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ABSTRACT

This paper presents the results of a detailed study of the microwave single scattering properties of ice crystals
expected in cirrus clouds. The discrete dipole approximation is used to compute scattering quantities of particles
ranging in size from 30 to 2000 pm at 85.5, 157, 220, and 340 GHz. Five shapes were simulated: solid and
hollow columns, hexagonal plates, planar bullet rosettes, and equivalent-volume spheres. The scattering prop-
erties were computed for 18 Gamma size distributions with a range of characteristic particle size and distribu-

tion width.

The results indicate that particle shape has a significant effect; for example, there is a range of about 3 in
extinction over the five shapes for the same size distribution and ice water content. Crystal shape is the dominant
effect on the polarization of the scattering, with the thinner shapes having the more polarizing effect. The
characteristic particle size has the greatest impact on the extinction and single-scattering albedo, while the

distribution width has only a minor effect.

1. Introduction

Remote sensing of clouds using passive measure-
ments of microwave emission has blossomed over the
past decade. This interest has been stimulated, in part,
by our desire to remotely sense precipitation from
space (Simpson et al. 1988) and by the capabilities of
the Defense Meteorological Satellite Program (DMSP)
in providing the research community with passive mea-
surements at 19, 22, 37, and 85 GHz from the Special
Sensor Microwave/Imager (SSM/I) (Hollinger et al.
1990). A significant body of research has recently re-
ported on a number of methods for deriving properties
of water vapor, liquid water clouds, and rainfall from
these observations (e.g., Alishouse et al. 1990; Tjem-
kes et al. 1991; Liu and Curry 1993; Greenwald et al.
1993; Wilheit and Chang 1991; Kummerow and Giglio
1994; Wilheit et al. 1994).

For many applications, scattering of microwave ra-
diation by ice particles in the atmosphere looms as an
important issue. Microwave remote sensing of precip-
itation over land relies on relating brightness temper-
ature depressions due to scattering by ice hydrometeors
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to the rainfall below. Large scattering signatures due to
precipitating ice particles have been observed from sat-
ellites at frequencies as low as 37 GHz (e.g., Spencer
et al. 1983). With the 85-GHz frequency on the SSM/
I, Spencer et al. (1989) observed small (up to 10 K)
polarization differences near convective cores over
land and proposed that they were due to oriented ice
particles in stratiform precipitation regions. The effect
of ice particles in clouds is also an issue when using
the higher frequencies to measure cloud liquid water
path. Due to their widespread nature, cirrus clouds may
be a source of contamination for microwave tempera-
ture profiling at 118 GHz (as discussed by Weinman
1988) and water vapor profiling at 183 GHz.
Microwave radiometers, either newly deployed or
currently under development, have frequencies for
which scattering by atmospheric ice particles is an im-
portant issue. The DMSP SSM/T-2 and National Oce-
anic and Atmospheric Administration Advanced Mi-
crowave Sounding Unit (AMSU/B) satellite instru-
ments are designed for water vapor profiling with the
183-GHz line. The National Aeronautic and Space Ad-
ministration (NASA) is developing a research aircraft—
based Millimeter-Wave Imaging Radiometer (MIR)
(Gasiewski 1992), which has channels at 89, 150, 183
+ 1, 3,7, 220, and 325 *+ 1, 3, 9 GHz. As we will
show below, these higher frequencies have a much
greater sensitivity to low concentrations and small sizes



2042

of ice particles than do previous radiometers, and so a
much larger range of ice clouds can be sensed.

There has been a limited amount of work concerning
high-frequency passive microwave remote sensing of
ice clouds. Wu (1987) used the Advanced Microwave
Moisture Sounder with channels at 92 and 183 * 2, 5,
9 GHz combined with infrared radiometry data to infer
the ice water content and geometrical thickness of deep
convective clouds. Gasiewski (1992) performed a
theoretical study of the use of microwave frequencies
from 90 to 410 GHz. Through radiative transfer sim-
ulations he examined the sensitivity of the brightness
temperatures to water vapor, precipitation, water
clouds, and ice clouds. Ice spheres with one-parameter
size distributions (tying the average particle size to the
mass content) were used, so the issues of ice particle
shape and size were not generally addressed. Muller et
al. (1994) did a similar theoretical study at AMSU fre-
quencies in which a single-size distribution of ice
spheres was used.

Despite the broad relevance of ice particle scattering
to microwave remote sensing, a detailed study of the
effects of ice crystal shape on both particle single scat-
tering and radiative transfer has yet to be carried out.
It is the purpose of this paper to provide a theoretical
assessment of the effects of ice crystal microphysics,
including properties of size and shape, on microwave
transfer at selected frequencies. This study focuses on
the microwave single scattering properties of cirrus
clouds and so considers horizontally oriented pristine
ice crystals. In the following paper (Part II, Evans and
Stephens 1995) we explore with theoretical modeling
the feasibility of, and possible methods for, high-fre-
quency microwave sensing of the ice water path of cir-
rus clouds from high-altitude aircraft and satellite.

In the following section of this paper, the discrete
dipole approximation (DDA ) is introduced as a method
for deriving the single scattering properties of ice crys-
tals of complex shape. Tests of the DDA approach are
presented in section 3, and scattering results for four
frequencies (85.5, 157, 220 and 340 GHz) are pre-
sented in section 4 for five different ice crystal shapes.
These results are conveniently expressed in the form of
functional fits that can be used directly in a first-order
scattering radiative transfer model of the microwave
brightness temperature depression. The results of this
study and the implications for microwave radiative
transfer are summarized in the final section of the

paper.

2. The discrete dipole approximation

The first step in computing the transfer of microwave
radiation through cirrus particles is to model the elec-
tromagnetic scattering properties of ice crystals at these
wavelengths. Scattering from ice particles in the at-
mosphere is commonty expressed in terms of Lorenz—
Mie theory, in which case the ice crystals are either
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assumed to be spherical or their scattering properties
are assumed to be approximated adequately by spheres.
In general, this is a poor approximation because certain
basic scattering properties of ice crystals are incorrectly
represented; for example, there is little difference be-
tween horizontally and vertically polarized radiation.

In this study, the electromagnetic scattering com-
putations are accomplished using the DDA that was
first described by Purcell and Pennypacker (1973). For
a recent review of the method see Draine and Flatau
(1994). The basic concept behind the DDA is to divide
the particle into a number of subunits whose size is
small compared to the incident wavelength of radiation.
These small subunits behave as dipoles in terms of their
response to an applied electromagnetic field. Each di-
pole responds to a sum of the incident plane wave and
the fields from all the other dipoles and in turn gener-
ates a field that affects the other dipoles. The DDA is
also called the coupled dipole method because of this
mutual interaction between the subunits. The main
computational task of the DDA is to invert the coupled
system of dipole interactions for the polarization of
each dipole, given a particular incident plane wave. The
dipole fields are then combined to compute the result-
ing far-field scattering amplitudes from which the de-
sired scattering properties may be derived. The DDA
is general in that it applies to any particle shape, al-
though computer limitations have restricted the method
to particles that are only slightly larger than the wave-
length (Goodman et al. 1991). Examples of studies that
use the DDA are Singham and Bohren (1987), Draine
(1988), O’Brien and Goedecke (1988), Dungey and
Bohren (1993), and Flatau et al. (1993). Electromag-
netic scattering methods equivalent to the DDA are
used extensively in engineering (e.g., Sarkar et al.
1985).

a. DDA theory

The method adopted here follows closely a paper by
Goedecke and O’Brien (1988). Starting from Max-
well’s equations, it can be shown that the solution for
the electric field E(r) everywhere in space, resulting
from the scattering of an incident field E*(r) from a
dielectric particle, may be expressed as an integral over
the particle volume of the Green’s function G multi-
plied by the dielectric polarization p(r). The solution
is

E(r)[1 + 4mx(r)/3]
= E"(r) + fd3r'G(r —r')pr’). (1)

The polarization at points inside the particle is related
to the field by p(r) = xE(r), where x is the suscep-
tibility, x = (1/4w)(m* — 1), and m is the complex
index of refraction. The Green’s function is the field
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due to a single, harmonically oscillating dipole and de-
pends only on the position relative to the dipole (R):

ik
)

where the subscripts i and j refer to the Cartesian com-
ponents of the fields and the direction vector R, and k
= 2m/\ is the wavenumber for the free-space wave-
length \.

Dividing the particle into dipoles is equivalent to dis-
cretizing both the field and the Green’s function over
the volume of the particle. In the current model the
particle is divided into cubes of size d, and a discrete
form of (1) is used:

E} =[x;'+ (4n/3)(1 - D)]ps
—d* 3 ¥ Gy(r, -

t#s j

G;(R) = %exP(—ikR)[kz(% ~ RR)

(1

rt)ptj’ (3)

where s and ¢ are dipole indices. The small but nonzero
volume of a dipole contributes to the integral in (1),
giving rise to a ‘‘self-term’’ I modeled by Goedecke
and O’Brien (1988) as

3 2/3 1
ree = <E> (kd)* = = i(kd)*.

The small imaginary part of I" is necessary to satisfy
the optical theorem relating the total-scattering cross
section to the imaginary part of the forward-scattering
amplitude. This form of notation for the DDA is en-
tirely equivalent to that involving the dipole polariza-
bility a and dipole moment P, where P = aE (e.g.,
Draine 1988). Purcell and Pennypacker (1973) used
the Clausius—Mossotti polarizability

M _ 3d3m -1
47rm +2°

which is equivalent to '™ = 0. Draine and Goodman
(1993) derived an improved form for the polarizability
called the lattice dispersion relation (LDR) by requir-
ing the same dispersion relation for an infinite lattice
as for the continuum. In general the LDR depends on
the incident direction, but the isotropic form is equiv-
alent to

[LOR —

3 1
— (1.8915 + 0.18915m*)(kd)? — — i(kd)>.
T 27

Draine and Goodman (1993) showed that the LDR is
somewhat more accurate for |m|kd = 1/, than the self-
interaction term used by Goedecke and O’Brien (1988)
and in this paper.

Equation (3) defines a coupled linear system that
may be solved for the dipole polarizations p, for a given
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incident field E™. The incident plane wave field with
direction k' is evaluated at the sth dipole according to

E®k') = E, exp(—ikk’ 1),

where E, represents either the vertically or horizontally
polarized field, which we set with a unit amplitude | Ey|
= 1.

The coordinate system for the electric field polariza-
tion is defined by the propagation direction k and the
vertical z axis. The vertical unit vector V is perpendic-
ular to the propagation direction, in the meridional
plane, and has a positive z component. The horizontal
unit vector H is perpendicular to the plane such that V
x B =k.

The scattered electric field far from the particle is an
outgoing spherical wave with components given by the
scattering amplitude matrix multiplied by the incident
field vector. In terms of V and H components this is

expressed by

Evs _ CXP(—ikr) Fw th (Evi)

Ehs ikr F hv F hh Ehi ’
which can be taken as the definition of the scattering
amplitudes F. The scattering amplitudes represent a
linear transformation of the incident electric field vec-
tor with propagation direction k’ into the scattered elec-
tric field with direction k. The scattering amphtudes are
easily found from the dipole polarizations using (1)
and (2) with R = o, giving

F (k) = ¥ (8; — kik)i(kd)* ¥, exp(ikk-r,)p,;.
J s

This form explicitly shows that the scattering ampli-
tude vector is perpendicular to the propagation di-
rection as required. The Cartesian components F;
are projected onto the polarization directions V and
A for each of the two incident polarizations to gen-
erate the four scattering amplitudes (F,,, F.,, Fp,,
Fuy). The set of scattering amplitudes for all incident
and outgoing directions contain the complete infor-
mation about the far-field aspects of the scattering
process.

b. Scattering functions and cross sections

The radiative transfer calculations require that the
radiation field and scattering properties be expressed
in terms of intensity rather than amplitude, and for
this the standard Stokes parameters (I, Q, U, V) are
used. The scattering process is then expressed with
4 X 4 Stokes parameter scattering and extinction ma-
trices. While the DDA model computes the scattering
properties for all four Stokes parameters, there is a
simplification that is used for the modeling in this
work. In a thermally emitting atmosphere with a
plane parallel geometry and no preferred azimuthal
orientation of particles, the radiation field is azi-
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muthally symmetric and the U and V Stokes param-
eters are zero. For application to ice clouds and mi-
crowave radiation, the largest source of azimuthal
asymmetry would be from the incident radiation
(e.g., from subcloud spatial inhomogeneities), and
this should in general be small. The two Stokes pa-

1
M!—ﬁ;?ﬂ,(

where 7, is the number concentration of particles and
2, indicates the incoherent sum over an ensemble of
particles. Similarly, the extinction matrix is defined in
terms of the forward scattering amplitudes according
to the fundamental extinction formula as

_2n [RC(FW + Fp) Re(F, — th)]

K= 2 n;
k ] RC(FW - th) RC(FW + th)

The scattering matrix is defined for each combination
of incident and outgoing directions, and the extinction
matrix is defined for each incident direction. Both types
of matrices have units of inverse length. The full 4
X 4 Stokes parameter representation for the scattering
and extinction matrices was given in Evans and Vivek-
anandan (1990) but with scattering amplitudes f de-
fined so that F = ik f.

A simpler, though entirely equivalent, basis for the
polarization state of the radiation field is I, = | E, | and
Iy = | E,|*. In this basis the scattering and extinction
matrices are

1 | Fyl? IFU;.IZ)
M=—=>n .
k’? '(IFMIZ | Foul?
and
47 Re(F,) 0
=zXml o R '
! C(th)

There are two ways to compute absorption by the
particle. One is to subtract the integral of the scattering
matrix over outgoing directions from the extinction ma-
trix:

o= Ky(k') — fM,,(fc', kydk,

Tg = KIQ(I}') - J‘M[Q(’%,, l})d’}.

The second method is to integrate the power dissipated
in the particle for each incident polarization:

Oyip = —4mk 2 d3 lExlz Im(X:),
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rameters of interest are thus I = | E,|* + |E,|? and
0= |E|* - |E|*.

For an azimuthally symmetric system the relevant
scattering properties can be expressed with 2 X 2 ma-
trices. The scattering matrix is computed from the scat-
tering amplitudes according to

| Ful? = [Ful?* + | Fi|® — Ith|2>
IFvulz_ |Fuh|2_ |Fhv|2+ |th|2 ’

o= (o, + o,)/2,
Og = (O'u - 0';,)/2.

Comparison of the absorption—emission coefficient
computed by these two methods is a check on whether
a sufficient number of angles have been used to define
the scattering matrix.

In order to interface with the radiative transfer com-
putations, the scattering matrix, extinction matrix, and
emission vector are computed for a set of incident ze-
nith angles given by Gaussian or Lobatto quadrature
formulas. If the particle shape is symmetric around the
horizontal plane, then only one hemisphere of incident
zenith angles is computed and the other half is filled in
by symmetry. Since the particles are assumed to have
no preferred azimuthal orientation, the scattering prop-
erties are averaged over a number of incident azimuthal
angles in the appropriate range (typically O, w). The
outgoing azimuthal angles are evenly spaced in (O,
27). For the convenience of the radiative transfer, com-
putation of the scattering matrix is expressed as a Fou-
rier series in the difference in azimuthal angle between
the incident and outgoing directions. Only the lowest
Fourier mode is required given the assumption of azi-
muthal symmetry.

In so far as scattering is concerned, the sets of dipole
positions r, and susceptibilities x, completely define the
particle. These positions are determined using a uni-
form rectangular grid of dipoles. The geometrical cen-
ter of the particle is set at the origin, and the grid lo-
cation is adjusted in each dimension so that an integral
number of dipoles fits across the particle. The shapes
of particles are specified with simple geometrical for-
mulas (e.g., for spheres, cylinders, hexagonal plates,
rectangular solids, etc.). The portion of the volume of
each cube that lies within the geometrical definition of
a particle is computed by laying down a subgrid of
typically 1000 points per dipole cube. This volume
fraction determines whether the cube becomes a dipole
making up the particle and it also may be used to adjust
the susceptibility of the dipole. The susceptibility of the
partially filled dipoles is adjusted using Lorentz—
Lorenz mixing rule by
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Xeft -V X
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where x.« is the reduced susceptibility and V; is the
volume fraction. The susceptibility of dipoles on the
edge of a particle that is partially filled is reduced via
this mixing rule as a simple way of better resolving the
particle shape. Using this approach for edge dipoles
dramatically improves the accuracy of the scattering
properties for smaller particles.

The size of the dipoles d is governed by the require-
ment that the electric field be relatively constant in the
dipole cell. This means that the phase variation across
a dipole must be small, which we state as |m|kd < 1.
Goedecke and O’ Brien suggest |m|kd < 1 for reason-
able accuracy, but the appropriate criterion to use de-
pends on which scattering quantities are being com-
puted (e.g., backscattering requires smaller |m|kd). It
is shown below that |m|kd < 1 provides adequate ac-
curacy for this study. Another reason to keep the di-
poles as small as possible is to better approximate
smooth particle shapes by discrete arrays of dipoles.

c. Solution methods and computational
considerations

Two methods are used to solve the coupled linear
system (3) for the dipole polarizations p,. The first
method treats (3) as a 3NV X 3N complex matrix equa-
tion Ap = E™ and solves for the p vector using matrix
inversion. The diagonal part of the matrix A contains
the dipole susceptibilities and the self terms, while the
off-diagonal part has the dipole—dipole interaction
terms. The inversion solution method first computes the
LU decomposition of A and then rapidly solves for p
for each incident direction E*". The computer storage
requirements for the inversion method go as N* while
the computer time goes as N°, where N is the number
of dipoles that is proportional to the particle volume.
Computer memory rather quickly becomes the limiting
factor. For example, 600 dipoles requires nearly 26 MB
of storage.

The second solution method takes into account that
(3) contains a convolution sum that can be carried out
efficiently with an FFT. The equation is solved by using
the conjugate gradient method to iterate the p vector
until the residuals of the equation are suitably small
(Evans and Stephens 1993). This FFT method was also
used for solving the DDA problem by Goodman et al.
(1991). Each convolution involves an FFT of the di-
pole polarizations, multiplication by the precomputed
transform of the Green’s function, followed by an in-
verse FFT. In order to avoid aliasing, the FFTs for the
convolutions must be done on a uniform 3D grid of
twice the particle extent in each dimension. The main
advantage of the FFT method is that the DDA may be
solved rapidly for large numbers of dipoles. The num-
ber of conjugate gradient iterations is virtually inde-
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pendent of the number of dipoles, ranging from a few
tens to a few hundreds of iterations depending on the
problem. Since FFTs take order N log®N operations,
the running time for the FFT DDA method basically
goes as N, the number of dipoles. There is, however, a
rather large factor in front of the order N, because of
the number of iterations required and because the FFT's
must be done on an array at least eight times larger than
the number of dipoles in the particle. Nevertheless, the
FFT method makes DDA with hundreds of thousands
of dipoles feasible. One disadvantage of the FFT
method is that each incident direction must go through
the lengthy conjugate gradient iteration procedure. For
radiative transfer computations, where the DDA system
must be solved for many incident directions, direct ma-
trix inversion is superior for particles composed of ap-
proximately 1000 dipoles or less.

3. Tests of the DDA calculations

To validate the DDA model and illustrate the accu-
racy typically achieved, a comparison was carried out
for spherical particles using Lorenz—Mie theory and
for oblate spheroidal ice particles with a 0.25 axial ratio
using the extended boundary condition method
(ECBM) (e.g., Barber and Yeh 1975). The scattering
comparison was made at 340 GHz (m = 1.781
— 0.0033i), which is the highest frequency considered
in this study. The computations were run for a range
of particle sizes from 0.06 to 2.00 mm (to 1.00 mm for
spheres). The dipole sizes used in these calculations
were the same as those used below for column-shaped
cirrus particles. The DDA computations used just one
incident azimuth angle, and the other parameters were
similar to those used for the cirrus particle calculations
below. The dipole sizes and total number of dipoles for
the various test shapes are shown in Table 1.

The comparisons were made for the I and Q com-
ponents of the Stokes scattering and extinction matri-
ces. For scattering, the rms difference over the incident
and outgoing quadrature zenith angles was computed
for the azimuthally averaged scattering matrix, while
for extinction the rms difference was computed over
the incident zenith angles. A fractional rms difference

TaBLE 1. Dipole sizes and number used in

the DDA/Mie/EBCM test.
Particle Dipole
size size Sphere Spheroid
(mm) (mm) dipoles dipoles
0.060 0.006 720 248
0.120 0.011 967 303
0.250 0.022 1064 344
0.500 0.032 2536 760
1.000 0.0375 11 531 3287
2.000 0.0725 — 3592
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was made by dividing the absolute rms difference by
the maximum matrix value encountered over all the
angles.

Figure 1 shows the fractional rms difference in ex-
tinction and scattering as a function of particle size for
spheres and oblate spheroids. The graph shows that the
discrete dipole approximation can calculate the scatter-
ing properties of different shapes with adequate accu-
racy. The maximum fractional difference in extinction
and scattering (not shown) is typically around 3% for
spheres and ranges from 3% to 12% for the oblate sphe-
roids. The accuracy of the DDA improves as the par-
ticle size increases. The reason for this is that the
greater number of dipoles used for the larger particle
sizes better approximate the true shape of the test par-
ticles. This also explains why the DDA is poorer for
oblate spheroids than the spheres, as fewer dipoles are
packed across the minor dimension of these particles
(only 2.5 across for the small particles).

These tests, at the shortest wavelength considered,
indicate that the DDA error due to the approximation
of the particle shape is probably larger that the error
due to the nonzero size of the dipoles for the scattering
computations done herein. There are some reasons to
believe that the accuracy implied by these test results
is somewhat conservative. The dipole sizes used for the
test are optimized for approximating columns and not
for the test shapes considered here. Also, the cirrus par-
ticle shapes modeled below are relatively more angular
than the spheres and spheroids considered in these tests
and, hence, will be more faithfully modeled by assem-
blages of cubical dipoles.

4. Ice crystal modeling and single-scattering results
a. DDA modeling

The scattering results are shown for four frequencies
(85.5, 157, 220, and 340 GHz). The choice of these
frequencies was guided by the channels that exist either
on current sensors or by channels proposed for future
instruments. The 85.5-GHz channel is on SSM/I, and
157-GHz was a planned channel for AMSU/B. The
MIR has channels near all four of these frequencies.
Since the microwave scattering properties of ice change
relatively slowly with frequency, the results presented
below may be considered to correspond to a broader
range of frequencies.

For this work, five ice crystal shapes were chosen:
solid columns, hollow columns, hexagonal plates, pla-
nar rosettes, and spheres. Bullets were not modeled
separately, as their shape and aspect ratios are similar
to columns. The long axes of the particles were as-
sumed to be randomly oriented in the horizontal plane
as a result of aerodynamic forces. Ono (1969) observed
that columns and plates fall in this orientation, and lidar
studies (e.g., Platt et al. 1978) tend to confirm this.
Since columns are expected to rotate about their long
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FiG. 1. Fractional rms difference between DDA and Mie/EBCM
results for spheres and 0.25 axial ratio oblate spheroids. The rms
difference is computed for extinction and scattering matrices at all
angles for ice particles at 340 GHz.

axis, solid columns were modeled by cylinders, while
hollow columns were modeled by cylinders with cones
removed from each end. Modeling by cylinders is jus-
tified also because at the wavelengths considered here
the detail in the hexagonal columns is not resolved. In
nature, rosette crystals are often complex in shape. To
simplify matters, a rosette crystal is represented in the
scattering calculations by four coplanar cylinders that
meet at right angles, which represent one extreme of
aspect ratio. Calculations for spheres are also presented
for comparative purposes and represent the other ex-
treme of an aspect ratio of unity. To simulate the den-
sity of spatial crystals decreasing with size, the spheres
are modeled by a smaller equivalent volume of solid
ice, with volume depending on size as V = n/6D*(D/
10 pm)~'2,

The scattering was computed from 13 discrete max-
imum particle dimensions from 30 to 2000 zm (inter-
vals of about 1.4), and the scattering was determined
by appropriately weighting the properties of each of
these 13 single particles by a specified value of a par-
ticle concentration as described below. The aspect
ratio of the crystals was taken from empirical for-
mulas developed by Heymsfield (1972): namely, A
= 0.260D°% for columns, h = 0.0141 D™ for plates,
h = 0.1526 D73 D < 300 um, and & = 0.0630D**D
> 300 pm, for bullets in rosettes, where A is the thick-
ness (centimeters) and D is the maximum particle di-
mension (centimeters ). The maximum particle dimen-
sion D is used to characterize the particle size, rather
than the equivalent-volume sphere diameter D.q, be-
cause the maximum particle extent is usually what is
reported in cirrus microphysical measurements. Figure
2 shows the volume versus particle size for the five
shapes considered in this study. The ordering of volume
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FiG. 2. Particle volume vs size for the five particle shapes.
Also plotted for comparison are D> and D’ sloped lines.

with shape varies with the particle size because of the
different aspect ratio functions.

The scattering properties for the spheres were com-
puted using Lorenz—Mie theory, while those for the
other four shapes were computed using the DDA
method. Information about the major and minor di-
mension, dipole size, number of dipoles, and DDA so-
lIution method used to produce these results are listed
in Table 2. The dipole size relative to the wavelength
(|m|kd) was as high as 0.92 for the 2.0-mm column at
340 GHz. A test comparing this case to one with half
the dipole size (11 880 dipoles) gave an rms fractional
difference of 0.0015 for the scattering matrix and 0.013
for the extinction matrix. The index of refraction for
ice at —60°C (Warren 1984) used at the four frequen-
cies (85.5, 157, 220, and 340 GHz) is given in Table
3. The Lorentz—Lorenz mixing rule was used for edge
dipoles, and other dipoles were assumed to be solid ice.
The scattering properties were computed for eight Lob-
atto quadrature zenith angles per hemisphere (incident
and outgoing). The scattering matrix was averaged
over 16 outgoing azimuth angles, and the horizontal
orientation averaging was done with 8 incident azi-
muths over a 180° range. Tests at the highest frequency
and largest particle size indicated that the error due to
using 8 incident angles for the azimuthal averaging was
negligible. The matrix inverse solution method was
used when allowed by available memory, as it was sub-
stantially faster because of the many incident directions
used. The conjugate gradient iterations for the FFT so-
lution method were done until a solution accuracy of
10~* was reached. (The average number of iterations
ranged from 14 to 101 per DDA run.)

b. Discrete size distributions

The scattering properties (extinction, scattering, and
emission) derived for the 13 discrete sizes were
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weighted according to the Gamma size distributions,
defined here by

_a+3.67

= -———_Dm ,

where N is the number concentration per size interval
and the distribution is defined by D,, and a; D, is the
median of the distribution of the dimension D to the
third power. This is not the median of the volume dis-
tribution, because the particle volumes increase more
slowly than the third power. The parameter « is related
to the width of the distribution by

(D - (DYY) _ 1
(D)? 1+a’

such that the distribution narrows as « increases. The
Gamma distribution has been used by Matrosov et al.
(1994) for radar remote sensing of cirrus. Kosarev and
Mazin (1989) analyzed many cirrus size distributions
and found that Gamma distributions were an adequate
representation, with the width parameter o usually
ranging from O to 2. The Gamma distribution was cho-
sen because the two parameter distributions can simply
represent a variety of size distributions.

Because there are only 13 particle sizes, care must
be taken when converting the size distribution integral
to a weighted sum. In the procedure used here, each
discrete size D; represents a range of sizes from D! to
Dy . The integral is approximated by

N =aD% ™ b

Jm N(D)k(D)dD
0

1

~ ko) [ N0 5 ) a0 = 3wk,

i=1

where k represents all the scattering quantities being
summed together. The (D/D;)? factor takes into ac-
count that the scattering properties are not constant but
generally increase over the size interval. The power p
should be the average power-law increase of the scat-
tering properties. For this work we set p = 3. (For solid
columns at 340 GHz there was only about 1% differ-
ence in the resulting scattering properties between p
= 3 and p = 4.) For Gamma distributions, the weights
for the sum are

N; =aD?b~“*P*D[T(a + p + 1, bD¥)
—T(a + p + 1, bD})],

where I' is the incomplete Gamma function I'(a, x)
= [; t="le~*dt. Since the D; were chosen with loga-
rithmic spacing, the size ranges were set to the geo-
metric mean of the particle sizes; D! = (D,_;D;)"'? and
D! = (D;D,;,)""*. At the end points, we choose D)
= 10 pm and D = 2000 um.

Using the above procedure 18 Gamma size distri-
butions for each of the five shapes were constructed.
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TABLE 2. Particle sizes and DDA dipole layouts.
DDA setup for columns
Total dipoles
Major Minor Dipole
dim dim size Solid Hollow
(pm) (um) (m) columns columns Method
2000 580 72.5 1680 1416 FFT
1400 420 52.5 1620 1356 FFT
1000 300 375 1620 1356 FFT
700 220 44.0 400 356 inversion
© 500 160 32.0 400 356 inversion
350 115 230 400 356 inversion
250 85 220 192 176 inversion
170 60 15.0 192 176 inversion
120 43 11.0 176 168 inversion
80 30 8.0 . 160 152 inversion
60 23 6.0 160 152 inversion
40 16 4.0 160 152 inversion
30 12 3.0 160 152 inversion
Setup for plates Setup for rosettes
Major Minor Dipole Minor Dipole
dim dim size Total dim size Total
(um) (m) (m) dipoles Method (um) (gzm) dipoles Method
2000 66 66 645 inversion 190 64 720 FFT
1400 56 56 442 inversion 150 50 624 inversion
1000 47 47 326 inversion 130 44 387 inversion
700 40 40 228 inversion 110 37 315 inversion
500 34 34 159 invesion 85 30 279 inversion
350 29 29 115 inversion 64 22 336 inversion
250 25 25 78 inversion 49 17 243 inversion
170 20 20 60 inversion 36 12 243 inversion
120 17 17 48 inversion 27 9 288 inversion
80 14 14 26 inversion 20 7 240 inversion
60 12 12 25 inversion 16 6 192 inversion
40 10 10 16 inversion 12 4 192 inversion
30 9 9 12 inversion 9 3 192 inversion

These were made from six values of D,, (70, 100, 150,
250, 400, 700 pym), which were chosen to cover the
observed ranges of sizes (e.g., Heymsfield et al. 1990).
For each D,, three values of a (0, 1, 2) were chosen.
The effective radius is often used when relating the
microphysical and radiative aspects of clouds. The ef-
fective radius, r., is defined for spherical particles as
the ratio of the third moment of the size distribution to
the second moment. An equivalent quantity for non-
spherical particles is {V )/{A), which is the ratio of the

TABLE 3. Index of refraction of ice for the four frequencies.

Frequency Wavelength Index of refraction
(GHz) (cm) (—60°C)

85.5 0.351 (1.778, —0.0012)
157 0.191 (1.779, —0.0019)
220 0.136 (1.780, —0.0024)
340 0.088 (1.781, —0.0033)

particle volume averaged over the size distribution to
the average projected particle area. This quantity de-
pends on the particle shape and orientation as well as
the size distribution (for spheres (V)/{(A) = 4r./3).
For solid columns with a« = 1 and a nadir view (V')/
(A) = 0.17D%” in units of centimeters. Table 4 lists
effective size for a nadir view for the five shapes and
Gamma size distributions with & = 1.

TABLE 4. Nadir effective size for five shapes and six distributions.

(V)KA) (um)
DIII
(um) Column Hollow Plate Rosette Sphere
70 18.3 12.2 12.1 12.6 16.2
100 24.6 © 164 14.1 16.1 19.0
150 354 235 17.1 21.9 23.1
250 56.3 375 220 326 29.8
400 86.5 577 27.6 46.8 377
700 144.4 96.4 35.9 69.2 49.8
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There are two areas one could question the accuracy
of the discrete distribution in approximating a contin-
uous Gamma distribution—whether the smallest size
is small enough, and whether 13 sizes are enough. If
the volume of the particles goes as D*°, then the size
distribution with the smallest particles (D,, = 70 um, o
= 0) has 13% of its mass below the smallest discrete
size (30 pm), though only 0.6% below 10 um. Since
the smallest particles are nearly purely absorbing, the
extinction goes as the volume, and the discrete size
summing procedure should adequately take into ac-
count the mass below the smallest discrete size. Most
of the size distributions have negligible mass below 30
pm, anyway. One way to test the accuracy of the dis-
crete size distribution is to compare the 13 size distri-
butions with one having many more sizes. This can be
most conveniently done for the spherical particles, be-
cause the scattering properties of spheres can be rapidly
computed. An approximately continuous size distri-
bution was made using the same Gamma distribution
procedure above but for 399 5-um intervals from 10 to
2000 pm. Comparisons were made at 85.5 and 340
GHz for all 18 Gamma size distributions. The fractional
difference in extinction was always less than 2.4%, and
the difference in single scattering albedo was always
Iess than 0.01.

¢. DDA scattering results

The results of the DDA and Lorenz—Mie scattering
computations are presented here in two different ways.
The first is in the form of plots of the single-scattering
quantities relevant to the radiative transfer calculations
presented in Part II. The second is in the form of func-
tional fits to the results, which are described in the next
section.

The microwave single scattering results computed
by the DDA and by Mie theory are plotted both for
discrete sizes and for size distributions. The results are
shown for two angles, nadir and about 49°, which is
near the SSM/I observation angle and is typical for the
maximum angle of scanning instruments. For horizon-
tally oriented particles, an angle away from nadir must
be used to observe polarization signatures. The size dis-
tribution scattering results are presented as a function
of D,,, since this parameter characterizes the particle
size distribution.

The extinction is a rough measure of how much the
ice crystals will depress the brightness temperature.
Figures 3a,b show extinction at nadir as a function of
particle size for the five shapes at 85 and 340 GHz,
respectively. The normalization is such that are 10 par-
ticles per cubic meter if the extinction has units of per
kilometer. The extinction increases dramatically with
size and, as expected, is largest at the highest fre-
quency. Three regimes can be identified for the rate of
increase of extinction with particle size. For small par-
ticles (<300 pm at 85 GHz, or <100 pm at 340 GHz)
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FiG. 3. Extinction vs particle size at (a) 85 and (b) 340 GHz.

absorption dominates, and the extinction is propor-
tional to the particle volume, which is less than the third
power of size because of the aspect ratio changing with
particle size. For larger particles, scattering dominates,
and the extinction goes as the square of the volume, as
long as scattering remains in the Rayleigh regime
(<500 pm at 340 GHz). Beyond the Rayleigh regime,
the extinction curve increases more slowly again with
particle size. The difference in extinction between the
shapes can primarily be accounted for in terms of the
difference in the crystal volumes (see Fig. 2).
Extinction is presented as a function of size distri-
bution parameter D,, for distributions defined by a fixed
ice water content of 0.01 g m™. Figure 4 shows the
effect of the size distribution width parameter a on the
scattering by columns and spheres at 340 GHz. The
width of the distribution is relatively less important
than the mean size in determining the scattering prop-
erties. The widest distribution generally has the highest
extinction due to its greater number of larger particles.
There is a similar behavior in other scattering properties
(not shown), so that the wider distribution behaves as
if it had a slightly larger mean particle size. Because
the effect of the distribution width is small, and to sim-
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FIG. 4. Extinction vs size distribution for columns
‘and spheres at 340 GHz.

plify the plots, only the @ = 1 distributions are shown
hereafter.

Figure 5 shows the extinction at 220 GHz for all five
shapes as a function of D,,. Although all the distribu-
tions have the same ice water content (IWC), there is
a range up to a factor of 3 in the extinction between the
various shapes. Rosettes generally have the smallest
extinction, and for distributions defined by larger val-
ues of D,, solid columns attenuate the most. The ex-
tinction for distributions of solid columns at all four
frequencies is shown in Fig. 6. The extinction increases
dramatically with frequency. In addition, the way the
extinction increases with the distribution D,, varies with
frequency. Figure 7 illustrates how the extinction dif-
fers at the two observation angles considered (0° and
49°). In general, the nadir angle has higher extinction
because radiation at this angle is exposed to the largest
cross-sectional area—an effect largest for flat thin
plates. .
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FiG. 5. Extinction vs size distribution for five shapes at 220 GHz.
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FiG. 6. Extinction vs size distribution for solid
columns at four frequencies.

The ratio of extinction for vertical polarization to
that for horizontal polarization at 49° is shown in the
next two figures. This ratio is a simple way of char-
acterizing how much the ice particles polarize the mi-
crowave radiation that upwells through cirrus clouds.
Since the horizontal-polarization extinction is larger for
horizontally oriented particles, the polarization ratio is
less than 1. Spheres are not shown, because their po-
larization ratio is always 1. Figures 8a,b are plots of
the extinction polarization of four shapes as a function
of particle size for 85 and 340 GHz, respectively. Plates
polarize most, having a ratio of around 0.5 owing to
their thinness, followed by rosettes and then columns.
Hollow columns are slightly less polarizing than solid
columns. There is a tendency for the polarization ratio
to decrease with particle size as the aspect ratio de-
creases (see 85-GHz plot). At 340 GHz there are large
oscillations in the polarization ratio with particle size.
This is a manifestation of the non-Rayleigh scattering
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FiG. 7. Extinction vs size distribution for columns
and plates at 0° and 49°.
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FiG. 8. Extinction polarization ratio vs particle size for
four shapes at (a) 85 and (b) 340 GHz.

regime, for which the polarization ratio seems espe-
cially sensitive. This non-Rayleigh behavior starts at
particle sizes of 300—~500 pgm at 340 GHz and is ap-
parent at 1000 ym at 157 GHz. One way of explaining
the oscillations in the polarization ratio is that the two
polarizations see different effective particle sizes due
to the nonsphericity of the particles. This means that
where the extinction size dependence begins to oscil-
late—beyond the Rayleigh regime —the two polariza-
tions will be out of phase, so the polarization ratio will
oscillate. Averaging over a size distribution, as shown
in Fig. 9, reduces the oscillations in the polarization
ratio, although these are not eliminated. Thus, the po-
larization ratio depends on both the particle shape and,
to a lesser extent, the size distribution.

The single scattering albedo is crucial for under-
standing the radiative transfer process of microwave
radiation in cirrus. Low albedo means that radiation
interacts with the cirrus particles by absorption and
emission, whereas high albedo means that radiation in-
teracts primarily through scattering. The single scatter-
ing albedo as a function of particle size is shown in Fig.
10 for solid columns at the four frequencies. For all
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Fic. 9. Extinction polarization ratio vs size distribution
for four shapes at 340 GHz.

frequencies the smallest particles (D = 30 pm) have
an albedo near 0, while the largest particles (>1000
pm) have an albedo near 1. The transition from ab-
sorbing to scattering behavior varies considerably with
frequency from 330 pm at 85 GHz to 110 pzm at 340
GHz for albedo of 0.5. A similar behavior occurs for
distributions of particles (Fig. 11). At 85 GHz only the
two largest size distributions (with D,, = 400) have a
single scattering albedo above 0.75, while for 340 GHz
four size distributions (with D,, = 150) have albedos
above (.75. Figure 12 shows the single scattering al-
bedo for size distributions for the five particle shapes
at 220 GHz. While the variation in albedo with particle
shape is not as large as with frequency, there is signif-
icant variation, with larger volume shapes (columns)
scattering more than smaller volume shapes (rosettes).
There is very little change in albedo with polarization
or angle.
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FiG. 10. Single scattering albedo vs particle size for solid columns
at four frequencies.
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Fic. 11. Single scattering albedo vs size distribution
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The last single scattering quantity to consider is a
measure of the degree of forward scattering. This is
important for radiative transfer because more forward
scattering to the radiometer will decrease the brightness
temperature depression. The usual measure of the
amount of forward scattering is the asymmetry param-
eter, which is the cosine-weighted average of the phase
function. That cannot be computed from the azimuth-
ally averaged scattering matrix calculated here, except
at nadir incidence. Instead we use a scattering ratio,
defined for each upwelling, outgoing angle, as the ratio
of the integral of the scattering matrix over upwelling
incident angles to the integral over all incident angles.
It is the fraction of scattered radiation that would come
from upwelling incident angles if the sample was iso-
tropically illuminated by unpolarized radiation. Figure
13 shows the scattering ratio as a function of particle
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FiG. 12. Single scattering albedo vs size distribution
for five shapes at 220 GHz.
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FiG. 13. Scattering ratio vs particle size for five shapes at 340 GHz.

size for the five shapes at 340 GHz. Small particles are
in the Rayleigh regime, scattering forward as much as
back, so the scattering ratio is 0.5. For spheres and col-
umns, the largest particle sizes have some 80% of the
radiation scattered into 0° coming from the upwelling
incident angles. The thinner shapes have lower scatter-
ing ratios at all sizes. For nadir view the scattering ratio
for plates stays at 0.5, because they are modeled as one
dipole thick. A similar behavior in the scattering ratio
occurs for distributions (not shown), with the ratio in-
creasing with distribution D,, for the thicker particle
shapes. Figure 14 shows the scattering ratio as a func-
tion of size distribution for hollow columns at the four
frequencies. The scattering ratio is significantly larger
than 0.5 only for the higher frequencies and for distri-
butions with larger particles. The scattering ratio is
lower for off-nadir angles (not shown). It is also larger
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FIG. 14. Scattering ratio vs size distribution for hollow
columns at four frequencies.
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for vertical than for horizontal polarization for off-nadir
angles, even for plates.

d. Fits of scattering results

The scattering results shown above are now pre-
sented in the form of tabulated coefficients of functions
of particle size. This provides a way for others to use
the DDA results for research in microwave remote
sensing algorithms without having to go to the com-
plication and expense of generating them. The single-
scattering properties are fit to functions for particle
sizes ranging from 30 to 2000 pm, thus offering some
flexibility for future choices of size distributions. The
fits of scattering properties are presented for the four
nonspherical particle shapes at 85.5, 157, 220, and 340
GHz for upwelling angles of 0° and 49°. The form of
the scattering properties presented here is specifically
for use in a simple first-order radiative transfer model.

The scattering properties that are needed for remote
sensing at a particular observation angle u are the po-
larized extinction K,(u), emission o,(u), and scatter-
ing M, (u, p'), where p and p’ refer to polarization
(V or H) and 4’ is an incident direction. (In this no-
tation these quantities have units of inverse distance.)
It is assumed that the upwelling radiation incident on
a cirrus layer is unpolarized. This is partly done to re-
duce the number of scattering function quantities tab-
ulated but 1s also justified in terms of actual radiative
transfer. Land surfaces are expected to be virtually un-
polarized, and a moist atmosphere is optically thick
enough at the higher frequencies to totally depolarize
the upwelling microwave radiation. Since the upwell-
ing radiation from a clear-sky incident on a cirrus layer
is usually a smooth function of zenith angle, its angular
structure may be suitably approximated by a quadratic;
hence,

I(H) = 10 + I|,u, + 12[112.

Then we need only to consider the first three moments
of the scattering function over the upward incident an-
gles:

1
M () = fo (Myv(p, 1)

+ Myup, p')p'ldy’ 1=0,1,2.

This reduces the problem to fitting five quantities over
particle size (K, o, MO, M M®) for each obser-
vation angle/polarization and particle shape.

The optically thin nature of cirrus clouds at micro-
wave frequencies allows the use of a particularly simple
formula for the solution to the radiative transfer prob-
lem. If the order of scattering solution to the polarized
radiative transfer equation is expanded to first order in
the layer thickness, the change in upwelling unpolar-
ized radiance as it interacts with the cirrus layer is
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AL(p) = {—K,(w)I(p) + o,(w)B(T)
+ 27 [ M (Wlo + MV (w1,

A
+M¥%man7f,(®

where p is the polarization (V or H) and B(T') is the
Planck function at the average cloud temperature 7.

The assumptions of this first-order radiative transfer
model are (i) the cloud is optically thin enough that the
order of scattering solution may be expanded to first
order in optical depth; (ii) the incident upwelling ra-
diation can be approximated by a quadratic function in
p; (iii) the cloud is above any significant gaseous ab-
sorption, so that the incident radiation is the same as
the clear-sky top of atmosphere radiance, there is no
incident radiation from above the cloud, and extinction
and emission properties are due entirely to the cirrus
particles; (iv) there is no reflection from the surface or
scattering outside the cloud, so the incident radiation is
independent of the cloud.

The least-squares fits of the scattering properties as
functions of particle size are made to the quantities
plotted in the previous section: log of extinction, single-
scattering albedo, and three scattering ratios. This was
found to be more accurate than fitting directly to the
scattering quantities used in (4). The resulting for-
mulas for the fits as function of maximum particle size
D are

In(K) = ¥ K, (InDY',

i=0

_oe_ 1
v K 1+ (Dlw) “»
2rM©
K—o
=05+ exp[M” + M InD + MV (InD)?],
M(l)
270 = Mo+ M{"D, and
M(Z)
Tk MP + M{PD. (5)

The scattering ratio 2rM®/(K — o) is the same as
plotted in the previous section, because by symmetry
of the scattering matrix the integral over all incident
directions for a particular outgoing angle is equal to the
integral over all outgoing directions for the same inci-
dent angle. The constant coefficients in the first and
second moment scattering ratios (i.e., M (()” and M (()2))
are not fit, because the small-size limit can be used. For
nadir angle and horizontal polarization at any angle the
MP /MO ratio is 0.563, while the M®/M ratio is
0.400. These ratios (9/16 and 2/5) can be computed
theoretically from the Rayleigh phase function, M(u')
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o 1 + u'?. The two scattering ratios for vertical polar-
ization depend on angle and the Rayleigh limit shape
and are listed in Table 5.

The fit coefficients are tabulated for nadir (no polar-
ization) and for p = 0.652 (49° V and H polarizations)
for the four shapes and four frequencies. The coeffi-
cients are for extinction K per kilometer for 10 particles
per cubic meter and for the particle size D in milli-
meters. The coefficients for extinction and the resulting
rms error in the logarithm over the 13 particles sizes
are listed in Table 6. The fit to extinction is, of course,
smoother than that computed by DDA, but given the
error in the individual DDA calculations, it may be of
equivalent or better accuracy. Table 7 contains the fit
coefficients for the single scattering albedo and the
three scattering ratios. By using the coefficients in these
two tables with the formulas in (5), the scattering prop-
erties at the available angles for any particle size- may
be calculated. The scattering quantities, after integra-
tion over appropriate size distributions, may be used in
(4) to compute the brightness temperature depression
from various cirrus crystals at the tabulated microwave
frequencies. The accuracy of the scattering fits and the
first-order radiative transfer model are explored further
in Part II.

5. Summary and conclusions

The discrete dipole approximation was used to
compute microwave single scattering properties of
pristine ice crystals appropriate for cirrus clouds. The
DDA solves the scattering problem by dividing a par-
ticle into many dipolar subunits and finding the di-
pole polarizations for a given incident wave that sat-
isfy the mutual interaction among the dipoles. Scat-
tering for any particle shape may be computed with
the DDA, provided the particle is not more than 3—
10 times larger than the wavelength (depending on
particle shape and computer resources). An outline
of the particular formulation of the DDA used here
is given in section 2.

The scattering was computed at four frequencies
(85.5, 157, 220, and 340 GHz) that are close to chan-
nels on existing or future aircraft and satellite micro-
wave radiometers. Five particle shapes were calculated:
solid columns (modeled by cylinders ), hollow columns
(modeled by cylinders with cones removed), hexago-
nal plates, bullet rosettes (modeled by four coplanar
joined cylinders), and equivalent-volume spheres. The
ice crystals are assumed to have their long axis ran-
domly oriented in the horizontal plane by aerodynamic
forces. The aspect ratios of the crystals varied with size
according to empirical formulas.

The scattering properties were computed for 13 sizes
ranging from 30 to 2000 ym. Continuous particle size
distributions were simulated by weighting the scatter-
ing quantities at the discrete sizes according to the
Gamma distribution N = aD% ~@*36DD/Dw) (D s the
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TABLE 5. Small size limit of scattering ratios.

(1) 2)

Angle/Pol Shape M, M,
0 All 0.563 0.400
H All 0.563 0.400
49V Column 0.475 0.305
49v Hollow 0.473 0.302
49V Plate 0.496 0.328
49V Rosette 0.485 0.316

maximum particle dimension ). The parameter D,, is the
median of the third power of the dimension and, hence,
measures the characteristic particle size, while « is re-
lated to the inverse of the width of the distribution. Six
values of D,, (70, 100, 150, 250, 400, 700 pm) and
three values of a (0, 1, 2) were chosen for a total of
18 Gamma size distributions. The weights used for
each particle size were computed with some care to
ensure the accuracy of the discrete representation.

The scattering quantities were computed for eight
incident and outgoing zenith angles per hemisphere,
and two (nadir and 49°) were chosen for further anal-
ysis. The single scattering results of the DDA compu-
tations are presented in the form of plots and as tabu-
lated fit coefficients. The extinction, single scattering
albedo, and the first three moments of the scattering
phase function were fit as functions of particle size for
each incident angle. The scattering quantities repre-
sented by the 14 fit coefficients for each particle shape
and incident angle/polarization can be used in a very
simple first-order radiative transfer formula to compute
the brightness temperature depression.

At the higher frequencies considered here, there are
three regimes for extinction as a function of particle
size: absorption varying as the particle volume for the
smallest particles, Rayleigh scattering varying as the
square of the volume, and beyond the Rayleigh regime
where the scattering increases more slowly with size.
The range in extinction for size distributions with the
same IWC is up to a factor of 3 over the five shapes,
with rosettes having the least and solid columns the
most attenuation. The most important factor for the ex-
tinction of a distribution of ice crystals is the charac-
teristic size D,,; for example, at 220 GHz for solid col-
umns the extinction ranges nearly a factor of 80 for the
full range of D,,. The range in extinction over the three
distribution widths « is only about 20%. The extinction
is usually greater for nadir angles, because the particles
present the largest cross section to the radiation.

The ratio of extinction for the two polarizations is a
measure of the polarizing effect of the nonspherical
particles. Plates are the thinnest and most polarizing
shape, followed by planar rosettes and then columns.
Larger sizes generally have more polarizing effect, but
beyond the Rayleigh regime the polarization ratio os-
cillates with size. The single scattering albedo has a
simple behavior with particle size, being near zero for
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TABLE 6. Fit coefficients for extinction.
Extinction coefficients
Frequency
(GHz) Angle/Pol Shape Error Ko K, K, K, K, K

85 0 Column 0.029 —9.5846 5.8211 0.2752 —0.4562 —-0.1586 -0.0151
85 0 Hollow 0.026 —10.4004 5.7334 0.3732 —-0.4478 —0.1758 -0.0186
85 0 Plate 0.008 ~10.7182 4.7919 0.1523 —~0.4418 -0.1700 -0.0187
85 0 Rosette 0.072 —11.6516 3.9966 —-0.1152 -0.2157 -0.0212 0.0035
85 49H Column 0.029 —9.6280 5.7582 0.2596 —0.4426 -0.1511 -0.0141
85 49H Hollow 0.026 -10.4254 5.6903 0.3503 —0.4500 —0.1745 -0.0184
85 49H Plate 0.009 —10.7955 4.6520 0.0751 —-0.4496 —0.1655 -0.0178
85 49H Rosette 0.072 -11.7066 3.8930 —0.1837 -0.2336 -0.0223 0.0036
85 49V Column 0.030 —9.9649 5.6017 0.1463 —-0.4872 -0.1575 -0.0142
85 49V Hollow 0.024 -10.7165 5.5820 0.2905 —0.4740 -0.1790 -0.0185
85 49V Plate 0.007 —-11.5026 4.5670 -0.0017 —0.5118 -0.1854 -0.0202
85 49V Rosette 0.064 —12.0966 3.7607 —0.2670 —-0.2177 0.0017 0.0080
157 0 Column 0.025 —17.1243 5.3688 —-1.1105 =1.0723 —0.2594 =0.0203
157 0 Hollow 0.028 —7.9582 5.5609 —0.7301 —-0.9240 —0.2362 ~0.0190
157 0 Plate 0.017 —8.4649 4.4849 -0.7229 —0.6683 -0.1473 -0.0098
157 0 Rosette 0.077 -9.3733 3.8942 —0.7408 -0.2790 0.0546 0.0187
157 49H Column 0.020 -7.2179 5.4420 —0.6889 —0.6993 —0.1357 —0.0062
157 49H Hollow 0.025 —8.0258 5.5532 —0.5458 -0.7396 —-0.1722 —-0.0115
157 49H Plate 0.029 —8.6615 4.4567 —0.2408 -0.1943 0.0147 0.0088
157 49H Rosette 0.085 -9.5277 3.7842 -0.5606 —-0.0582 0.1344 0.0281
157 49V Column 0.028 —7.6967 5.2974 —0.3756 -0.3378 —0.0042 0.0096
157 49V Hollow 0.025 —8.4085 5.4180 —-0.3800 -0.5262 ~0.0926 —0.0018
157 49V Plate 0.026 -9.4727 4.0665 —0.6838 —-0.4612 —0.0581 0.0013
157 49V Rosette 0.080 -10.0323 3.4588 -0.7520 —0.0608 0.1603 0.0331
220 0 Column 0.083 —-6.2016 44136 -1.0397 —0.1403 0.1749 0.0364
220 0 Hollow 0.046 —6.8759 4.8350 —1.0165 -0.4820 0.0144 0.0157
220 0 Plate 0.034 —7.4351 3.8101 -1.0122 —0.3548 0.0322 0.0145
220 0 Rosette 0.078 —8.1965 3.4764 —1.0841 —0.1499 0.1575 0.0335
220 49H Column 0.027 —6.1145 47184 -1.1170 —0.4864 0.0113 0.0142
220 49H Hollow 0.031 —6.8929 4.9730 -0.8374 —-0.4184 0.0187 0.0150
220 49H Plate 0.028 —7.5005 4.2293 —0.3876 -0.0708 0.0795 0.0165
220 49H Rosette 0.076 —8.3447 3.5913 —-0.6193 0.1943 0.2575 0.0438
220 49V Column 0.033 —6.5432 4.8466 —0.7449 —-0.2974 0.0465 0.0162
220 49V Hollow 0.026 —7.2658 49917 —-0.5624 —0.2243 0.0715 0.0201
220 49V Plate 0.036 —8.5668 3.4933 —-0.6732 0.0288 0.1614 0.0288
220 49V Rosette 0.081 —9.0070 3.1330 -0.6530 0.4069 0.3638 0.0584
340 0 Column 0.090 —5.3261 3.3519 -0.7091 0.7085 0.4753 0.0679
340 0 Hollow 0.071 —5.8476 3.7585 —0.9631 0.2599 0.3201 0.0514
340 0 Plate 0.053 —6.4898 2.8519 —0.7235 0.4645 0.3391 0.0487
340 0 Rosette 0.094 —7.0441 2.6804 -0.8509 0.6552 0.4812 0.0717
340 49H Column 0.031 —5.1398 3.5197 -1.1359 0.1975 0.2924 0.0466
340 49H Hollow 0.043 -5.7338 3.9660 —1.1468 —-0.0759 0.1828 0.0341
340 49H Plate 0.032 -6.1160 3.6841 —0.9238 -0.3070 —-0.0041 0.0041
340 49H Rosette 0.050 —6.8820 3.2137 —0.9528 0.1306 0.2373 0.0392
340 49V Column 0.018 —5.3859 3.9246 —1.0654 —0.0894 0.1427 0.0261
340 49V Hollow 0.038 —5.9848 4.1881 -1.0964 —-0.2565 0.0849 0.0204
304 49V Plate 0.032 —7.6040 2.8999 -0.3737 0.5438 0.3165 0.0423
340 49V Rosette 0.038 —7.7266 2.9199 —0.4675 0.6787 0.4291 0.0616

the smallest size and smoothly increasing to near unity
for the largest size. The particle size at which the tran-
sition happens decreases with frequency, so that the
higher frequencies are more strongly scattered. At 340
GHz, distributions of columns with D,, = 250 ym have
single scattering albedos above 0.95. The single scat-
tering albedo is higher for distributions of columns than
for rosettes or equivalent-volume spheres because col-
umns have more volume for a given size. The amount
of forward scattering increases with particle size and

aspect ratio; for example, plates have forward scatter-
ing equal to backscattering for nadir view.

Several implications can be drawn for radiative
transfer from these single scattering results. For most
plausible size distributions of ice crystals at 340 GHz,
ice water paths (TWP) of roughly 100 g m~? would be
required to have optical depths of order 0.1 and, hence,
relatively large brightness temperature depressions. Of
course, the extinction and the corresponding ability to
detect low concentrations or small ice particles in-
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TABLE 7. Fit coefficients for single-scattering albedo and scattering ratios.
Coefficients
Frequency
(GHz) Angle/Pol Shape wo wi My MY MY MY MY

85 0 Column 0.3290 3.1206 0.0010 —4.3375 1.8093 -0.0730 0.0154 0.0166
85 0 Hollow 0.3797 3.1777 0.0010 -4.2077 1.8359 —0.0602 0.0121 0.0127
85 0 Plate 0.3923 2.8139 0.0029 —100 0.0000 0.0000 0.0234 0.0257
85 0 Rosette 0.4116 2.8489 0.0093 —6.0093 1.2076 —0.2182 0.0167 0.0183
85 49H Column 0.3296 3.1056 0.0015 —4.7667 1.7842 -0.1084 0.0090 0.0095
85 49H Hollow 0.3803 3.1665 0.0013 —4.6385 1.8290 -0.0926 0.0081 0.0083
85 49H Plate 0.3939 2.7667 0.0052 —100 0.0000 0.0000 0.0140 0.0152
85 49H Rosette 0.4127 2.8057 0.0114 —33.268 31.890 11.366 0.0115 0.0124
85 49V Column 0.3297 3.0921 0.0021 —3.4951 1.8776 -0.1043 0.0232 0.0227
85 49V Hollow 0.3807 3.1549 0.0017 —3.7947 1.8987 —0.0835 0.0185 0.0188
85 49V Plate 0.3935 2.7693 0.0053 —4.1973 1.7878 0.3905 0.0525 0.0549
85 49V Rosette 0.4097 2.7876 0.0126 -3.7783 1.8853 0.0147 0.0209 0.0200
157 0 Column 0.2023 2.9868 0.0027 —3.2535 2.2748 0.3749 0.0484 0.0552
157 0 Hollow 0.2339 3.0142 0.0025 -3.0738 2.1102 0.2857 0.0376 0.0415
157 0 Plate 0.2250 2.6560 0.0054 —100 0.0000 0.0000 0.0824 0.0954
157 0 Rosette 0.2428 2.7585 0.0073 —4.8255 1.2362 -0.0186 0.0505 0.0581
157 49H Column 0.2028 2.9678 0.0033 —3.6658 1.9196 0.2184 0.0029 0.0019
157 49H Hollow 0.2343 2.9999 0.0029 —-3.5028 1.9740 0.1917 0.0105 0.0106
157 49H Plate 0.2258 2.6021 0.0083 —100 0.0000 0.0000 —0.0002 —-0.0010
157 4911 Rosette 0.2433 2.7140 0.0098 —5.2800 1.0247 —0.1497 0.0093 0.0104
157 49V Column 0.2027 2.9494 0.0043 —2.3426 1.6206 -0.3916 0.0290 0.0262
157 49V Hollow 0.2344 2.9852 0.0036 -2.6243 1.8034 -0.1367 0.0299 0.0288
157 49V Plate 0.2246 2.6020 0.0100 —2.8977 1.7969 -0.3306 0.0725 0.0742
157 49V Rosette 0.2407 2.6887 0.0129 —~2.5532 1.6654 —0.4291 0.0362 0.0340
220 0 Column 0.1531 2.9416 0.0038 —2.2802 2.6703 —0.8889 0.0829 1 0.0970
220 0 Hollow 0.1769 2.9569 0.0037 -2.1774 2.2600 -0.5102 0.0730 0.0832
220 0 Plate 0.1635 2.5939 0.0069 —100 0.0000 0.0000 0.1388 0.1699
220 0 Rosette 0.1794 2.7000 0.0073 —4.1269 1.2862 0.0066 0.0812 0.0975
220 49H Column 0.1535 29199 0.0044 -2.9142 2.0554 0.1267 0.0031 0.0015
220 49H Hollow 0.1773 2.9409 0.0041 —2.7082 2.0354 —0.0860 0.0072 0.0059
220 49H Plate 0.1645 2.5393 0.0092 -100 0.0000 0.0000 -0.0213 -0.0264
220 49H Rosette 0.1802 2.6557 0.0091 —4.6635 0.9596 —-0.1577 —0.0008 —0.0020
220 49V Column 0.1535 2.8991 0.0055 —1.7852 1.2741 —-0.6830 0.0376 0.0342
220 49V Hollow 0.1774 2.9262 0.0049 -1.9326 1.6027 —-0.7670 0.0369 0.0346
220 49V Plate 0.1630 2.5395 0.0123 —2.2822 1.5045 -0.6042 0.0760 0.0744
220 49v Rosette 0.1780 2.6321 0.0130 —1.9668 1.2509 —0.8404 0.0366 0.0320
340 0 Column 0.1078 2.8760 0.0058 —1.2290 1.4847 -1.3773 0.1406 - 0.1707
304 0 Hollow 0.1247 2.8819 0.0055 —-1.2102 1.2847 -1.4779 0.1342 0.1615
340 0 Plate 0.1094 2.5369 0.0093 —-100 0.0000 0.0000 0.1948 0.2492
340 0 Rosette 0.1226 2.6283 0.0075 —3.1509 1.1632 -0.2190 0.0895 0.1148
340 49H Column 0.1081 2.8524 0.0069 —1.8631 1.9070 —1.0067 0.0067 * 0.0000
340 49H Hollow 0.1249 2.8641 0.0063 —1.6979 1.5986 —1.4333 0.0041 —0.0022
340 49H Plate 0.1104 2.4788 0.0107 —100 0.0000 0.0000 —-0.0519 —0.0620
340 49H Rosette 0.1234 2.5819 0.0090 —3.9251 1.0819 -0.0267 —0.0142 —0.0189
340 49V Column 0.1081 2.8293 0.0081 —1.3835 0.8047 —0.4362 0.0562 0.0494
340 49V Hollow 0.1250 2.8488 0.0070 —1.3908 0.8007 —0.8232 0.0577 0.0525
340 49V Plate 0.1090 2.4830 0.0154 -1.7342 1.0314 —0.5159 0.0739 0.0655
340 49V Rosette 0.1218 2.5613 0.0136 —1.5634 0.6545 —0.6238 0.0310 0.0219

creases dramatically with the radiometer frequency. As
the scattering gets beyond the Rayleigh regime, the ex-
tinction becomes less sensitive to the characteristic par-
ticle size, D,,. Thus, for the cirrus particle distributions
considered here, even higher frequencies would be
quite useful for increased signal and lower error from
uncertainties in particle size. The different crystal
shapes will have a significant effect on the radiative
transfer. The extinction—polarization ratio results show
that it might be possible to detect particle shape by
using the polarization signature, but this will also de-

pend on the characteristic particle size. The higher fre-
quencies and larger particle size distributions consid-
ered here, which would have the highest optical depths,
all have high single scattering albedo. Thus, these more
detectable distributions would be in the scattering re-
gime, where the upwelling radiation does not depend
on the temperature of the ice cloud.

The companion paper (Part II) uses these single-
scattering results in a polarized radiative transfer model
to compute upwelling brightness temperatures. These
are analyzed to examine the issues of, and develop po-
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tential methods for, remotely sensing cirrus IWP using
passive microwave radiometry. Many of the properties
identified here with the single-scattering results will be
found to be germane for microwave remote sensing of
cirrus.
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