1 JUNE 1995

EVANS AND STEPHENS

2041

Microwave Radiative Transfer through Clouds Composed of Realistically Shaped
Ice Crystals. Part I: Single Scattering Properties

K. FRANKLIN EVANS

Program in Atmospheric and Oceanic Sciences, University of Colorado, Boulder, Colorado

GRAEME L. STEPHENS

Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado

(Manuscript received 27 May 1994, in final form 29 November 1994)

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
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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



1 June 1995

Xeft -V X
drxes +3 4wy +3°

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







