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ABSTRACT

Current techniques for deriving cirrus optical depth and altitude from visible (0.65 pm) and infrared (11.5
um) satellite data use radiative transfer calculations based on scattering phase functions of spherical water
droplets. This study examines the impact of using phase functions for spherical droplets and hexagonal ice
crystals to analyze radiances from cirrus. Adding-doubling radiative transfer calculations are used to compute
radiances for different cloud thicknesses and heights over various backgrounds. These radiances are used to
develop parameterizations of top-of-the-atmosphere visible reflectance and infrared emittance utilizing tables
of reflectance as a function of cloud optical depth, viewing and illumination angles, and microphysics. This
parameterization, which includes Rayleigh scattering, ozone absorption, variable cloud height, and an anisotropic
surface reflectance, reproduces the computed top-of-the-atmosphere reflectances with an accuracy of +6% for
four microphysical models: 10-um water droplet, small symmetric crystal, cirrostratus, and cirrus uncinus. The
accuracy is twice that of previous models.

Bidirectional reflectance patterns from theoretical ice-crystal clouds are distinctly different from those of the
theoretical water-droplet clouds. In general, the ice-crystal phase functions produce significantly larger reflectances
than the water-droplet phase function for a given optical depth. A parameterization relating infrared emittance
to visible optical depth is also developed. The effective infrared emittances computed with the adding-doubling
method are reproduced with a precision of +2%. Infrared scattering reduces emittance by an average of 5%.
Simulated cloud retrievals using the parameterization indicate that optical depths and cloud temperatures can
be determined with an accuracy of ~25% and ~6 K for typical cirrus conditions. Retrievals of colder clouds
over brighter surfaces are not as accurate, while those of warmer clouds over dark surfaces will be more reliable.
Sensitivity analyses show that the use of the water-droplet phase function to interpret radiances from a theoretical
cirrostratus cloud will significantly overestimate the optical depth and underestimate cloud height by 1.5-2.0
km for nominal cirrus clouds (temperature of 240 K and visible optical depth of ~1). The parameterization
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developed here is economical in terms of computer memory and is useful for both simulation and interpretation

of cloud radiance fields.

1. Introduction

Accurate quantification of cirrus cloud properties
from satellite measurements is particularly important
to understanding the role of cirrus in climate change.
In addition to their effects on the atmospheric energy
budget through latent heat exchanges, high altitude ice
clouds significantly modulate the flow of radiative en-
ergy into and out of the earth-atmosphere system. The
influence of cirrus clouds on climate has been discussed
extensively by Liou (1986). One of the main topics
stressed by that review paper was the need for more
research of the radiative properties and distribution of
cirrus.
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Cirrus clouds are strong absorbers at infrared wave-
lengths. Due to their relatively small optical depths,
however, only part of the radiation emitted from lower
levels and from the earth’s surface is absorbed by cirrus
clouds. Emission of longwave radiation by these clouds
takes place at temperatures less than those of the surface
and lower levels. Thus, depending on the cloud’s optical
thickness and altitude, the combined transmitted and
emitted radiation lost to space in the presence of cirrus
clouds can be considerably less than that from the clear
sky. This radiation “trapping” effect results in longwave
warming of the surface and troposphere. The additional
tropospheric heating, mainly confined to the upper
layers, has a significant influence on the general cir-
culation. For example, it may cause acceleration of the
subtropical jets and strengthening of the tropical pre-
cipitation maxima (Slingo and Slingo 1988).

Interaction of cirrus with solar radiation is primarily
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dominated by scattering. Because of small optical
depths and the scattering properties of large ice crystals,
the albedo of cirrus tends to be relatively low. Thus,
while cirrus clouds reflect some of the incoming solar
radiation, the amount of shortwave cooling of the sur-
face—troposphere system due to cloud shading is gen-
erally less than that for most water clouds. The albedo
of thicker cirrus clouds, however, may be sufficient to
block solar warming of the surface with significant im-
pact on local and, perhaps, larger-scale circulations.

The overall effect (e.g., cooling or warming) of cirrus
on the energy balance of the earth-atmosphere system
depends on the areal coverage, optical depths, altitudes,
and horizontal locations of the clouds. In order to re-
alistically include the effects of cirrus and other clouds
in climate models—typically, general circulation
models—the global distribution of these variables must
be correctly computed through parameterizations of
physical cloud processes. Knowledge of the climato-
logical distribution of these quantities is critical to the
development and validation of parameterizations of
cloud cover in climate models.

One of the goals of the International Satellite Cloud
Climatology Project (ISCCP; see Schiffer and Rossow
1983) is to provide a reliable cloud climatology for
climate model validation. To that end, the ISCCP is
making an ambitious effort to derive global cloud pa-
rameters on a 3-hourly basis using various satellites
over an extended time period. During the daytime,
cloud amounts, altitudes, and optical depths are in-
cluded among the list of derived quantities. The ISCCP
analysis algorithm (Rossow et al. 1988) relies entirely
on bispectral data taken at visible (VIS, ~0.65 um)
and infrared (IR, ~11.5 um) wavelengths.

Some of the earliest attempts to determine cloud
fraction from VIS and IR data used simple methods
applied to unispectral data (e.g., Arking 1964). Schenk
and Curran (1973) and Reynolds and Vonder Haar
(1977) briefly explored the use of VIS-IR bispectral
techniques to determine bulk cirrus properties. The
development and application of their methods, how-
ever, was only cursory. Platt et al. (1980) utilized sim-
ilar ideas in a case study employing geostationary
satellite data and surface lidar measurements. Their
approach is incorporated in the analyses and param-
eterizations developed here. Coakley and Bretherton
(1982) developed an IR method to explicitly account
for partially cloud-filled pixels based on spatial vari-
ability of the radiance field. Their technique relied on
the assumption of blackbody clouds. Minnis and Har-
rison (1984) and Minnis et al. (1987) conceived and
applied a variable threshold, bispectral technique that
has been shown to provide reliable values of cloud
fractional coverage (e.g., Minnis and Wielicki 1988)
over the complete diurnal cycle. Their results also rely
on the black-cloud assumption resulting in uncertain
cloud heights for nonblack clouds. Arking and Childs
(1985) constructed a clustering algorithm that utilizes
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VIS and IR data together with radiances in the 3.7-um
spectral region to estimate the cloud optical depth and
microphysical model. That approach does not adjust
cloud height for small optical depths and requires three
sensors. With the development of microwave and other
thermal infrared radiometers, it was found that cirrus
cloud heights could be estimated more accurately than
with available VIS-IR methods. These techniques,
which use atmospheric sounding channels (e.g., Smith
et al. 1970; Chahine 1974; Wielicki and Coakley 1981;
Yeh and Liou 1983), are unable to separate cloud frac-
tion from cloud emittance and are unreliable for the
detection of low-level clouds. A few other techniques
have been examined using other channels (e.g., Wu
1985), but like the sounding-channel techniques, these
methods have limited applicability because of their rel-
atively sparse temporal coverage of the earth. Only VIS
and IR sensors are common to all operational geosta-
tionary and polar orbiting weather satellites. Thus, for
full, consistent, global monitoring of clouds over all
times of day, it is essential to use a technique that relies
solely on VIS and IR data. This spectral commonality
provides part of the motivation for use of a VIS-IR
method by the ISCCP. The importance of VIS-IR-
derived cloud cover to climate studies necessitates a
thorough examination and subsequent improvement
of the ISCCP analysis techniques.

The basic premise for using the bispectral approach
to account for nonblack clouds is that the VIS extinc-
tion coefficient is related to the IR absorption coeffi-
cient. This relationship implies that the cloud VIS re-
flectance may be used to infer the cloud IR emittance.
Having a value for the clear-sky IR radiance, it is pos-
sible to correct the observed cloudy radiance for cloud
emittance to obtain an estimate of the radiance ema-
nating from some specified level in the cloud. The
equivalent blackbody temperature of this level, usually
the center or top of the cloud, is converted to cloud
altitude by means of a vertical sounding. The critical
relationship ultimately required for this approach is
the dependence of IR emittance on VIS reflectance
through the IR and VIS optical depths. Since clouds
scatter radiation anisotropically, this relationship is also
influenced by the viewing and illumination conditions.

The ISCCP cirrus analysis (Rossow et al. 1988) uti-
lizes a combination of theoretical and empirical models
to determine the cloud visible optical depth from the
observed reflectance, the cloud emittance from the vis-
ible optical depth, and, finally, the cloud-top temper-
ature from the cloud emittance and the observed in-
frared radiance. The ISCCP theoretical cloud radiative
model consists of an unwieldy set of lookup tables re-
lating top-of-the-atmosphere reflectance to VIS cloud
optical depth as functions of viewing and illumination
angles, surface albedo, and cloud height. The ISCCP
lookup tables summarize the results of extensive ra-
diative transfer computations that simulated the scat-
tering and absorption by water droplet clouds embed-
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ded in a Rayleigh-scattering atmosphere over two types
of reflecting surfaces: Lambertian for land, snow, and
ice and anisotropic over water. The cloud droplets are
described with a modified gamma size distribution
having an effective radius of 10 um and an effective
variance of 0.10. Thus, the ISCCP scheme assumes
that all clouds have the radiative properties of this par-
ticular model cloud.

Cloud IR emittance is determined from the ISCCP
VIS cloud optical depth using Beer’s law for transmis-
sion through a medium. The IR absorption optical
depth is given by the VIS optical depth divided by the
scattering efficiency ratio, the ratio of the VIS scattering
efficiency to the IR absorption efficiency. For water
droplets of this size, the value of the ratio of VIS scat-
tering efficiency to infrared absorption efficiency, or
scattering efficiency ratio, is approximately 2.4. An
analysis of coincident satellite and lidar data by Platt
et al. (1980) and theoretical calculations assuming cy-
lindrical-shaped ice crystals (Platt 1979) suggest that
this ratio is approximately equal to 2.0 for cirrus. The
ISCCP algorithm utilizes the latter value of the scat-
tering efficiency ratio to provide a link between the
water droplet model and actual cirrus clouds. An em-
pirical study by Minnis et al. (1990b) found that the
ratio is closer to 2.1 for cirrus clouds.

Cirrus clouds are primarily composed of ice crystals
with various shapes having maximum dimensions
ranging from about 20 to 2000 um (e.g., Heymsfield
and Platt 1984). The scattering properties of hexagonal
ice crystals differ considerably from spherical particles
(Liou 1986). Because of the complexities involved in
computing scattering by hexagonal solids, cylindrical
columns were initially used to approximate hexagonal
crystals in radiative transfer calculations (e.g., Liou
1973). More recently, Takano and Liou (1989a) have
employed ray-tracing techniques to compute scattering
patterns for simple ice crystals in the form of hexagonal
plates and columns of various dimensions. Their results
are the most realistic to date in that they reproduce
certain well-known cirrus optical phenomena.

From these and other studies (Platt 1973; Platt and
Dilley 1979; Paltridge and Platt 1981; Platt 1983; Platt
and Dilley 1984; Platt et al. 1987), it appears that:

1) cirrus cloud scattering properties are similar to
those of hexagonal crystals, resulting in reflectance
patterns unlike those from spheres, and

2) the value of the scattering efficiency ratio is be-
tween 1.8 and 4.0.

The full impact of these features on cirrus properties
derived using a VIS-IR bispectral retrieval is unknown.
Differences between ice-crystal and water-droplet bi-
directional reflectance patterns will introduce errors
into the retrieved VIS optical depth. Uncertainties in
the scattering efficiency ratio may cause significant er-
rors in the estimation of IR optical depth with subse-
quent errors in the vertical location of the cloud.
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This paper examines the relationship between VIS
reflectance and IR emittance for deriving cirrus pa-
rameters from satellite data. The two primary goals of
this effort are:

1) development and examination of a bispectral
cloud parameter retrieval algorithm that incorporates
variable cloud microphysics, and

2) evaluation of the ISCCP algorithm and model
for determining cirrus height and optical depth.

Part I develops a model that parameterizes reflected
and emitted radiances computed with the adding-
doubling method of radiative transfer. This parame-
terization forms the basis of the retrieval algorithm.
The primary variables of interest are the cloud altitude
and optical depth. Part II (Minnis et al. 1993) uses
several datasets taken during the First ISCCP Regional
Experiment (FIRE) Cirrus Intensive Field Observa-
tions (IFO; see Starr 1987) to test the new algorithm.
The ISCCP technique is also simulated and tested.

In Part I, theoretical calculations are performed to
estimate the bidirectional reflectance fields as functions
of cloud optical depth and particle shape and size. The
computations use scattering phase functions derived
from Mie theory for spherical particles and from geo-
metric ray tracing for hexagonal crystals (Takano and
Liou 1989a). Results from the calculations are used
to develop a parameterization of top-of-the-atmosphere
reflectance based on the cloud’s altitude, optical depth,
and microphysics and the reflectance properties of the
underlying surface. This parameterization incorporates
lookup tables that relate cloud reflectance to cloud mi-
crophy51cs and optical depth VIS optical depth for a
given particle category is determined by matching the
calculated with the satellite-observed reflectances. Ra-
diative transfer computations using the corresponding
IR phase functions are used to develop a parameter-
ization of cloud emittance based on the VIS optical
depth. Cloud temperature and altitude are adjusted
with this emittance parameterization using the mea-
surement of VIS optical depth. The sensitivity of the
derived cloud temperature to the cloud microphysical
model is also explored. These results provide a theo-
retical estimate of the uncertainties of the ISCCP al-
gorithm’s capabilities for determining cirrus cloud-top
height and optical depth from VIS and IR radiances
measured by meteorological satellites.

2. Radiative transfer model

The detection of a cloud and subsequent quantifi-
cation of its bulk physical properties rely on measure-
ments of radiance or specific intensity. Consider a
plane-parallel layer of the atmosphere. Neglecting the
wavelength indexing for simplicity, the intensity, I, of
a beam of radiation propagating in the d1rect10n Q
through a medium having the optical depth r may be
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described with the general equation of radiative transfer
as follows:
di(r,Q)
ks
where Q is defined by the azimuth angle ¢ and by g,
the cosine of the zenith angle 6. The source function
is denoted by J.

There is only scattering in the visible spectral interval
so that the source function is

J(7; 1, 9)
~ 2

@
47 Jo

I(7, Q) = J(7, Q), (1)

L 1
f_l I(m; ¢, ¢") P(n, &; 1, &) dp'dd’
&

+
47

Fo P(p, ¢; —to, ¢o) exp(—7/uo),

where Fg is the incoming solar irradiance, uo is the
cosine of the solar zenith angle 6, @ is the single-scat-
tering albedo, and P is the single-scattering phase func-
tion. The zenith angles of the incident and outgoing
beams are 6’ and 6, respectively. Their respective cosines
are ¢’ and . Similarly, the azimuth angles of the in-
coming and outgoing beams are ¢’ and ¢, respectively.
Thus, the incident direction is given by (u/, ¢') in the
case of multiple scattering or by (— go, ¢o) in the case
of direct solar radiation, and (u, ¢ ) defines the outgoing
direction. Downward directions are denoted with a
minus sign. The scattering geometry shown in Fig. 1
defines the scattering angle ©.

In the IR, emission is an important source term.
Azimuthal dependence of the scattering is neglected
because of the emissive nature of the earth and at-
mosphere. Thus, the IR source function is

a, 1
J(r, ) = EL I(r, W) P(p, W) dp + (1 = @) B(T),

where the first term represents the contribution of

LOCAL VERTICAL
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4

REFLECTED RAY:

FIG. 1. Sun-satellite scattering geometry.
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multiple scattering and the second term describes the
‘ emission of the layer at temperature 7.

To make an inference about a cloud based on a
measurement of I above the atmosphere, it is necessary
to account for the attenuation of the radiation by both
the atmosphere and the cloud. Thus, (1) must be solved
for a multilayer, multiple scattering system. The add-
ing-doubling method is used here to solve (1) for a
three-layer atmosphere over a purely reflecting or
emitting surface. Although this method for radiative
transfer has been described in detail elsewhere (e.g.,
Lacis and Hansen 1974; Liou 1980; Takano and Liou
1989b), it is briefly reviewed here to document the
incorporation of the emission source function in its
formulation.

The adding-doubling method makes use of the re-
flection function R, the transmission function 7', and
the emission source function J,. The first two variables
are defined in terms of the radiation inciderit from ei-
ther the top or bottom of some arbitrary horizontally
homogeneous layer characterized by a single-scattering
albedo, phase function, and optical depth. The second
term of the IR source function depends only on the
temperature and single-scattering albedo.

1) FORMULATION FOR VISIBLE WAVELENGTHS
For radiance incident from above, the intensities

emergent from the top and bottom of a layer are defined
by

1 2n 1
Loutop(tt, @) = ;J; J; R(u, ¢; 1, ¢')

_ X Iin,top(ﬂ’> (b’)y,'dp'a'qﬁ', (2a)
! 1 27 i
Iout,boitom(ﬂa ¢) == f f T(ﬂ; ¢; ﬂ', ¢,)
) . mJO 0
X Lingop(#, ¢)Wdide’. (2b)

For radiance incident from below, the intensities are
as follows:
|
J‘Zw
()]

1 ! ,
Ioul,bottom(ﬂ, ¢) =- f R*( K, 95 “,5 d’)
w 0

X Iin,bonom()“l, ¢,)ﬂldﬂ’d¢’a (3a)
1 2w 1
Loutsop(ps @) = ;J; fo T*(p, ¢, 1, ¢')
X Iinpotom (4, ¢)p'dp'dg’, (3b)

where the asterisk superscript indicates that the incident
radiation comes from below the layer. For the VIS, the
intensity incident at the top of.the atmosphere is



1 May 1993

Iin,top('—l’-Os ¢O) = IO(I-L,, ¢’)
= 0(K — uo)o(¢' — ¢o) Fo,

where 8 is Dirac delta function.

The reflection and transmission functions can be
derived analytically from (2) and (3) by using the sin-
gle-scattering approximation in (1) and solving for R
and T. If an infinitesimal layer is considered such that
A7 = 1078, that is, A7 = 0, then

A
R(u, po; ¢ — ¢o) = % DP(u, —po; ¢ — do), (4)

At

4ppc

T(u, po; ¢ — do) = wP(—pu, —po; ¢ — ¢o)-

(&)

Similarly, it can be shown that R* = Rand 7* = T
for a thin homogeneous layer. When two or more layers
are added together to obtain new reflection and trans-
mission functions, R* and T will not necessarily be
equal to R and T*, respectively.

Now consider two stacked layers denoted by sub-
scripts 1 and 2 with optical depths, 7, and 7,. The
reflection and total transmission functions Ry, and 7',
for the combined layers can be determined by following
the conventional adding principle for radiative transfer
(e.g., Lacis and Hansen 1974; Liou 1980). That pro-
cedure is described with the following equations:

Q = RTR,, (6a)
S=001-0)7", (6b)
D=T,+ ST, + Sexp(—7i/ro), (6¢c)
D = D+ exp(—71i/uo), (6d)
U= R,D + Ryexp(—7/po), (6e)

T,= D exp(—7a/u) + T exp(—7/po) + T2 D,
(6f)

Ty, =T+ exp[-(l + 2):'5(11 — o), (6g)
Ko M

Ry, = R, + exp(—711/uc)U + TTU. (6h)

The parameters lacking the tilde indicate diffuse com-
ponents only. The product of two functions in this sys-
tem of equations implies an integration over the ap-
propriate solid angle to account for all possible mul-
tiple-scattering contributions. For example,

* 1 27 1 * . )
R1R2=;0 ORl(M,¢;#,¢)

X RZ(H': d)/; Mo, ¢O)ﬂ,dﬂld¢,»

This integration is performed using Gaussian quad-
rature with each multiplication taking place at a given
Gaussian point.
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A similar system of equations can be solved to de-
termine R and T* for the combined layers for radiation
from below as follows:

Q = R,RY, (7a)
S=0(1-0)7, _ (7b)
U= ST3 + T3 + Sexp(—72/¢),  (7¢)
D= RTU+ RY exp(—72/1), (7d)

TYH = Uexp(—7,/p) + UTT + TY exp(—72/1'),
(7e)

RY = R} + exp(—72/u)D + T,D. (7f)

The reflection and transmission functions are com-
puted for a homogeneous layer with optical depth 7 in
the following manner. A starting optical depth A7 is
selected such that A7 ~ 10~%. To minimize the number
of computations, 7, = 7, = A7 in the beginning. Equa-
tions (6) and (7) are solved in sequence to obtain R
and T for the combined layers with optical depth 2Ar.
The process is repeated # times using the new values
of R, R* T, and T* and 7, = 7, each time. The final
values of the reflection and transmission functions
correspond to those for a layer with optical depth 7.
This procedure constitutes the doubling method.

For an inhomogeneous atmosphere containing N
different homogeneous layers, consider the diagram in
Fig. 2. The value for Ry, is computed for the whole
atmosphere by cumulatively combining the different
homogeneous layers, /, with (6) and (7) from the top
down to the surface. If a surface is included, it is treated
aslayer N + 1 with T4, = 0. For a Lambertian surface,
Ry = ay, the surface albedo. Otherwise, R = p,(uo,
u, ¢ — ¢o), the surface bidirectional reflectance.

In the application of this method, the phase functions
used in (4) and (5) are expanded numerically in Le-
gendre polynomials using a Fourier expansion in the
azimuthal direction. The form of the expansion is

TOP OF ATMOSPHERE
1 R T, T,
2 T, T
Fe’2 N Ry Ty Tia
Ria= Rigs s
£ R T %
241 LRE/R) Tea
Revtner Tamst Trane
N Ty
nt S
SURFACE

FIG. 2. Schematic diagram of atmospheric layers
for application of adding method for radiative transfer.






