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ABSTRACT

In this paper we demonstrate that the anomalous diffraction theory of van de Hulst \jlith some modifications,
provides a reasonable approximation of the volume extinction and absorption coetﬁcne_nts: We also show how
the shortwave radiative properties of a water cloud can be derived in terms of 1) cloud liquid water pat_h, 2) the
effective radius of the droplet distribution, and 3) the bulk absorption coefficient of water. With the aid of the
approximate diffraction theory we describe how cloud albedo and shortwave absorptiqn depend on thq drop}et
size. We demonstrate this dependence to be somewhat compléx and show that the variation o( gbsor_pnon with
variation of droplet size depends also on the cloud liquid water path. For “deep” or sem:-m!imte clquds,
absorption increases monotonically with increasing effective radius, but the reverse dependence is at'at.)l;shed
for thin clouds. The implications of these results to the so-called absorption paradox and to the possibility of
dJetermining droplet size information from remotely measured reflectance spectra are also discussed.

1. Introduction

There has been a certain amount of recent discussion
in the literature concerning the relevance of cloud mi-
crophysical properties (specifically droplet size) to the
gross radiative properties of clouds. Stimulated by the
so-called “shortwave absorption paradox™ (Reynolds
etal., 1975; Herman, 1977; Stephens et al., 1978; Ack-
erman and Cox, 1981), particular emphasis has focused
on the effects of very large droplets on cloud shortwave
absorption (e.g., Wiscombe et al., 1984; Welch et al,,
1980; and implied in the work of Twomey and Bohren,
1980). This research has created a certain amount of
confusion regarding the likely effect of large droplets
on the cloud shortwave absorption. Under some con-
ditions, the absorption is either decreased or largely
unchanged by the introduction of large droplets (Wis-
combe et al., 1984) while other analyses indicate a
monotonically increasing absorption with increasing
drop size distribution. (For example, Twomey and
Bohren derive a square root dependence on particle
size.)

The purpose of the research reported in this paper
is twofold. We consider the effect of droplet size dis-
tribution on the shortwave absorption and reflection
of water clouds, and we also demonstrate the utility of
the anomalous diffraction theory of van de Hulst (1957)
as a means of parameterizing the single scattering
properties of clouds. The connection between these
seemingly unrelated objectives is realized in sections 5
to 7, in which the approximation is used to describe
cloud radiative properties as a function of the effective
droplet size. These relationships are then used to assess
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the effects of droplet size on the reflection and absorp-
tion of solar radiation by cloud layers.

The motivation for the second stated objective stems,
in part, from those class of problems that desire to
couple radiative transfer in a realistic but simplified
manner to some other physical process such as the dif-
fusional growth of water or ice particles in the atmo-
sphere (Roach, 1976; Barkstrom, 1978; Stephens,
1983), or perhaps even to a multitude of processes such
as in climate models. For applications such as these,
the theory of light scattering by particles is of such
overall complexity that the use of exact scattering so-
lutions (if they even exist) is impractical. As a substitute
to these rigorous solutions, we propose to use van de
Hulst's anomalous diffraction relations to approximate
the extinction efficiencies for cloud droplets and then
incorporate these into a multiple scattering model in
order to derive spectrally integrated cloud shortwave
absorptance and albedo.

Section 2 contains a brief account of anomalous dif-
fraction theory and is followed in section 3 with some
comparisons of this approximate theory to Mie theory.
These comparisons are then used as a basis for modi-
fying the ADT to provide improved agreement with
Mie theory. In section 5, this modified theory is applied
to a polydisperse cloud model and we demonstrate it
not only to be a useful approximation to Mie theory
but also to offer a certain amount of insight in the
effect of cloud droplet size distributions on absorption.
This section is then followed by examples of the simple

. theory which is applied in a two-stream model of mul-

tiple scattering. The utility of the diffraction theory is
then demonstrated in sections 6 and 7 by considering
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the problem of reflection and absorption of clouds of
varying microphysics.

2. Anomalous diffraction theory

The anomalous diffraction theory (hereafter referred
to as ADT) of van de Hulst (1957) was primarily de-
veloped to obtain the extinction of particles in inter-
stellar space. Since then the theory has been applied
to describe the scattering properties of many different
types of particles. For example, Latimer (1983) and
Bricaud and Morel (1986) used the theory to account
for scattering of biological particles. Petrushin (1983)
made use of the theory to study the extinction of in-
frared radiation by ice plates and cylinders while Bark-
strom (1978) employed it to describe the extinction of
8~12 um radiant energy by water drops. Napper (1966)
employed the approach to study the light scattering by
a colloidal dispersion of cubes and the theory has also
been applied extensively to the problem of remote
sensing of particle size distributions (e.g., Shifrin and
Perelman, 1965; Perelman and Shifrin, 1978; Fymat
and Smith, 1979; Smith, 1982).

While van de Hulst’s original developments dealt
with absorbing and nonabsorbing spheres and non-
absorbing cylinders, the theory has been extended to
study more complex particle structures {e.g., Latimer,
1984a,b; Khlebtsov and Shchegolev, 1977). The po-
tential application of the theory to scattering by non-
uniform, nonspherical particles that occur in the at-
mosphere therefore seems obvious.

The anomalous diffraction approximation is based
on the premise that the extinction of light by a particle
is primarily a result of the interference between the
rays that pass through the particle with those that do
not (Fig. 1). This interference takes place at some point
far from the particle and gives rise to extinction. Ab-

\'%

FiG. 1. Geometry of scattering by a large sphere with refractive
index near 1. The solid ray passing through the sphere represents
anamolous diffractions theory (ADT), while the broken ray describes
the ray path for the modified theory (MADT).
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sorption occurs when the amplitude of the wave passing
through the particle is reduced.

The diffraction approximations so deduced by van
de Hulst are thus based on the two assumptions:

1) Im—-1]<1

where m is the complex refractive index of the particle
(the index of refraction of the surrounding medium is
1), and

2) x=2rxr/A> L.

where r is some characteristic dimension of the particle
and X is the wavelength of the impinging wave.

The first assumption states that the refraction and
reflection of the ray passing through the particle are
negligible. The second assumption enables one to trace
the wave, in the form of a ray, through the particle.
Thus, ADT is most applicable to particles with 77 ~ 1
(so called “soft particles™) and with a characteristic di-
mension exceeding the wavelength of the incident ra-
diation.

Employing van de Hulst’s original notation, the ef-
ficiency factors for extinction and absorption are

Q= 2= 4L 5in(p— )

- 4e“"‘““ﬂ(C(;sﬂ) cos(p — 26) + 4(c(;sﬂ) cos2f (1)
and :
_ ok axk )
Qabs =1+ + 8(Xk)2 ° ( )

For m real, p is the phase lag suffered by a wave passing
along the diameter of the particle. That is

_4xr(m—1)
x 2

and so for a nonabsorbing sphere, Q.. reduces to

©))

4sinp = 4(1 —cosp)
Qext =2- + 3 .
P P
For m complex (m = n — ik), the phase lag is also
complex

4

= p(1 —itanB) )

where now the real part of p* represents the change in
phase between the waves while the complex part rep-
resents a damping, and thus absorption, of the wave
amplitude. In this formulation it is convenient to in-
troduce the angle B to characterize the strength of the

absorption:
6= tan"( ’_‘1)

Figure 2 is presented for reference, showing 8 as a
function of A for water. For the most part, at solar

(6)
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FIG. 2. The angle 8 as a function of wavelength for water.

wavelengths water is represented by very smail values
of 8.

3. The range of validity of ADT

The range of validity of the ADT for scattering by
individual spherical particles has been discussed at

length by several investigators. Most of these studies

have focused on errors in (., as compared to Mie
theory. For example, Farone and Robinson (1968)
show 15%, 50%, and 100% error contour diagrams of
Q. Within a portion of the m — x domain. Other com-
parisons can readily be found in the literature for the
case of scattering by single particles (e.g., van de Hulst,
1957; Kerker, 1969). Much of the large discrepancy
that occurs between the approximate and exact theo-
ries, at least for values of m typical of liquid water at
solar wavelengths, can be attributed to the lack of ripple
structure on the extinction curves derived from the
diffraction theory. For a volume containing a distri-
bution of particle sizes these differences will be reduced
substantially, thus extending the validity of the dif-
fraction approximation in the m — x domain..

At this point, we choose to use the particle size dis-
tribution which is represented by the modified gamma
distribution (Hansen and Travis, 1974). The likely ef-
fect of assuming different size distributions is investi-

gated in section 5 and, as will be shown, the results
presented here are representative of other distributions.

The analytic size distribution 7(r) represented by a
modified gamma distribution is

wr) = Nor[(l—3b)/b]é—r/ab ()

where Nj is the total number of particles per unit vol-
ume. The averaged efficiencies are defined as

fo D Qondr

Do = 7, @®
fo ® A Qunedr

Qo =7, ©)

where G is the cross-sectional area of the distribution:

G= WJ; w(Nridr.

Other parameters relevant to the following discussion
are the effective radius r.:

J; wWnridr
re=—m———=a,

f B n(ryridr
0

(10)

(1)
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and the effective size parameter, x, = 2xr,/A. The pa-
rameter b represents the variance of the distribution
about r, and was assigned a value of 0.1 in deriving
the results shown later. These results, in fact, are not
strongly sensitive to the value of # (Hansen and Travis,
1971) provided that b > 0.

Figures 3 and 4 present error contours of Q.,; and
O,s Within the ranges of the |m| — x. domain indicated.
Results for 8 = 0° (no absorption), 8 = 0.2° (weak
absorption) and 8 = 30° (strong absorption; somewhat
typical of carbon) are shown. The errors indicated in
these diagrams are considerably smaller than those for

B=30°

30

20
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single particles. The error for cloud water droplets (0
< B < .2) is typically less than 10% for Q. and ap-
proximately 30% for Q.. By virtue of assumption 2
previously mentioned, we would expect these errors to
reduce as x. increases.

4. Some modifications to the ADT
a. Corrections for edge effects

If we confine our interest to large x., then it is ap-
parent that while the ADT gives the correct asymptotic
limit of Qe as x. —> oo, the rate of approach to this

B=0°

10 1.2 4 16 1.8
imi

2.0

F1G. 3. Error contour diagrams for the averaged extinction effi-
ciencies, calculated from anomalous diffraction theory, as a function
of effective size parameter and index of refraction for three different
values of 8. Unshaded regions agree with Mie theory to within 2.5%.
Lightly shaded regions agree with Mie theory to within 10%, while
dark shaded regions represent errors greater than 30%. The medium
shade depicts errors in the range 10%-30%.






