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ABSTRACT

This paper presents the results of polarized microwave radiative transfer modeling of cirrus clouds containing
five different particle shapes and 18 Gamma size distributions. Upwelling brightness temperatures for tropical
and midlatitude winter atmospheres are simulated at 85.5, 157, 220, and 340 GHz using scattering properties
computed with the discrete dipole approximation (described in Part I).

The key parameter for the results is the sensitivity (AT,/IWP), which relates the modeled brightness tem-
perature depression to the ice water path. It is shown that for the higher frequencies or distributions of larger
particles (i.c., in the scattering regime) the sensitivity is nearly independent of cloud temperature and details of
the underlying atmosphere. As expected from the single-scattering results, the characteristic panicle size has a
large effect on the sensmvny, while the distribution width has only a minor effect. The range in sensitivity over
the five particle shapes is typically a factor of 2. The sensmvny for a size distribution of solid columns with a
median of the third power of the dimension of 250 um is about 0.1 K/(g m™2). Ratios of AT,’s at adjacent
frequencies can determine the characteristic size of the distribution, though the relationship is double valued for
the most sensitive frequencies considered here. Ratios of AT, at horizontal to vertical polarization contain
information about particle shape primarily via the aspect ratio. Ideas concerning the development of a specific
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cirrus retrieval algorithm are discussed.

1. Introduction

The high altitudes of cirrus clouds, combined with
their relatively small optical depths, endows them with
radiative properties rather distinct from other types of
clouds. The cold temperatures of cirrus clouds mean
they emit much less infrared radiation into space than
clear skies, thus providing a large ‘‘greenhouse’’ effect
(e.g., Stephens and Webster 1981). The reflection of
solar radiation by cirrus clouds and the potential sur-
face cooling associated with this reflection is proposed
to be fundamental to the evolution of the sea surface
temperatures in the tropical western Pacific warm pool
(Ramanathan and Collins 1991). Numerical studies
have shown that whether cirrus warms or cools the sub-
cloud layer depends on the optical thickness of the
cloud (Stephens and Webster 1981; Liou 1986).

Because of their prevalence and radiative signifi-
cance, it is important that cirrus clouds be accurately
represented in climate models. Several types of global
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measurements of cirrus clouds will be needed to test
model predictions. The spatial and temporal distribu-
tion of cirrus is needed to confirm GCM output of high
cloudiness. The International Satellite Cloud Climatol-
ogy Project (ISCCP) (Rossow and Schiffer 1991) at-
tempts to provide this type of global distribution by
using several geostationary and polar-orbiting satellites
that measure clouds with visible and thermal infrared
channels. From these two channels the clouds are de-
tected and categorized by cloud top height and optical
depth, which are derived using radiative models and a
number of assumptions. GCMs are beginning to im-
prove their modeling of clouds by using parameteriza-
tions that distinguish cloud water from ice mass in
prognostic schemes (Smith 1990; Fowler et al. 1994).
Measurements of the ice water content (IWC) of cirrus
clouds, which ISCCP cannot provide accurately, are
desperately needed for validation of these new cloud
modeling parameterizations.

A key element in treating cirrus clouds in climate
models is to model their effects on radiative transfer,
which is done via parameterization. The development
of such parameterizations requires observations of op-
tical and microphysical properties of the clouds. Un-
fortunately, the optical properties of ice clouds depend



1 June 1995

on ice crystal shapes and size distributions in ways that
are not entirely understood at this time. The high alti-
tude of these clouds makes it difficult to perform in situ
measurements of these microphysical quantities, and so
they are rather poorly known on a global scale. In ad-
dition, the nonspherical shapes of the ice particles has
made interpretation of in situ and remotely sensed ob-
servations difficult. It is thus desirable to develop re-
mote-sensing techniques that will aid the measurement
of cirrus characteristics such as integrated ice mass,
characteristic particle size, and particle shape, simul-
taneously with optical properties such as solar reflec-
tance and infrared emissivity.

Microwave remote sensing offers a number of po-
tential advantages for measuring the ice water path
(IWP) of clouds when compared to existing visible and
infrared techniques. Visible methods require a number
of gross assumptions about ice particle shape, size dis-
tribution, and cloud spatial homogeneity to convert
from radiance to optical depth to IWP. In addition, ther-
mal infrared techniques require accurate knowledge of
cloud temperature. Microwave radiation, to the con-
trary, interacts with ice particles primarily through scat-
tering, so emission and cloud temperature are relatively
unimportant. Since cirrus clouds are above the absorb-
ing part of the atmosphere, they simply modulate the
upwelling microwave radiation from below. Further-
more, microwave radiative transfer occurs in the linear
regime so the signal is directly proportional to optical
depth and cloud spatial inhomogeneity effects are less
important. While the effects of particle shape and size
distribution are also important for microwave remote
sensing of cirrus since they determine the relation be-
tween optical depth and IWP, they are more amenable
to calculation because the particle sizes are comparable
to and smaller than the wavelength. Microwave meth-
ods are also complementary to visible and IR methods
in that microwave radiation is sensitive to larger ice
crystals and to thicker cirrus layers, whereas visible/IR
radiation is more sensitive to smaller particles and cir-
rus clouds of lower IWP.

The purpose of this paper (Part IT) is to characterize
upwelling microwave brightness temperatures at four
frequencies (85.5, 157, 220, and 340 GHz) for cirrus
clouds having a range of size distributions and variety
of particle shapes. Evans and Stephens (1995, hereafter
referred to as Part I) describes the discrete dipole ap-
proximation (DDA) scattering computations for the
five ice particle shapes and 18 Gamma size distribu-
tions considered here. The fundamental effect that cir-
rus clouds have on upwelling microwave radiation is
to decrease the brightness temperature relative to that
of the clear atmosphere. It is these resulting brightness
temperature depressions that are analyzed for signa-
tures useful for remote sensing IWP and characteristic
particle size and shape. A specific algorithm is not pro-
posed as it would necessarily depend on the details of
a particular instrument.
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The polarized radiative transfer model is described
in section 2. Section 3 discusses the modeling setup
and tests of the first-order model of Part I. Section 4
presents the results for IWP sensitivities and examines
the possibilities for sensing particle size and shape.
Some ideas for applying these results to the develop-
ment of a microwave cirrus remote-sensing algorithm
are discussed in section 5, and a summary is provided
in section 6.

2. Radiative transfer

Upwelling microwave brightness temperatures from
cirrus clouds are computed using a polarized radiative
transfer model. There are two important components of
the model: one concerns the atmospheric structure and
treatment of molecular absorption, and the other solves
the polarized radiative transfer equation based on the
doubling—adding method. This radiative transfer
model requires two types of information about the at-
mosphere. 1) The microwave scattering properties of
ice particle distributions computed by the DDA dis-
cussed in Part . 2) The profile of temperature and gas-
eous absorption at the specified microwave frequency.
In the microwave portion of the spectrum the primary
gaseous absorbers in the atmosphere are molecular ox-
ygen and water vapor, and this absorption is computed
by the MPM92 (Millimeter-wave Propagation Model
1992) developed by Liebe et al. (1993).

a. The radiative transfer equation

The radiative transfer model used here is a modifi-
cation of the one described in Evans and Stephens
(1991). Whereas that version was for randomly ori-
ented nonspherical particles, the present model treats
oriented scatterers. We assume that the ice particles are
oriented in the horizontal plane due to aerodynamic
forces (see Part I). Since there is no preferred azi-
muthal orientation, the particle scattering properties de-
pend on the incident zenith angle but not the incident
azimuthal angle. The DDA model is used to compute
these scattering properties and a discussion of these
properties is given in Part I. A more complete descrip-
tion of the DDA and the radiative transfer model is
given in a report (Evans and Stephens 1993).

The radiative transfer model solves the monochro-
matic radiative transfer equation introduced below. The
monochromatic equation is appropriate for this study
because the particle scattering and atmospheric absorp-
tion properties are fairly constant across typical radi-
ometer bandpasses for the window channels considered
here. The model also assumes a plane-parallel, or hor-
izontally homogeneous, geometry. In contrast to visible
or infrared transfer in clouds, this is a good approxi-
mation for computing microwave transfer in cirrus
clouds. The small optical depth of cirrus clouds at mi-
crowave frequencies means that the spatial inhomo-
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geneities present in the clouds are averaged out over
the footprint of the sensor. If thermal emission is the
only source of radiation in a plane-parallel geometry,
then the radiation field is azimuthally symmetric, and
of the four Stokes parameters that describe the polari-
zation state of the radiation only / and Q are nonzero.
Spatial variability below the cirrus cloud would cause
azimuthal asymmetry in the upwelling radiation, but
we expect this to have only minor effects. Use of the
vertical -horizontal polarization basis is more common
in the microwave radiometer field. The two polariza-
tion bases are simply related by Iy = (I + @)/2 and I,
= (I — @)/2, where the I Stokes parameter is the total
intensity of radiation and Q is proportional to the dif-
ference between the vertical and horizontal polariza-
tions.

The Planck function relates the emission from a
blackbody to its temperature,

Cy
Nlexp(c/AT) — 1]

where B(T) has units of W m~2 ster™! cm™, T is the
temperature in Kelvin, \ is the wavelength in centi-
meters, ¢, = 2hc? = 1.1911 X 10" W m~2 sr ! cm?,
and ¢, = hc/k = 1.4388 K cm. In the microwave ra-
diative transfer field the Rayleigh—Jeans approxima-
tion is often used. This approximation relates the
Planck function linearly to temperature, B(T') ~ ¢,T/
(c:\*), and allows the radiative transfer to be calcu-
lated directly in terms of brightness temperature. In this
work, however, the Rayleigh—Jeans approximation is
not used because of substantial deviations from the
Planck function at the high frequencies considered.

After the radiative transfer computation, the 7 and Q
radiances are converted to vertical and horizontal po-
larizations and expressed in terms of brightness tem-
peratures. There are two ways to convert from a radi-
ance ( Iy ) to a brightness temperature. One is to invert
the Planck function,

B(T) =

' Cz)\_l
ln[l + C1/2)\51V/;1] ’

Teps =

giving the equivalent blackbody temperature. We can
compare this temperature to the temperature derived
under the Rayleigh—Jeans approximation, namely

2C2

TRJ = )\41‘//1.1.
Cy

These two different ways of computing the brightness
temperature may be related by expressing the equiva-
lent blackbody brightness temperature in terms of the
Rayleigh--Jeans brightness temperature as

c, 1/(ec\ 1
Tews ~ T + 2 — = [ 2) =.
EBB RJ (2)\> TRJ

This implies that to first order the difference between
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equivalent blackbody and Rayleigh—Jeans brightness
temperature is a constant that depends on \. For the
frequencies considered here this constant offset varies
from 2.05 K at 85.5 GHz to 8.21 K at 340 GHz, so the
distinction between the two types of brightness tem-
peratures is significant. However, the discrepancy be-
tween Tgpp and Ty, is insignificant even at 340 GHz
when dealing with brightness temperature differences,
because the constant offset cancels. Radiometer cali-
bration procedures that assume the Rayleigh—Jeans ap-
proximation rely on this offset cancellation. For this
work the equivalent blackbody brightness temperatures
are used exclusively.

The monochromatic plane-parallel polarized radia-
tive transfer equation with azimuthal symmetry is

di(z, p)
Par

- K(z, wl(z, p)

1
- 27rf 1 M(z, p, p")I(z, p')dp’

—o(z, WBIT(2)], (1)
where, 1 is the vector of I and Q Stokes parameters, M
is the 2 X 2 scattering matrix, K is the 2 X 2 extinction
matrix, o is the emission vector, B(T) is the Planck
function of temperature, z is the height coordinate, and
 is the cosine of the zenith angle (x > 0 downward).

The scattering matrix M, extinction matrix K, and
the emission vector o for particles are computed using
the discrete dipole approximation as described in Part
I. These three quantities are related by

K(u) =2n f_l M(p, p)dp' + o(p),

which is a normalization condition that is checked in
the DDA code to assure that the discrete angles are
adequate to represent the scattering matrix. For a purely
gaseous atmosphere, the extinction matrix is diagonal
[Kiu(p) = Koo(u) = k], where k, is the absorption
coefficient, the emission vector is unpolarized [o,(u)
= k,, 0 = 0], and the scattering matrix is zero. For
layers containing both particles and gaseous absorp-
tion, the corresponding extinction matrices and emis-
sion vectors are added together.

The angular aspects of the radiance field are repre-
sented by discrete angles chosen according to Gaussian
or Lobatto quadrature schemes. The scaftering matrix,
extinction matrix, and emission vector are computed
by the DDA for a particular set of quadrature angles
that the radiative transfer program then uses. For N
quadrature angles per hemisphere (0 < p < 1) the
radiance field at a particular z level for the * (down-
welling/upwelling) hemisphere is represented by the
vector I: = (11, Ql, Ty, IN, QN)-
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b. Adding—doubling polarized model

The doubling and adding method is a relatively stan-
dard way of integrating the radiative transfer equation.
Since Evans and Stephens (1991) described the appli-
cation of the doubling—adding model to the solution of
(1), only a brief account of the model is presented here.
The method requires the atmosphere to be broken down
into a number of layers, each with vertically uniform
scattering and absorption properties. The temperature
structure of a layer is specified by the temperatures at
the top and bottom, and a linear gradient in Planck
function across the layer is assumed. The doubling—
adding method is based on the interaction principle that
casts radiative transfer in terms of the reflection R and
transmission T matrices and source vectors S for a
layer. These properties (R, T, S) of the layer relate the
radiation incident upon a layer linearly to the radiation
exiting the layer. The matrices are defined for an infin-
itesimally thin layer of thickness Az using a discrete
finite difference form of (1) leading to

A

+ Z
IT_Iiji’j’ = [5:'1"5,'," - Tl— (6jj’|K(t/-‘/j)|ii’
j

= 27wy | M( 2y, tlj’j')lii'):'

. Az _
IR"Iiji'j’ =2 7 Wj"M(iHj, +#j')'ﬁ'

7

. Az
Is_lij = _M_ |G(i#j)|,~B(T),

¢l

where the j are the quadrature angle index, the i are the
Stokes parameter index ({ = 1, 2 for I and @), the
primes indicate incident radiance directions, the y; are
the quadrature angles and w; are the quadrature
weights, and the § are Kronecker 6.

From the interaction principle, the properties (T, R,
S) of the combination of two adjacent layers can be
derived in terms of the individual layer properties.
When these layers are vertically homogeneous, that is,
when the properties (T, R, S) are the same, the com-
position rules can be applied repetitively to build up
the properties of a layer of any desired thickness. A
final layer thickness of 6z requires n doubling steps
starting from a layer thickness of Az = 27"§z. Since it
is desirable to have the thermal source (i.e., tempera-
ture) vary with depth within a homogeneous layer, we
use an extension due to Wiscombe (1976) of the simple
doubling formulas for sources that vary linearly with
optical depth. If a layer has no scattering, then doubling
is bypassed by directly computing the T, R, and S prop-
erties of the layer. The composition formula for two
layers with different properties (the adding formula) is
used to build up the T, R, and S properties of the
whole atmosphere from the properties of the separate
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homogeneous layers computed with the doubling for-
mulas.

The surface boundary is treated as a layer with a
transmission of unity, the appropriate reflection, and no
source term. The radiation emitted from the surface is
then the incident radiation on the lower boundary. The
model incorporates two types of surfaces: Lambertian
and Fresnel. The Lambertian surface emits and reflects
isotropic and unpolarized radiation. The Lambertian re-
flection matrix and emitted radiance vector are

IRngij'i’ =2(1 - E)Wj’ﬂj"si,l’ IIg_ |ji = €B(T)5i.1-

where € is the surface emissivity. The Fresnel surface
is used to model flat water surfaces at microwave fre-
quencies. The incident radiation is reflected specularly
so the incident zenith angle equals the reflected zenith
angle. The horizontal polarization is reflected differ-
ently than the vertical polarization according to the
Fresnel reflection formulas (giving Ry and Ry) for a
vacuum—dielectric interface. The Fresnel reflection
matrix and emission vector are then

|Rg|jj'

1 1

E(IRVIZ + | Rul?) E(IRVIZ_ | Ry |?
1 1 i

VAR = [RaD LRI + | Ral?

1
I*E(IRV|2+ | Ru|?)

[0 1= B(T),

1
~ LRI = |Ral)

where the reflection coefficients are at the angles u

My - .

This polarized radiative transfer model for oriented
particles was tested by comparison to the model for
randomly oriented particles for an atmosphere contain-
ing spherical ice and water drops and gave identical
outgoing brightness temperatures. The radiative trans-
fer model was not specifically tested for oriented par-
ticles.

3. Modeling preliminaries
a. Radiative transfer modeling setup

Upwelling polarized microwave intensities are com-
puted for cirrus clouds containing the various particle
shapes and size distributions as specified in Part 1. To
simulate a range of conditions, the cirrus clouds are
placed in tropical and midlatitude winter model atmo-
spheres. The tropical (midlatitude) atmosphere has
80% (60%) relative humidity throughout most of the
troposphere. The microwave absorption is computed
using the MPM92 model of Liebe et al. (1993). Figure
1 shows the profiles of temperature and dewpoint with
height for the two model atmospheres, as well as the
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transmission to space as a function of height for the
four frequencies considered. In the tropical atmosphere
only 85 GHz has significant contribution from the sur-
face, while even in the very dry midlatitude winter at-
mosphere 340 GHz is substantially opaque. This is im-
portant for the potential application of these higher-
frequency channels to the study of cirrus, as the
contribution from the underlying surface, usually
highly variable and not well known, is negligible. The
transmission approaches unity quickly with height in
the lower atmosphere, as a result of the rapid decrease
of the atmospheric moisture content with height. So at
typical heights of cirrus clouds there is little absorption
in and above the clouds at these microwave frequen-
cies.

The polarized plane-parallel multistream model de-
scribed above is used to simulate the upwelling radi-
ance from cloudy and clear atmospheres. The atmo-
sphere is divided into 20 layers 1.0 km thick that are
homogeneous in scattering and absorption properties.
The cirrus-cloud layer is 3 km thick and placed at the
top of the troposphere [ from 9 to 12 km in the midlat-
itude atmosphere (226—219 K) and from 14 to 17 km
in the tropical atmosphere (210—-195 K)]. The particle
concentration of the clouds and hence the IWC is ad-
justed for each case so that the nadir brightness tem-
perature depression is 2.0 K for the tropical profile over
land. This is done so the change in radiance is small
enough to keep the radiative transfer in the linear re-
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TABLE 1. The ratio of the cosmic background radiation to Planck
emission at a typical atmospheric temperature.

Frequency (GHz) B(2.7)/B(270)
Rayleigh~Jeans 0.01000
85.5 0.00429
157.0 0.00185
220.0 0.00081
340.0 0.00015

gime yet large enough so the change in brightness tem-
perature can be accurately computed.

The radiative transfer simulations are carried out as-
suming both land and water surfaces because of their
marked contrast in microwave radiometric properties.
The land is modeled as a Lambertian surface with a
constant emissivity of 0.95. The water is modeled as a
flat, dielectric, Fresnel refiecting surface with the index
of refraction of water varying with frequency and tem-
perature (Ray 1972). The skin temperature of the sur-
face is the same as the bottom of the atmosphere (300
K for tropical and 272 K for midlatitude winter). The
cosmic background radiation from above is ignored be-
cause at the high microwave frequencies considered
here it is insignificant. Table 1 supports this assertion
by showing the ratio of the Planck function at 2.7 K to
that at 270 K. For the frequencies considered, the 2.7
K blackbody ‘curve departs from the Rayleigh—Jeans
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FiG. 1. Temperature, dewpoint, and transmission profiles for the two model atmospheres.






