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ABSTRACT

This study builds upon the microphysical modeling described in Part I by deriving formulations for the
extinction and absorption coefficients in terms of the size distribution parameters predicted from the micro-
physical model. The optical depth and single scatter albedo of a cirrus cloud can then be determined, which,
along with the asymmetry parameter, are the input parameters needed by cloud radiation models.

Through the use of anomalous diffraction theory, analytical expressions were developed describing the ab-
sorption and extinction coefficients and the single scatter albedo as functions of size distribution parameters, ice
crystal shapes (or habits), wavelength, and refractive index. The extinction coefficient was formulated in terms
of the projected area of the size distribution, while the absorption coefficient was formulated in terms of both
the projected area and mass of the size distribution. These properties were formulated as explicit functions of
ice crystal geometry and were not based on an ‘‘effective radius.”’

Based on simulations of the second cirrus case study described in Part I, absorption coefficients predicted in
the near infrared for hexagonal columns and rosettes were up to 47% and 71% lower, respectively, than absorp-
tion coefficients predicted by using equivalent area spheres. This resulted in single scatter albedos in the near-
infrared that were considerably greater than those predicted by the equivalent area sphere method. Reflectances
in this region should therefore be underestimated using the equivalent area sphere approach.

Cloud optical depth was found to depend on ice crystal habit. When the simulated cirrus cloud contained only
bullet rosettes, the optical depth was 142% greater than when the cloud contained only hexagonal columns. This
increase produced a doubling in cloud albedo. In the near-IR, the single scatter albedo also exhibited a significant
dependence on ice crystal habit. More research is needed on the geometrical properties of ice crystals before the
influence of ice crystal shape on cirrus radiative properties can be adequately understood.

This study provides a way of coupling the radiative properties of absorption, extinction, and single scatter
albedo to the microphysical properties of cirrus clouds. The dependence of extinction and absorption on ice
crystal shape was not just due to geometrical differences between crystal types, but was also due to the effect
these differences had on the evolution of ice particle size spectra.

The ice particle growth model in Part I and the radiative properties treated here are based on analytical
formulations, and thus represent a computationally efficient means of modeling the microphysical and radiative
properties of cirrus clouds. Although phase functions and asymmetry parameters for different ice particle shapes
are not treated here and need to be better characterized, this work may advance our ability to simulate complex
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microphysical and radiative processes in large-scale models.

1. Introduction

Much of the work in modeling the radiative prop-
erties of cirrus clouds has been frustrated by an in-
ability to predict the microphysical properties from
which the radiative properties are predicted. It is ev-
ident from Mitchell (1994, henceforth referred to as
Part I)) that the evolution of ice particle size spectra
has the potential of being predicted from environ-
mental parameters. With this information, the area of
the actual size distribution may be predicted, which
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is vitally important in determining radiative proper-
ties.

However, this alone may not adequately characterize
the radiative properties of cirrus clouds, since even
when measured ice particle size distributions were used
to calculate cloud reflectance using Mie theory, the re-
fiectance or albedo from satellite and aircraft measure-
ments was significantly greater than those predicted
from theory (Curran and Wu 1982; Wielicki et al.
1990; Stackhouse and Stephens 1991). This fact has
led many researchers to speculate that cirrus clouds
contain very high concentrations of ice crystals too tiny
to detect, since using a small effective radius would
often create better agreement between predicted and
observed reflectance or albedo. However, another pos-
sibility exists, which is that nonspherical properties of
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ice particles may produce albedos greater than pre-
dicted by Mie theory using equivalent area spheres. It
has been shown by Sassen and Liou (1979), Pollack
and Cuzzi (1980), Volkovitskiy et al. (1980), Kinne
and Liou (1989), and Takano and Liou (1989) that
nonspherical particles produce less forward scattering,
resulting in lower asymmetry parameters, than do
spherical particles with equivalent projected areas for
geometric optics. These differences in the scattering
phase function will tend to yield greater reflectances
relative to spherical particles. The single scatter albedo
in these studies was also found to be greater for ice
particles than for ice spheres with equivalent projected
areas. This indicates that less radiation is absorbed by
ice crystals than ice spheres with equivalent projected
area,-and that more incident radiation is scattered for
the ice crystals. Increased side scattering and larger sin-
gle scatter albedos for ice particles relative to equiva-
lent area spheres could at least partially explain the dis-
crepancy between predicted and observed reflectances
in cirrus clouds.

In this work, a theoretical method using anomalous
diffraction theory is presented in sections 2 and 3 for
calculating the absorption and extinction coefficients,
from which the optical depth and single scatter albedo
are calculated. Uncertainties in formulating the absorp-
tion and extinction coefficients are discussed in section
4. In sections 5 and 6, the radiative properties of the
second case study discussed in Part I are modeled and
compared with those properties predicted by the con-
ventional treatment using equivalent area spheres. The
dependence of the radiative properties on ice crystal
habit is evaluated. Future research needs are addressed
in section 7, and major conclusions of this study are
presented in section 8.

2. Parameterization of the absorption coefficient

The absorption and extinction coefficients, B.,s and
Bext, can be expressed in terms of the size distribution
parameters, wavelength, and refractive index using
anomalous diffraction theory, henceforth referred to as
ADT (van de Hulst 1981, chapter 11). This approach
was also used by Ackerman and Stephens (1987), Ste-
phens et al. (1990), and others to reduce the computer
time associated with Mie theory and numerically inte-
grating over size distributions when calculating S and
Baps- The theory requires that particles are large (x> 1)
and that |n — 1| < 1, where x is the size parameter
(2nr/ A, where r is radius and A is wavelength) and n
is the complex index of refraction. However, ADT per-
formance for x < 1 is similar in accuracy to that ob-
tained for large x (Stephens 1984).

In previous treatments involving the calculation of
extinction and absorption coefficients from microphys-
ical measurements in cirrus clouds, equivalent area
spheres are usually assumed in order to preserve the
measured size distribution projected area and still use
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Mie theory, which requires spherical particles. This
should render more accurate values for g.,,, which is
roughly equal to twice the actual projected area for
measured ice particle sizes. However, the use of equiv-
alent-area spheres is also applied to B.. At wave-
lengths exhibiting weak to moderate absorption, B,
depends on the distance radiation travels through ice
(i.e., density of 0.92 g cm™), and not the projected
area of an ice particle (Bryant and Latimer 1969; Pol-
lack and Cuzzi 1980). This can cause problems since
an equivalent area sphere will overestimate the ice par-
ticle’s mass and the distance radiation travels through
ice, thus overestimating [3,,s. Most of the near-infrared
is characterized by weak to moderate absorption. Since
the single scatter albedo is given as

lB abs

we=1—-——,
’ Bex
overestimating [, will underestimate wy. A new for-
mulation for 3,,; appropriate for ice crystals is therefore
desirable.
As discussed in Bryant and Latimer (1969), the ab-
sorption efficiency in ADT can be expressed for irreg-
ular particles as

(1)

1
Qabs = ;J‘ [1 — exp(—47n;d)/A)]dP, (2)

where P is the projected area of the particle, n; is the
imaginary part of the index of refraction, A is the wave-
length, and d, is the pathlength straight through the par-
ticle for a given dP. They discuss that the effective
distance over which absorption occurs when radiation
passes through a particle is simply the particle’s volume
divided by its projected area. That is, the effective dis-
tance d, is defined as d, = V/P, V being volume. This
relationship is extremely useful in describing absorp-
tion by irregular shaped particles, as will be demon-
strated. It is similar in concept to the effective radius
for cloud droplets, but describes a single particle (not
a size distribution) and is an explicit function of par-
ticle shape. For a randomly oriented particle tumbling
through space,

Qus = 1 — exp(—4mn;d./A), 3)
or
Qs = 1 — exp(—4nn;V/PA). (4)
The corresponding absorption cross section is
_47rn,'V
Ca.,s—P[l—exp< AP )] (5)

When n; is relatively large, the exponential term is neg-
ligible and C,, = P since radiation is absorbed over a
thin surface layer. When »; is relatively small, the volume
dependence of (5) can be demonstrated by substituting
the exponential term with its series expansion to yield
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Fi6. 1. The curve indicates the distance radiation penetrates into
bulk ice to produce an attenuation of 1/e, as a function of wavelength.
For a given ice crystal effective distance, d., regions of the curve
> d, correspond to wavelengths where absorption is primarily mass
dependent. Where the curve is <d,, absorption is primarily area de-
pendent. A d, value of 100 ym is shown as an example, in which
case absorption becomes mostly area dependent at penetration depths
below the dashed line.

47rn,«V 47rn,-V
Cabs=P[1 - (I_T) - ] ~— - (6)
Higher-order terms (not shown) have a negligible in-
fluence on C,, since n; and the exponential term are
relatively small (i.e., n; < 107 for D ~ 100 um, A
~ 2 pm). Hence, (5) satisfies the requirement that
strong absorption be area dependent and weak absorp-
tion be volume (or mass) dependent. This dual depen-
dence of absorption is illustrated in Fig. 1, which shows
the 1/e penetration distance of radiation into bulk ice
(p: =0.92 g cm™3). The dashed line shows at which
wavelengths absorption is primarily mass dependent
and area dependent for an ice crystal having an effec-
tive distance, d,, of 100 pm.

The accuracy of ADT relative to Mie theory will first
be discussed in section 2a. To calculate 5, from (5),
P will be parameterized for ice crystal habits common
in cirrus clouds in section 2b. In section 2¢, V and d,
will be parameterized for these crystal types. Analytical
expressions giving absorption coefficients for different
ice crystal types are derived in section 2d.

a. Accuracy of ADT

The assumption is made here that ADT is equally
valid for both spherical and nonspherical particles. This
has been demonstrated for the case of cylinders (Ste-
phens 1984). Therefore, an assessment of its validity
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for spheres is assumed to pertain to nonspherical par-
ticles as well.

At wavelength between 0.18 and 1.00 pm, absorp-
tion is negligible so that Q.,, ~ 2 and Q.,s =~ 0. To
determine how accurate this approach was for spherical
particles at longer wavelengths, the Qex, Qubs, and wy
predicted from ADT were compared with those cal-
culated from Mie theory. The calculation of Q. for ice
spheres is described in van de Hulst (1981) and in sec-
tion 3b, while Q,,, was obtained from (4) as

Qus = 1 — exp(—8nn; D;/3A), (7)

where D, is the diameter of an ice sphere (p; = 0.92
g cm™>). Refractive indexes for ice were taken from
Warren (1984). Reasonably good agreement was
found up to A = 2.7 um, as shown in Fig. 2, where
Mie theory predictions are given by the dashed line. It
is noteworthy that for 1.4 < A < 2.7 ym, Q. and wy
cannot be estimated well by assuming Qs = 1 or 0
over size ranges typical of cirrus clouds, as illustrated
in Fig. 2. Typical equivalent mass sphere mean diam-
eters were around 150 um for the two case studies of
Part 1. At longer wavelengths accuracy decreases, as
shown in Fig. 3. :

Ackerman and Stephens (1987) demonstrated that
differences between ADT and Mie theory are reduced
considerably by integrating over cloud droplet size dis-
tributions. Defining the size parameter x in terms of the
effective radius of the size distribution, they found that
over the x—n domain where 1 < x < 30 and 1 < n
< 2, the error in Q. predicted by ADT for cloud drop-
lets was typically <10%. The error was about 30% for
Q.. for weak absorption and between about 8% and
30% for strong absorption. It is for this range of x that
ADT performs worst. Since ice crystals are usually

Radiative Properties

Diameter (um)

FiG. 2. Comparison of ADT (solid lines) with Mie theory (dashed
lines) for ice spheres at a wavelength of 2.62 um. Plotted are extinc-
tion (Q.y) and absorption ((Q.) efficiencies, and the single scatter
albedo (wp).-
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FiG. 3. As in Fig. 2 but using a wavelength of 10.0 ym.

larger than cloud droplets, ADT should perform better
for ice crystals.

Since both Q. and Q,, tend to be underestimated
by ADT, the error for wy is not as large. From plots
similar to Figs. 1 and 2, we compared ADT with Mie
theory for ice spheres using a variety of wavelengths.
Error for w, was 6% for A < 2.7 ym, and <12% at
longer wavelengths such as in the thermal IR. When wy
is calculated from extinction and absorption coeffi-
cients (which are calculated from size distributions),
the difference between wy calculated from Mie theory
and ADT may be even less, especially in the thermal
IR (Flatau 1992; Flatau et al. 1992). Thus, ADT values
for wy and B,y should be sufficiently accurate for many
applications when averaged over size distributions,
which along with the scattering phase function (or
asymmetry parameter) are the radiative properties
needed in radiative transfer models for solar radiation.

b. Projected areas for ice crystals

A number of expressions exist from which P and V
can be estimated to yield d,.. The problem is that these
expressions were often developed by different inves-
tigators using different methods under different con-
ditions, and scatter in the data from which they were
derived can often lead to significant differences be-
tween two expressions for the same ice crystal habit
[i.e., mass—dimensional relationships for a given crys-
tal habit may vary from study to study; see Mitchell et
al. (1990)]. It is therefore desirable to use expressions
derived from the same dataset so that the expressions
for V and P are self-consistent. This was done here by
using the geometrical relationships of Auer and Veal
(1970) for columns and plates, and by using the geo-
metrical relationship in Iaquinta and Personne (1992)
for bullet rosette ice crystals.
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1) CoLumNs

Using the data in Fig. 8 of Auer and Veal (1970),
the diameter and length of column ice crystals, d and
L, can be related as

d = 0.0696L°5, (8)

where L = 100 gm and units are in centimeters. This
expression is slightly different from their expression for
L > 200 pm, and applies to smaller sizes common in
cirrus clouds. Equation (8) fits their data essentially as
well as their reported expression for 100 < L < 1000
um. For columns < 100 pm, the following relationship
describes their data well:

d = 0.700L'*, (9)

where the exponent of 1.0 indicates that the column
aspect ratios are fairly constant (Mitchell et al. 1990).
Both columns and plates tend to have aspect ratios near
unity at these small sizes, having relatively compact
shapes.

Takano and Liou (1989) give an expression for the
projected area of randomly oriented hexagons. For-
mulating their expression such that d = al®, the
projected area of a column is given as
33nazl{Zb + sz+1

P, =
ol 16 4

(10)

2) HEXAGONAL PLATES

For plates > 20 um, Auer and Veal relate the thick-
ness k to the maximum dimension D (i.e., diameter) as

h = 0.01263D%*, (11)

where units are centimeters. The projected area P is
expressed for randomly oriented hex-plates via Takano
and Liou (1989) as

33/2 3a

pul— D2 4+ = Db+l
16 4 ’

where a and b are given by (11).

Ppla = (12)

3) BULLET ROSETTES

The projected area of a rosette crystal will be esti-
mated in two ways for two different types of rosettes.
Although rosettes are referred to as a single type of ice
crystal, they vary in the number of branches they pos-
sess, which affects their radiative properties. First con-
sidered are bullet rosettes with 11 branches, followed
by an analysis of rosettes with 5 branches.

A cirrus cloud primarily comprising column rosette
ice crystals for D > 150 pym was sampled during a
Lagrangian descent on 22 November 1992, as part of
the First ISCCP Regional Experiment (FIRE II). Ice
crystal habits were determined from Formvar replicator
images, where the smallest detectable size was about
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10 um (Hallett 1976). Replicator sampling occurred
from cloud top (—52°C) to cloud base (—40°C). To
estimate the projected areas of the ice particles sam-
pled, area—dimensional relationships were generated
from the 2D-C probe data, where 20 049 ice particles
were sampled. An ice particle in the probe’s laser beam
casts a shadow over the photodiodes comprising the
detector, which record a pixel image of the particle’s
projected area. By summing the shadowed pixels for
each ice particle, it was possible to determine the max-
imum dimension and projected area of each particle.
The results are described in Arnott et al. (1994), and
Fig. 7 of that paper is shown here as Fig. 4, where the
number under each data point indicates the number of
ice particles analyzed to produce the data point. The
horizontal bars indicate the size range and the vertical
bars indicate the range of projected area encountered
at a given data point, which gives the mean projected
area.

Ice particles with D < 150 ym were primarily col-
umns and plates. Ice particles with D > 200 um were
almost entirely column rosettes with an occasional col-
umn. Between 150 and 200 pm, columns, plates, and
rosettes were present. We estimated from ice crystal
replicator data that on average, there were about 11
branches per rosette. Some of the branches might not
be counted using 2D-C probe images, since the repli-
cator can resolve much greater detail than the 2D-C
probe can. A fraction of the larger particles were ag-
gregates, although due to possible shattering of rosettes
when impacting the replicator film, it was difficult to
assess the degree of aggregation.

For ice crystals with 66 < D < 200 um, the follow-
ing power law fit the data well:

P, = 0.583D%%%, (13)

while for 200 < D < 500 pm, the data fit was best for
the expression

Pios = 0.0333D125%, (14)

where P, is the projected area of a column rosette and
units are in centimeters. Equations (13) and (14) es-
timate the projected area of columns/plates and column
rosette ice crystals, respectively, since these were the
dominant crystal habits at the indicated sizes.

The power of 2.0 in (13) follows Euclidian geom-
etry, and suggests that at these sizes, the growth rates
of the a and ¢ axes of columns or plates are directly
proportional to each other, producing a constant aspect
ratio. Although this exponent may partially result from
limitations in probe resolution, similar results were
found for columns by Auer and Veal (1970), where
the lengths of the @ and ¢ column axes were roughly
equal. Since a horizontally oriented column has pro-
jected area dL, (9) gives the projected area as

Pm]}, = 0.7OOL2'00, (15)
where L < 100 um. Considering that (15) gives the
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FIG. 4. Projected areas of ice crystals as determined by the 2D-C
probe during the 22 November 1991 cirrus flight during FIRE II. The
dashed line corresponds to hexagonal columns and plates, and is de-
scribed by the first power law (A;) at the top, while the solid line is
for column rosettes and is described by the second power law (4,).
The number of crystals sampled over each size interval (horizontal
bars) is indicated under each data point. Vertical bars indicate the
range in projected area for each data point.

maximum projected area, there is a strong similarity
between (13) and (15). Projected areas determined
from (13) for D < 200 ym and from (14) for D = 200
pm are compared with the projected areas for randomly
oriented columns (dashed line), using (10) with (9)
for D < 100 pgm, and (10) with (8) for D > 100 um,
as shown in Fig. 5. Projected areas for randomly ori-
ented columns agree well with those from 22 Novem-
ber 1992 for D < 150 pm, consistent with the obser-
vation of abundant columns at these sizes. At D > 200
um, column rosettes have a greater projected area than
do columns of the same size, although the ratio of their
areas decreases with increasing size.

The projected area of bullet or column rosette crys-
tals may also be approximated from the geometry of
their branches. Power law expressions relating the
width and length of a branch in a rosette were deter-
mined from 2D-C probe images of rosettes containing
four to five branches (Personne et al. 1991; Iaquinta
and Personne 1992). The data indicated the branch
length was about half the maximum dimension of a
rosette. As discussed in Part I, two expressions were
obtained corresponding to two different levels in a cir-
rus cloud. The expression most compatible with our Eq.
(14)is

d = 0.0765L°%, (16)
which is valid for 100 < L =< 500 um; units are in
centimeters. The projected area of a single rosette
branch may be calculated from (16) and (10), which
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FiG. 5. Projected areas for rosettes with 11 branches (solid line),
rosettes with 5 or 6 branches (long dashed lines), and hexagonal
columns (short dashed line) as a function of their maximum dimen-
sions.

corresponds to random orientation. The projected area
of a rosette may be approximated as

Pros = anb, (17)

where n, is the number of branches and P, is the pro-
jected area of a single, randomly oriented branch. Pat-
tial branch shadowing by other branches makes this
estimate a maximum projected area. However, if a ro-
sette has about six branches or less, this effect should
not decrease the estimated projected areas too severely.
The projected area of rosettes constructed in this way
with five and six branches are plotted in Fig. 5 by the
long-dashed lines. Since D for rosettes was about 2L,
(17) is applicable for 200 < D =< 1000 um. However,
projected areas calculated for 5- and 6-branch rosettes
were extrapolated down to 30 pm for comparison with
our Eq. (13) and the results of Auer and Veal (1970)
for columns. Rosettes as small as 25 pum have been
observed by Heymsfield and Platt (1984).

As noted in Part I, rosettes containing 5 branches
yield masses via (16) consistent with those measured
for rosettes in cirrus clouds. Based on this and obser-
vations that suggest that 5 branches are typical for ro-
settes (Krupp 1991; Miloshevich et al. 1992), the vol-
umes and projected areas determined here for 5-branch
rosettes appear to be realistic and representative.

The solid line in Fig. 5 for 11-branch rosettes (D
> 0.2 mm) roughly corresponds to the rosette con-
structs, depending on crystal size. It is a little surprising
that the projected areas predicted by (14) are not
greater, given the greater number of branches. Rosette
branches often appeared in clusters in this study, and
more shadowing by other branches should occur with
increasing numbers of branches in a rosette. These con-
siderations could partially explain the apparent discrep-
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ancy, although it is not clear why the change in pro-
jected area with crystal size predicted by (14) is not
similar to that of the rosette constructs. Clearly more
research is needed in this area.

c. Parameterization of ice mass volume and d,

In order to incorporate this new formulation of ADT
into an analytical expression for (., a relationship be-
tween the effective distance light travels within an ice
particle, d., and an ice particle’s maximum dimension,
D, needed to be established.

Ice crystal density varies due to hollow regions in
the crystal structure. For instance, hollow columns have
lower densities than solid columns. For weak to mod-
erate absorption, the amount of radiation absorbed de-
pends on the volume of ice in a crystal and not the
combined volume of ice plus hollow regions. To esti-
mate absorption accurately, volumes are based on the
density of pure ice, where p; = 0.92 g cm™. Note that
n; values, which determine Q.,, are based on pure
bulk ice. )

To determine d, for hexagonal columns and plates,
the geometric expressions of Auer and Veal (1970)
were used to calculate both V and P. The volume oc-
cupied by pure ice in a column is V = p_A,L/p;, where
A, is the area of a hexagon that is 0.65d? (Pruppacher
and Klett 1978), and the ice crystal density p, is given
by Heymsfield (1972) for columns. Using (8) for col-
umns = 100 um, this gives in cgs units

V = 0.00180L 9% (18)

For columns < 100 um, their volumes were calculated
from (9) to yield

V = 0.1823L%%%, (19)

For hexagonal plates, A, = 0.65D? and the volume
of a hex-plate was determined from (11) in cm® as

V = 0.00821 D24 (20)

This is the volume occupied by pure ice (Heymsfield
1972).

In the case of bullet rosettes, self-consistent values
of P and V could be obtained only from the geometry
of rosette branches as given by (16). A general ex-
pression for the volume of a rosette crystal is obtained
as the product of the number of branches and the branch
volume:

V = 7.942 X 10 *ny(p./ p: )D**, (21)

where D = 2L if L is branch length, p. is the density
of a bullet crystal (Heymsfield 1972), and units are cgs.
Thus, d. values may be estimated from (17) and (21)
for rosettes with n branches, provided the number of
branches is not so great that shadowing by other
branches becomes a problem.

Greater uncertainty exists regarding the calculation
of self-consistent P and V values for rosettes with 11






