
issues related to shattering of large ice on the inlets of



MAY 2011

BAUM ET AL.

1039

TABLE 1. Number of particle size distributions for each field campaign. The total sample set has been filtered by the requirement that
the cloud temperature be colder than —40°C. A total of 12 815 PSDs are used in this study. Here, CP1 is cloud particle imager; 2D-P is two-
dimensional precipitation probe; CAPS is cloud, aerosol, and precipitation spectrometer; and CIP is cloud-imaging probe.

Field campaign Location No. of 5-s-avg PSDs Ty = —40°C Probes
ARM IOP Oklahoma 1420 2D-C, 2D-P, CPI
TRMM KWAJEX Kwajalein, Marshall Islands 201 2D-C, 2D-P, CPI
CRYSTAL-FACE Caribbean Sea 62 CAPS, VIPS
SCOUT Darwin, Australia 553 FSSP, CIP
ACTIVE—Monsoons Darwin 4268 CAPS
ACTIVE—Squall lines Darwin 740 CAPS
ACTIVE—Hectors Darwin 2583 CAPS
MidCiX Oklahoma 2968 CAPS, VIPS
PreAVE Houston, TX 20 VIPS

these probes. Each of the PSDs from the in situ data
came with additional information, including the mea-
sured cloud temperature 74, IWC inferred from a mass—
dimensional relationship being applied to the measured
PSD or calculated from the set of 1117 PSDs, and median
mass diameter D,,. For this set of PSDs, the IWC ranged
from 107° to 10° gm > and the cloud temperatures
ranged from —25° to —76°C. As shown in Baum et al.
(2005a), the effective diameter Dy tended to increase
monotonically with IWC, and the smallest D¢ that could
be developed from this set of PSDs was 30 um.

One problem encountered during the development of
the MODIS C5 models was that the bulk scattering
models used in MODIS C4 were based on a set of 12 PSDs
consisting of either four or five size bins, with no particles
having a maximum diameter of >700 um. A few of the C4
models had very small D.g values as a result of not in-
cluding large particles in the PSDs. To develop C5 models
that had smaller D.g values, a sensitivity study was con-
ducted in which the number of the smallest particles in
a set of PSDs was increased by a factor of 100 or 1000 to
account for the absence of particles below 50 um in the
measurements. This artificial increase in small particles
resulted in Dy values as small as 10 wm. Thus the C5
models had D¢ values that ranged from 10 to 180 wm.

In the current study, data are now incorporated from
a number of recent field campaigns as shown in Table 1.
The number of PSDs available for use has increased by
more than an order of magnitude, from 1117 to 12 815,
even when filtering the available data using the homo-
geneous freezing temperature (i.e., g = —40°C). The
IWC now ranges from 10 to 10° g m >, an increase of
three orders of magnitude from the Baum et al. (2005a)
study. The IWC is obtained by applying an improved
mass—dimensional relationship to each PSD as discussed
in Heymsfield et al. (2010).

The number concentration of small particles that may
be present in a given PSD has received much scrutiny in
recent years. The question arises as to how many of the

small particles are caused by large particles shattering at
the inlet to the 2D-C (and similar) probe. Microphysical
data have been reprocessed to mitigate the shattering
issue for the 2D probes as described by Field et al. (2006)
from the Atmospheric Radiation Measurement Pro-
gram (ARM) intensive observation period (IOP) near
Lamont, Oklahoma; Tropical Rainfall Measuring Mis-
sion (TRMM) validation flights conducted at Kwajalein,
Marshall Islands (KWAJEX); and the Cirrus Regional
Study of Tropical Anvils and Cirrus Layers—Florida-
Area Cirrus Experiment (CRYSTAL-FACE) campaigns.
As shown in Table 1, new data have been provided from
the Pre-Aura Validation Experiment (Pre AVE; 2004),
the Midlatitude Cirrus Experiment (MidCiX; 2004),
and the Stratospheric-Climate Links with Emphasis on
the Upper Troposphere and Lower Stratosphere (SCOUT)
campaign held in November—December 2005 in Darwin,
Australia. For SCOUT, the targeted ice clouds were in
the upper troposphere and lower stratosphere (de Reus
et al. 2009). The PSD data were obtained from a For-
ward Scattering Spectrometer Probe (FSSP). Because
of the absence of particles of sizes of several hundred
micrometers and above in the very high altitude clouds
sampled during SCOUT, data from the small-particle
probes were less subject to shattered-particle artifacts.
The SCOUT data are from eight flights and span the
temperature range from —30° to —86°C. Also from
Darwin are microphysical data obtained during the
Aerosol and Chemical Transport in Tropical Convection
(ACTIVE) campaign in Darwin from November 2005
to February 2006. For ACTIVE, anvil cirrus were
sampled at temperatures from —31° to —66°C from
regimes that included premonsoon, monsoon, and
localized convection events such as a daily thunder-
storm that forms over the Tiwi Islands near Darwin
during the wet season that is so consistent it has been
given the name ‘““Hector.”

The National Center for Atmospheric Research
Video Ice Particle Sampler (VIPS) probe is used to
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FIG. 1. Ice-particle images show (a) bullet rosettes as the predominant habit at all heights in synoptic cirrus, (b) complex habits in tropical
deep convection, and (c) pristine habits in synoptic cirrus.

obtain particle-size data down to sizes of about 10 um.
The VIPS probe does not have the same shattering issue
that other small-particle probes may have, although the
collection tape can get covered over when IWC values
are high, limiting the measurements to IWC of <0.02—
0.03 g m >. Based on these new data, models can be
built for much lower Dy values without artificially in-
creasing the number of small particles.

Droplets associated with temperatures near —40°C
and below tend to be small when they freeze (Heymsfield
and Miloshevich 1995). For ice particles that form from
homogeneous nucleation, the bigger the initial liquid
water drop is, the more likely it is to grow as a poly-
crystal (e.g., the 3D bullet rosette). An example of
synoptically generated cirrus with bullet rosettes as the
predominant habit is shown in Fig. la. Particles that
develop in the strong updrafts of deep tropical convection

(Fig. 1b) can be very different than those formed via ho-
mogeneous nucleation (Fig. 1a) or in cold-topped synop-
tic cirrus (Fig. 1c). Ice clouds that form in deep tropical
convection tend to be associated with much higher IWC
values and therefore higher volume extinction coeffi-
cients. Figure 2 shows the aircraft lidar penetration dis-
tance into ice clouds from different flight tracks from
synoptic cirrus and tropical convection. For the lidar, the
signal becomes attenuated for clouds that are optically
thick (7 = 3, where 7 is optical thickness). This figure
shows the cloud boundaries observed by the aircraft (solid
circles) and the penetration distance from cloud top that is
observed by a lidar. When 7 = 3 in this figure, an arrow is
placed on the vertical bar. For synoptic ice clouds the li-
dar generally penetrated very deeply into the cloud layer,
whereas for deep tropical cirrus the lidar signal can at-
tenuate very close to cloud top.
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FIG. 2. Aircraft lidar penetration distance into ice clouds from different flight tracks from
synoptic cirrus (left of dotted line) and tropical convective ice clouds (right of dotted line).

b. CALIOP/CALIPSO

CALIPSO flies in formation with NASA’s Earth
Observing System Aqua platform and is part of the
A-Train suite of sensors. CALIOP provides 532-nm
cross-polarization and 1064-nm observations. A general
introduction to polarization may be found in Liou (1992).
The quantity Py; is estimated from the layer-integrated
attenuated backscatter y' of ice clouds that are optically
thick. Platt (1979) and Platt and Dilley (1981) provide
a description of the various equations relating to the
calculation of optical properties from lidar measure-
ments. These studies provide a relationship between '
and the backscatter-to-extinction ratio and hence to the
normalized scattering phase function at 180°:

. 2ny'
P (O =180°) = 47

1 — exp(—2n7)’ @

where 7 is cloud optical thickness and 7 is the multiple-
scattering factor. The quantity n accounts for the ef-
fective reduction in the ice-cloud optical thickness that is
due to multiple scattering within the lidar beam. With
the assumption of n = 0.45 and 7 = 3, P1(0 = 180°) ~
3.67ry’. The linear depolarization ratio § is estimated
from the ratio of the perpendicular backscatter to the
parallel backscatter for a given wavelength (Hu 2007;
Hu et al. 2009). For a single backscattering event, the
associated depolarization ratio is

5= Py~ Py ©)
P+ Py
which can be rearranged to provide P,/Pyy:
P _
_22 _ _1 8. 3)
P, 148

Although Pj; = Py, for spherical particles (so that P,/
Py; = 1), P5,/Py; will depart from a value of 1 with in-
creasing nonsphericity. In this sense, P,,/P;; is an in-
dicator of particle nonsphericity (Mishchenko et al.
2002). For this study, a full year (2008) of CALIOP data
from the 5-km level-2 cloud product was analyzed to
study the statistics of P; and P,,/Py; at ® = 180°. Be-
cause ice clouds with horizontally oriented particles may
contaminate the Py, and P,; statistics, they were filtered
from the dataset by applying the cloud-phase algorithm
of Hu et al. (2009) to the level-2 cloud backscatter data.
As a result, this study focuses on ice clouds with ran-
domly oriented particles.

3. Improvements in ice-particle single-scattering
properties

Previous work was based on two different extensive
libraries of the microphysical and single-scattering prop-
erties that were developed for a variety of ice-crystal
habits, including droxtals (Yang et al. 2003; Zhang et al.
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2004), three-dimensional bullet rosettes, solid and hollow
columns, plates, and aggregates (Yang et al. 2000). A
droxtal is a quasi-spherical particle with 20 facets. The
aggregate of solid columns was the only roughened par-
ticle [the degree of surface roughness denoted by o = 0.5
was used, following the method of Yang et al. (2008a)]; the
other habits have smooth facets for which o = 0. One of
these databases covered solar wavelengths, although there
were some spectral gaps. These gaps must be filled to
make full use of data from sensors such as the solar
spectral flux radiometer (Kindel et al. 2010). These gaps
also prevented the development of complete broadband
models for use in shortwave radiance/flux calculations
and GCM parameterization schemes. The other database
covered the wavelength spectrum from medium-wave
infrared (MWIR: 3 < A < 8 um) to far-IR. In addition,
some aspects (e.g., ice-particle aspect ratios) of the earlier
databases were not consistent over the solar and infrared
spectral regions. In this section, we detail modifications to
the derivation of ice-particle single-scattering properties
that address these limitations.

a. Ice refractive index

Earlier calculations of single-scattering properties at
solar wavelengths employed the complex refractive in-
dices of ice in Warren (1984) for wavelengths below
1.4 pm while those of Gosse et al. (1995) were used
for wavelengths greater than 1.4 um. The Gosse et al.
(1995) refractive indices deviated from data published
by Warren (1984) by as much as 60% at some wave-
lengths. The complex refractive index of ice from the
ultraviolet to the microwave regions has been updated in
Warren and Brandt (2008). The real part of the index of
refraction changes primarily only in the far IR, but there
are significant differences in the imaginary part of the
index of refraction in various spectral regions from the
ultraviolet to the far IR. This latest compilation is now
used in the scattering property computations.

b. New habits

Based on inspection of detailed ice-particle imagery
as in Fig. 1, three new habits were developed: a hollow
bullet rosette, a ““small” aggregate of plates, and a “‘large”
aggregate of plates. A hollow bullet rosette particle is one
in which the individual bullets have cavities. A bullet
is an individual branch of a rosette that is characterized
as a hexagonal column with a hexagonal pyramidal tip; a
rosette is composed of multiple bullets attached to a
common nucleus. Properties of a hollow bullet rosette
particle are described in Schmitt et al. (2006), Schmitt
and Heymsfield (2007), and Yang et al. (2008b).

The aggregate of solid columns adopted in Baum et al.
(2005a) is a very compact particle with a much higher
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volume-per-length relationship than the other particles
have. The aggregate of solid columns may be an un-
realistic depiction of the large particles found in ice
clouds formed by convection such as tropical anvil cirrus.
The model of Westbrook et al. (2004) supports adoption
of a spatial aggregate. Furthermore, analysis of in situ
microphysical data suggests that large particles have less
mass than is suggested by this aggregate of solid columns.
The mass—dimensional aspects of the aggregates are dis-
cussed in Schmitt and Heymsfield (2010).

This finding raises an issue about the adoption of a more
realistic habit for these large particles. An aggregate of
bullet rosettes has been suggested by Um and McFarquhar
(2007), whereas other studies suggest an aggregate of plates
(Evans et al. 2005; Um and McFarquhar 2009; Heymsfield
et al. 2002). One issue is whether such particles tend to
form as a spatial, rather than compact, aggregate. Baran
(2009) showed that the asymmetry parameter is the
same for a three-plate spatial aggregate as it is for a six-
plate spatial aggregate. This result suggests that, with
spatial aggregates, multiple reflections between plates
are insufficient to decrease the asymmetry parameter
as much as happens with compact aggregation (Um and
McFarquhar 2009).

Based on images of ice aggregates, a spatial (rather
than compact) aggregate of plate particle was chosen for
further development with one caveat: no individual plate
could be more than 700 wm in maximum dimension. This
limitation, based on in situ observations, led to the de-
velopment of two different types of particles involving
aggregates of plates as shown in Fig. 3. The small aggre-
gate of plates (Fig. 3a) is composed of five individual
plates and is used to represent particles having a maxi-
mum dimension of less than about 1200 wm. The large
aggregate of plates (Fig. 3b) is composed of more indi-
vidual plates and is used to represent particles from 800 to
10 000 wm in maximum dimension. The scattering prop-
erties of an individual aggregate were computed using the
discrete dipole approximation (DDA) for particles hav-
ing a small size parameter (defined as the ratio of the
particle circumference to the incident wavelength) or an
improved geometric optics method (IGOM) for parti-
cles having a large size parameter (Xie et al. 2011).
Computations were performed for five different realiza-
tions of the small and large particle as shown in Fig. 3. The
results were subsequently averaged to form a composite
set of single-scattering properties at each particle size and
wavelength.

On the basis of the new habits, there is now a set of
nine different habits available for use in single-scattering
computations: droxtals, plates, solid/hollow bullet rosettes,
solid/hollow columns, aggregates of solid columns, and
small/large aggregates of plates. The ice-particle volume



MAY 2011

a. Small Aggregate of Plate Particles

BAUM ET AL.

1043

b. Large Aggregate of Plate Particles

FI1G. 3. (a) “Small” aggregates of plates composed of up to five individual plates wherein no
individual plate has a maximum dimension of >700 wm. This particle is used in a habit mixture
for particles having a maximum dimension of <1200 um. (b) “Large” aggregate of plates
composed of a minimum of seven individual plates wherein no individual plate has a maximum
dimension of >700 um. The large particle is used in a habit mixture for particles having

a maximum dimension of >800 wm.

for each of these habits as a function of maximum dimen-
sion D is given in Fig. 4.

¢. Improvements in the scattering models

Enhancements to the IGOM are discussed in Bi et al.
(2009); a brief summary is provided here. In previous
calculations, use of the IGOM for smooth particles led
to a O-transmission term f; at VIS-to-SWIR wave-
lengths. The f5 term represents the fraction of energy
that passes through parallel facets of an ice particle
(such as a plate) without scattering (i.e., at a scattering
angle of 0°). As such, this energy must be accounted for
when performing radiative transfer calculations. This
contribution is different from the strong forward peak in
the scattering phase function at solar wavelengths that
includes the effect of diffraction. However, fs is actually

a numerical artifact of the IGOM that results from how
the near field is mapped to the far field. With a new
treatment of forward scattering that more rigorously
maps the near field to the far field to account for the ray
spreading effect, there is no longer an f; term. One result
from this improvement is that the asymmetry factor now
accounts for the energy in the forward peak more ac-
curately.

Another issue noted in the previous models is that the
absorption and extinction efficiencies in previous cal-
culations displayed some small discontinuities when
making the transition from the Rayleigh to geometric-
optics regimes, in the so-called resonant region. This
transition region ranges from approximately 20 to 50 in
size parameter values. Part of the discontinuity was due
to the treatment of above-edge effects as noted by
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FIG. 4. Ice-particle volume as a function of habit and maximum dimension D, for (a) Dyax = 1000 um (small- to
moderately sized particles) and (b) Dy, > 1000 um (moderate to large particles).

Mitchell et al. (2001). By improving the treatment of
particle edge effects, there is now a smooth transition of
the scattering efficiency between the IGOM and a rig-
orous numerical method [e.g., the finite-difference time-
domain or DDA techniques; Mishchenko et al. (2000)
and references cited therein].

d. Ice-particle surface roughness

Yang et al. (2008a) discussed two different ray-tracing
methods to treat ice-particle surface roughness in the
geometric-optics regime. One method involves a rigor-
ous treatment in which the surface of a particle contains
multiple small “roughness facets” and then considers
external reflections between the roughness facets and
potential reentries of outgoing rays back into the parti-
cle. The second method involves an approximate ap-
proach that simply perturbs the normal to the particle
surface for each reflection-refraction event without con-
sidering further facet interactions as in the more rigorous
approach. This study indicated that the approximate al-
gorithm accounts sufficiently for surface roughness in
calculating the single-scattering properties. As such, the
approximate algorithm is used in the calculation of the
new database of single-scattering properties.

In addition to creating a database for the various
habits that have completely smooth surfaces, two dif-
ferent values are assumed for the surface roughness.
Moderately roughened particles assume o = 0.03, and
a value of o = 0.5 is assumed for severely roughened
particles. The values chosen for the roughness parame-
ter may seem arbitrary. As shown in Baum et al. (2010),
completely smooth hexagonal particles display halos at
scattering angles of 22° and 46° in the forward scattering
direction, as well as in the backscattering at 156° and
180°. With o = 0.03, the only halo remaining is at 22°%
otherwise the phase function is featureless. No halo

features are present with a high degree of surface
roughness (i.e., a large value of o).

e. Library of solar single-scattering properties

The planned database of ice-particle single-scattering
properties from the UV through the far IR is still under
construction, but for this study a limited library of
properties is employed for 101 wavelengths between 0.4
and 2.24 um. The wavelengths were chosen to provide
the spectral information necessary to build models for
selected MODIS bands for testing prior to collection-6
software deliveries. The library includes the full phase
matrix and properties for smooth, moderately rough-
ened, and severely roughened particles (o = 0, 0.03, and
0.5, respectively). Baum et al. (2010) discuss the effect of
particle roughening on the phase matrix, showing in
particular that Py,/Py; is especially sensitive to both habit
and surface roughening in the backscattering (® = 180°).

f- Comparison of recomputed and original
MODIS C5 models

The MODIS C5 models were recomputed and com-
pared with the original models to determine the impact
of the changes—in particular, the effect of no longer hav-
ing an f; term on the scattering phase function. Figure 5
shows an example of such a comparison for MODIS band
2 (A = 0.86 um) for D = 60 wm. The phase function is
shown in Fig. 5a for 10° = ® = 180° and in Fig. 5b (the
insert) for ® = 10°. At forward scattering angles, the
magnitude of the recomputed phase function (red line) is
higher than that of the original, which is not unexpected
since the scattered energy originally associated with f5 has
been spread out to small scattering angles. The opposite is
true in the backscattering angles (i.e., the magnitude of
the recomputed phase function is lower than that of the
original). Also of note is that the oscillations evident in
the original phase function at small scattering angles are
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FIG. 5. The MODIS CS5 scattering phase function for band 2 (A =
0.86 wm) for the original model (blue line) and the recomputed
model (red line) for D = 60 wm for scattering angles (a) between
10° and 180° and (b) between 1° and 10°. At small scattering angles,
the magnitude of the recomputed phase function is larger than that
of the original. This is caused primarily by a new treatment of
forward scattering implemented in IGOM. The recomputed phase
function lacks the oscillations observed in the original model at
small scattering angles. The new treatment of forward scattering
has a negligible impact on the asymmetry factor g, with original and
recomputed values of 0.833 and 0.827, respectively.

eliminated in the new model. However, the removal of f5
has only negligible impact on the asymmetry factor g; the
values for the original and recomputed models are 0.833
and 0.827, respectively.

4. Development of new habit mixtures and the
implications for single-scattering properties

For the MODIS C5 models, Baum et al. (2005a) de-
veloped a habit mixture that minimized the differences
between calculated and inferred (in situ) IWC and D,,
values. Each PSD was divided into four particle size
domains based on the maximum diameter D,,,,, Which
is the diameter of a circle that completely encloses the
2D image of a particle. The size domains were defined as
follows: Dpax < 60 um, 60 < D < 1000 wm, 1000 <
Diax <2000 wm, and D, > 2000 pwm. Some restrictions
were imposed on the individual habits. For example,
droxtals were used for particles for which D, <
60 wm. An upper limit on D, for plates was imposed at
1000 wm, and an upper limit on D, for both solid and
hollow columns was imposed at 2000 um. Aggregates
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were used only when Dy, > 1000 wm, and solid bullet
rosettes were used for all but the smallest particle sizes.
Although this habit mixture incorporated all the habits
available at that time for which we had computed single-
scattering properties, the habit mixture changed abruptly
when making the transition from one size domain to the
next.

The challenge in developing a more physically re-
alistic habit mixture is to take into account 1) the new
habits, 2) a desire for the percentages of habits to change
smoothly with Dy, 3) ice-particle surface roughness,
and 4) polarization characteristics. For the ensuing dis-
cussion, results will be presented for three habit distri-
butions. The first is a general habit mixture that uses all
nine available habits as shown in Fig. 6a. The small ag-
gregates of plates are used to represent particles having
a maximum dimension of less than approximately
1200 wm, and the large aggregates of plates are used to
represent particles from 800 to 10 000 wm. In the over-
lap region between 800 and 1200 um, both small and
large aggregates are employed. The second mixture uses
the habits that are most appropriate for ice clouds that
are not associated with tropical deep convective anvils
(Fig. 6b); that is, it uses droxtals for small particles and
neither small nor large aggregates of plates. The third
mixture (Fig. 6¢) is more appropriate for deep tropical
convective anvils and implements solid columns rather
than droxtals for small particles and aggregates of plates
for the larger particles. Columns are used rather than
droxtals for the smallest particles since high-altitude ice
particles have been shown to be columnar in form
(Heymsfield 1986). CALIOP measurements in the tropics
include clouds at temperatures approaching —90°C, sim-
ilar to the Heymsfield (1986) observations. The tropical
habit distribution has a high concentration of plates at
D .x between 50 and 500 pwm. This may arguably not
be the most realistic particle habit in this size range;
a more realistically shaped particle would be an aggre-
gate with a density somewhere between that of a droxtal
and a plate.

Asin Baum et al. (2005a), the bulk properties for each
PSD are computed by integrating the individual habit
properties over the size range using the assumed habit
mixtures. Details are provided in the appendixes for
the microphysical properties, spectral single-scattering
properties at a given wavelength, and also the final in-
tegration of a given spectral response function. With this
approach, the measured IWC and D,, values are com-
pared in Fig. 7 with those computed using the full set of
PSDs and the habit volumes as shown in Fig. 4. The
comparison is shown in Fig. 7 for each of the three habit
mixtures in Fig. 6. The desire is to derive habit mix-
tures that provide IWC and D,, values that compare
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deep tropical convective ice clouds that excludes droxtals and that relies heavily on aggregates of plates.

reasonably well to those values provided from the in situ
measurements. There is a small low bias in the computed
D,, values for the generalized and midlatitude habit
mixtures except at high values of D,,,, and the computed
tropical deep convection D,,s compare well to those
from the in situ measurements except for values of D,,
greater than about 350 um. The measured IWC values
have a low bias for all three habit mixtures. A higher-
density aggregate type of particle in the 50- to 500-um
range would significantly increase the total mass in the
size distributions, leading to closer agreement between
the measured and calculated values. Future research will
address the development of a more realistic habit in this
size range.

Because the microphysical properties inferred from in
situ data have their own associated uncertainties, and
the potential combinations of ice habits are endless, the
results in Fig. 7 seem to provide a reasonable compari-
son. However, the focus is on deriving a set of single-
scattering properties appropriate for ice clouds, and a
new constraint is provided by CALIOP data to provide

guidance in assessing these habit mixtures. There is
considerable variability of habits from one cloud to an-
other, but we have tried to capture the habits in an av-
erage sense based on our in situ observations.

To compare with CALIOP data, Py; and P,,/Py; at
® = 180° are calculated from the set of PSDs obtained
from in situ data using the library of ice-habit single-
scattering properties at a wavelength of 0.54 um. A
cloud temperature of 7. q = —60°C is used to discrimi-
nate between deep tropical convective clouds and mid-
latitude clouds in the microphysical dataset. The bulk
single-scattering properties are calculated for each PSD
by using one of the habit mixtures shown in Fig. 6, thus
providing the values of P; and P,,/Py; at ® = 180°.
Results of Py; and P,,/Py; at ® = 180° from this ap-
proach are shown in Fig. 8 for CALIOP and the gener-
alized habit mixture shown in Fig. 6a. The left column of
panels (Figs. 8a,c,e,g) shows results for P;q, and the right
column shows results for P,,/P1;. The top four panels
show histograms on a log-10 scale based on a full year of
CALIOP data from 2008 in the Northern Hemisphere as
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in Fig. 6c¢.

a function of cloud temperature. The top two panels
(Figs. 8a,b) show CALIOP data at latitudes of >30°N,
and the second row shows results for the tropics (from
20°S to 20°N). For the CALIOP data, the values of Py
fall in a narrow range from 0.25 to 0.38 regardless of
cloud temperature. The values of P,/P;; range from
0.35 to 0.5 for the nontropical clouds (Fig. 8b), with
a tendency to increase with decreasing cloud tempera-
ture; the values of P,,/P;; have a much smaller range for
the tropical ice clouds. The bottom six panels show his-
tograms based on the generalized habit mixture and the
PSDs from the field campaigns for smooth (Figs. 8e,f),

moderately roughened (Figs. 8g,h), and severely
roughened particles (Figs. 8i,j). The range of Py; values
for smooth particles is mostly larger than those from
CALIOP. However, there are some outlying points at
values of approximately 0.25. Most of these outlying
data points come from the SCOUT mission that sampled
extremely cold ice particles in the stratosphere. Since
these data are heavily weighted toward small particles,
these smaller values of P;; may be caused by the use of
the droxtal habit. For the moderately and severely
roughened particles, the Py values are between 0.2 and
0.3, which is similar to the value predicted by the
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particles. The color is in log-10 scale for all panels.

ensemble-model phase function discussed in Baran and
Labonnote (2007), an analytic phase function (Baran
et al. 2001), and the inhomogeneous hexagonal mono-
crystal phase function (Labonnote et al. 2001). These
phase functions are all essentially featureless with no
maxima, and the CALIOP data seem to support the
backscattering values of Py in these various featureless
phase functions better than for smooth particles. The
value assumed for the multiple-scattering factor is
a topic of ongoing research.

The Py/Py; values (Fig. 8f) fall within a very narrow
range between 0.4 and 0.42. Neither Py nor P,,/Py; as
calculated assuming smooth particles captures the vari-
ability from CALIOP. At first glance, the results for
both moderately roughened and severely roughened
particles in the lowest four panels correspond well to the
CALIORP results, but there are some interesting aspects
that bear further discussion. The values for P;; seem to

suggest a temperature dependence that is not evident in
the CALIOP data. As in Fig. 8e for smooth particles,
there are some outlier points at values of approximately
0.35 for moderately roughened particles (Fig. 8g) and 0.4
for severely roughened particles (Fig. 8i). Inspection
of the P,,/Pq; results for moderately roughened parti-
cles (Fig. 8h) does not indicate a strong temperature
dependence, whereas results for severely roughened
particles (Fig. 8j) suggest a weak dependence on tem-
perature. The temperature dependence in the PSD-
calculated P,,/Pq; values could be a function of the
depth within the cloud at which the measurements were
made. The PSD measurements may come from optically
thicker regions where the CALIOP measurements may
not have been possible because of attenuation.

To explore the habit mixture further, results are
shown in Fig. 9 using a set of habits (Fig. 6b) that ex-
cludes the particles found primarily in deep tropical
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FIG. 9. As in Fig. 8, but for results that are based on the midlatitude/polar (nontropical deep convection) habit
mixture shown in Fig. 6b. The microphysical data are filtered for —40° = T4 = —60°C.

convective clouds (i.e., droxtals and aggregates of plates).
Outside of the deep tropics, ice clouds generally have
temperatures 7Tq = —60°C, and therefore microphysi-
cal data are used in the bulk single-scattering calcula-
tions for which —40° = T,4 = —60°C. The top two
panels (Figs. 9a,b) show CALIOP data at latitudes of
>60°N, and the second row shows results for mid-
latitudes (30°—60°N). The CALIOP data in the Southern
Hemisphere are similar to those in the Northern Hemi-
sphere and are not shown. For CALIOP, the values of
Py fall within a narrow range from 0.28 to 0.34 with little
dependence on cloud temperature. Values of P,/Pyy
range from 0.35 to 0.5 with perhaps a slight tendency to
increase with increasing cloud temperature. The lower
four panels show results calculated from the micro-
physical data and associated single-scattering properties
for the habit mixture. Results for smooth particles are
not shown since the values for P;; are much larger than
those for CALIOP, similar to those shown in the previ-
ous figure. For the nontropical habit mixture, the results
for severely roughened particles tend to correspond more

closely to the CALIOP data than do those for moderately
roughened particles.

Results are shown in Fig. 10 using a habit mixture
designed for deep tropical convective ice clouds (i.e.,
Taa = —55°C). There is some overlap in cloud temper-
ature with the results provided using the nontropical
habit mixture. Solid columns are used instead of droxtals
for the smallest particles in each PSD, and aggregates of
plates are used according to Fig. 6¢c. The upper two
panels show CALIOP data from 20°S to 20°N, with re-
sults obtained from the bulk scattering properties shown
in the middle panels for moderately roughened particles
and in the lowest panels for severely roughened parti-
cles. For deep tropical convection, the results obtained
from the assumption of severely roughened particles
correspond most closely to the CALIOP data.

5. Implications of the new models for MODIS

The use of a roughened particle has implications for
other single-scattering properties. Figure 11 shows the
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asymmetry parameter at three wavelengths (0.65, 1.61,
and 2.12 um) and the single-scattering albedo at two of
these wavelengths (1.61 and 2.12 um) calculated for
each of the 12 815 individual PSDs with the approach
detailed in appendix B. Results are not shown for the
single-scattering albedo at 0.65 um since the value is
unity (conservative scattering). Results are shown for
the MODIS C5 model (gray symbols; assumes smooth
particles for all habits except for a severely roughened
aggregate of columns) and the generalized habit mixture
(Fig. 6a) for moderately roughened (black symbols) and
severely roughened particles. For the severely rough-
ened particles, the individual points are color coded
by field campaign to provide some guidance as to the
source of the data. Although the single-scattering albedo
is unaffected by particle roughening, the asymmetry pa-
rameter has a strong dependence on roughening. In
general, the asymmetry parameter decreases with in-
creasing particle surface roughness. For D ,,x < 40 um,
the asymmetry parameters for the C5 model and the
moderately roughened particles are similar but diverge
at larger sizes. For severely roughened particles, the

asymmetry parameter is much lower than for the C5 and
moderately roughened particles even at small D, y.

Several previous studies have shown that the ice-cloud
optical thickness retrievals are sensitive to the value of
the asymmetry parameter used in the algorithm. For
example, Zhang et al. (2009) noted a >30% difference
in ice-cloud optical thickness between the MODIS and
POLDER cloud property products. The differences
could be explained by the use of different ice-particle
models (to be more specific, differing values of the
asymmetry parameter) in the MODIS and POLDER
ice-cloud retrieval algorithms.

Figures 12 and 13 show one way of ascertaining the
changes that may be expected in inferred optical thick-
ness 7 and effective particle size D.g between the
MODIS C5 and roughened-particle models based on
the generalized habit mixture shown in Fig. 6a. Figure
12 shows a lookup table (LUT) of reflectances as
a function of 7 and D that are calculated for MODIS
band 1 (0.65 wm) and band 7 (1.64 wm) assuming the
C5 habit mixture (black lines) and the generalized
habit mixture (red lines). Figure 12a assumes all
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FIG. 11. (a) The asymmetry parameter as a function of effective diameter D at a wavelength of 0.65 um. Each
point represents the value calculated for an individual PSD. Results in gray are obtained using the MODIS C5 habit
distribution, and the results in black are obtained with the generalized habit distribution (Fig. 6a) assuming mod-
erately roughened particles. The color-coded symbols represent results obtained using PSDs from a particular field
campaign using the severely roughened particles. Also shown are results at 1.61 wm for (b) single-scattering albedo
and (c) asymmetry parameter as a function of D.g, with similar results shown in (d) and (e) at a wavelength of
2.12 um. Note that values of the single-scattering albedo do not change with particle roughness.

particles are moderately roughened (o = 0.03), and
Fig. 12b shows results for severely roughened particles.
Figure 13 shows similar results but for MODIS band 1
(0.65 um) and band 7 (2.12 wm). The viewing geome-
try for this set of calculations assumes that the solar
zenith and viewing zenith angles are 30°, respectively,
and that the relative azimuth angle is 90°. The C5
models were rederived using the new single-scattering
properties and microphysical data. In general, the two
models provide similar reflectances for small D¢, but
the differences increase with increasing D.g. The in-
fluence of the aggregate of plate particles is seen in that
the 0.65-um reflectances increase rather than decrease
when D¢ > 90 um. In comparison with C5, the ten-
dency is that 7 will decrease and D¢ will increase if
moderately roughened particles are assumed. Figure
12b shows similar results but for the generalized habit
mixture; severely roughened particles (o = 0.5) are
assumed. The differences between C5 and the new

model in inferred 7 and D¢ are more evident over the
entire domain.

6. Summary

This study discusses the evolution in the development
of bulk scattering/absorption models at solar wave-
lengths. As with the earlier model development, a com-
bination of microphysical measurements from various
field campaigns is combined with a library of individual
ice-habit single-scattering properties to develop bulk
scattering and absorption properties.

In this study, new microphysical measurements are
now incorporated from a number of recent field cam-
paigns in both the Northern and Southern Hemisphere.
The number of particle size distributions available for
use has increased by more than an order of magnitude
since the earlier study (Baum et al. 2005a), from 1117
to 12 815, even when filtering the available data so that
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Taq = —40°C. The IWC in the microphysical data now
ranges from 10~ ° to 10° g m ™3, an increase of three orders
of magnitude from the earlier study. Some of the PSDs now
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FIG. 13. Asin Fig. 12, but for MODIS band 1 (0.65 wm) and band 7
(2.12 um).

preAVE, and SCOUT). Based on these new data, it is now
possible to build models for much lower D.y values
without artificially increasing the number of small parti-
cles. Furthermore, the microphysical data from the ARM,
TRMM, and CRYSTAL-FACE campaigns in cold, op-
tically thin ice clouds (rather than the warmer cloud data
from the Citation) have been reprocessed to mitigate the
shattering issue for the 2D probes as described by Field
et al. (2006).

For evaluation purposes, a limited library of single-
scattering properties is employed for 101 wavelengths
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between 0.4 and 2.24 um. The wavelengths were chosen
to provide the spectral information necessary to build
models for selected MODIS bands for testing prior to
collection-6 software deliveries. The library includes the
full phase matrix as well as properties for smooth,
moderately roughened, and severely roughened parti-
cles (o = 0,0.03, and 0.5, respectively). In addition to the
set of habits previously employed (droxtals, plates,
hollow/solid columns, 3D solid bullet rosettes, and an
aggregate of solid columns), three new habits have been
incorporated: 3D hollow bullet rosettes and a small/
large aggregate of plates. This additional information
provides further complexity for building new models
and also permits comparison with polarization mea-
surements from sensors such as CALIOP.

On the basis of the updated microphysical data and
libraries of single-scattering properties, three habit
mixtures were developed. The first is a generalized habit
mixture that involves all nine habits, the second is based
on primarily midlatitude cirrus data, and the third is
oriented toward tropical deep convective cirrus. Results
were presented of the comparison of calculated median
mass diameter D,,, and IWC values with those inferred
from the in situ microphysical measurements.

Of more interest was the additional constraint pro-
vided by the comparison with CALIOP data, specifically
Py, and Py/P;; at ® = 180°. For all habit mixtures,
models developed using severely roughened particles
tend to compare more closely to CALIOP backscattering
measurements than do models built using less roughened
particles. If smooth particles were assumed, the compar-
isons of the P;; component with the corresponding values
from CALIOP were very different.

This study also compared the current set of models
using the generalized habit distribution with the MODIS
CS5 models that assumed smooth particles except for the
aggregate-of-columns habit. In a comparison of reflec-
tances computed for MODIS band 1 (0.65 um) and
band 6 (1.64 um) as well as for MODIS bands 1 and 7
(2.12 pm), it was shown that the inferred values of 7
would decrease while D i would increase over those
from MODIS C5 with use of the roughened particle
models. In this comparison with C5, 7 will decrease and
D¢ will increase if either moderately or severely rough-
ened particles are assumed. Given the strong influence of
particle roughening on the inferred optical/microphysical
characteristics for ice clouds, it will be important to con-
tinue to explore the use of polarization data in future
development of bulk ice-cloud scattering and absorption
models.

In future work, we will extend the development
of single-scattering models to cover the wavelength
range from 0.4 to 100 wm with no spectral gaps. The
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development of the library of single-scattering proper-
ties for the nine habits discussed herein is under way at
the time of this writing. Based on these new spectral
models, both narrowband (i.e., satellite imagers) and
broadband models will be developed using consistent
methods.
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APPENDIX A

Bulk Microphysical Properties

For a given PSD, the total projected area and total vol-
ume of ice per unit volume of air are given by

M
Ay = 2
Tot
DA |

r%MAMmewmﬂ and (A1)
D

min

v, (D) f,(D)n(D)dD

min

M
VTOt = hgl s (AZ)

D
D

respectively, where Dy, and D,.x describe the mini-
mum and maximum particle sizes in the distribution,
fn(D) is the ice-particle habit fraction of habit 4 for size
D, n(D) is the number distribution for size D, and A,(D)
and V(D) are the area and volume of a specific particle
of habit 4 for size D, respectively. The habit fraction is
defined so that, for each size bin,

Mz

(D) =1. (A3)

h

1

The IWC for a given PSD is obtained by multiplying
the total volume of ice by the bulk ice density (0.917
gcm )
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M

IWC= Pice hzl‘

. (A4

Dmax
JD "V, (D), (D) n(D) dD

m

The effective diameter D is proportional to the ratio
of the total volume to the total projected area for a given
particle size distribution and is defined as

Dmax
JD "V, (D), (D)n(D) dD]

tot

T2A

‘Dmax tot
= [JD A, (D) f,(D)n(D)dD

min

(AS)
APPENDIX B

Spectral Bulk Scattering Properties

This appendix provides the derivation of spectral bulk
single-scattering properties following the approach dis-
cussed in Baum et al. (2005b, 2007). Here, the single-
scattering properties are derived at an individual wave-
number rather than integrated over a spectral response
function.

The mean scattering cross section at a specific wave-
number A is given by

max

D M
T\ = Jnmm [;Z‘l Usca>h(D’)‘)fh(D)]"(D) dD

s

D M
I, (2o ponan

min

(B1)

where oea (D, L) is the scattering cross section, M is the
number of habits, D is particle size, and n(D) is the par-
ticle density. The mean extinction cross section is given by

J.me Li Uext,h(D,)\)fh(D):| n(D)dD
T (M) =—22

Dy [ (B2)
JD , L;fh(D)} n(D)dD

min

The single-scattering albedo @ is determined by the ratio
of the mean scattering and extinction cross sections:

ﬁsca (/\ )

w(A) = 7.0 .

(B3)

The extinction efficiency Q. for a given particle size
is the extinction cross section divided by the total
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projected area, and the mean extinction efficiency Qext is
the extinction cross section divided by the total pro-
jected area for a given particle size distribution:

D

éext (A ) = e

D &
J [hg‘lQext,h(D)Ah(D)fh(D)}n(D)dD

D M
JD"‘% l:};Ah(D)fh(D)} n(D)dD

min

(B4)

The bulk extinction coefficient is defined as

DII"IL\X M
BV~ | [2 Qem,h(D,A)A,,w)f,,(D)} n(D)dD.
D ., Lh=1
(BS)

As noted by Yang et al. (2001), for some applications it
may be useful to define a volume-normalized extinction
coefficient:

B ext
(IWClp,..)

Bou(h) =
Dmax M
[ 7] 2 0usD 0,010 (D) aD

D
mi
M
h=1

.Dmax
JD V,(D)f,,(D)n(D) dD}

in

(B6)

The scattering phase function P(®) is given by

P(©,))

Dmax M
JD | [;;Ph(&l)’)‘) O h(D,A)fh(D)} (D) dD

>

Dmax M
J [ZﬁUSC“’(D’)‘)fh(D)}”(D)dD

D

min

(B7)

where O is the scattering angle.
The asymmetry factor g is provided by

szax [ﬁi g,(D,\) Usca’h(D,/\)fh(D)} n(D)dD
g =P
j . [hz=1 Usca,h(B ’/\)fh(D)} n(D) dD

D

min

(B8)
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APPENDIX C

Narrowband Bulk Scattering Properties

To build narrowband bulk single-scattering properties
appropriate for an imager such as MODIS, the spectral
single-scattering properties need to be integrated over
a spectral response function. An example is provided for
calculating the asymmetry factor (the other parameters
are integrated similarly):

JAmxg(/\)FS(/\)S()\) m

R —
J F.(\)S(\) dA

min

(Ch

where S(A) is the solar spectrum and Fy(A) is the spectral
response function. In this study, the solar spectrum used
for integrating over the spectral response functions is
given by Thuillier et al. (2003).
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