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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

1279

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

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 50, No. 9

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

SATELUTE

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
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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.
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Plu, /s ¢ — @)
M M
= > 2 @'PI"(w)P"(u') cosm(¢ — ¢),
m=0 lI=m
where
. . (I—m)!
wy _(2 6O,m)w1(l+m)!(l_ s ':M)a
O<ms<s M,

I, if m=0
6O,m = )
0, otherwise;

P denote the associated Legendre polynomials, and
M is the number of Fourier expansion coeflicients.

Before expansion, the phase functions are truncated
following the procedures outlined by Takano and Liou
(1989b). The truncated fraction to account for dif-
fraction is f ~ 0.5 in the limit of geometric optics.
The optical depth and single-scattering albedo are ad-
justed for the truncation using the similarity principle,
where

=1+ 1, = (1l —fa)r
and
fo T (1=))d
T 1—f& °

respectively. The phase function does not account for
plane-parallel transmission through the particle that is
referred to as §-transmission ( Takano and Liou 1989a).
The optical thickness and single-scattering albedos

must be further adjusted using the same procedures as
above such that

7 =(1 —f;o)7
and

o - (L=H)@
1—f&"

where f; is the fraction of the incident radiation that
passes directly through the particle. Thus, following
Takano and Liou (1989a), the fraction of radiation
effectively scattered in the forward direction is

1

==

2) FORMULATION FOR INFRARED WAVELENGTHS

At infrared wavelengths, the adding principle is
adapted to account for emission. For a thin layer having
the optical thickness Ar =~ 1078, the upward and
downward emission in the emergent direction, g, may
be given by

JHw) = J (=) = (1 = ®)B(T)A7/p,
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where the superscripts * and ~ denote radiation emitted
in the upward and downward directions from the layer,
respectively. The upward and downward source terms
at the interface of layers 1 and 2 are expressed by

Ji=[1+RTR,+ (RYR)?*+ - - -1Jy
+ [l + RTRy+ (RTRy)*+ -+ -]RTJ}
= (1 +8)(J1 + R1J3),
and
J.=[l+R¥R +(R5R)*+ - --1J3
+[1+RIR, +(RFR)*+ « - -1RJT
=(1+ S*)(J3 + RJ7).

The multiple reflection terms S and S$* are given by
(6b) and (7b), respectively.

The upward and downward emission source terms
at the top and bottom of the combined layer are simply

Jh=Jt+TTJ,
and
Jn = J; + Tady,

respectively, where the total transmission, 7', is the sum
of the diffuse, 7', and the direct components as follows:

T=T+exp(—7/n).

As in the case for solar radiation, the reflection and
diffuse transmission functions are the same for radia-
tion from below and above a homogeneous layer. The
initial reflection and diffuse transmission functions are
computed in the same manner as in (4) and (5), except
that po is replaced by ¢’ and no azimuth term is in-
cluded. Homogeneous layers are added in the same
fashion as before beginning with the boundary con-
ditions such that the surface transmittance is zero, the
surfate emission is treated as a separate layer with the
emission only going upward, and the radiance incident
at the top of the atmosphere is zero.

3. Parameterizations of cloud reflectance

The two parameters of primary interest in the in-
terpretation of satellite measurements are the optical
depth and altitude (pressure level or height) of the
cloud. The latter is derived from cloud temperature—
the radiatively important parameter at IR wavelengths.
The former can be derived from VIS data. Methods
are needed to account for the various noncloud pro-
cesses contributing to the observed radiance, however,
in order to isolate the radiance due solely to the cloud
itself. Once the cloud radiance is determined, the op-
tical depth may be estimated from the results of the
adding-doubling calculations. Using the adding-dou-
bling method directly to match the observed radiance
on any operational basis is computationally prohibitive.

|
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Therefore, parameterized versions of the more complex
radiative transfer models are developed to enable the
determination of the cloud optical depth and emittance
economically from the satellite data.

Minnis et al. (1990a) enhanced a simple parame-
terization originally given by Platt et al. (1980) to derive
cloud optical depth from satellite-measured VIS re-
flectance over high cirrus clouds. That parameterization
is further generalized here in order to improve high-
level cloud retrievals and to allow for the interpretation
of lower-level cloud reflectance.

a. Formulation

Consider the two-level, plane-parallel atmosphere
depicted on the left side of Fig. 3. In clear skies, the
reflectance, p = p;, measured by the satellite results
from absorption and scattering within the atmosphere
and from reflection by the surface. In the schematic
(Fig. 3) depicting this process, diffuse scattering is de-
noted with multiple arrows and nonprimary direct
scattering is denoted with multiple reflections of a given
beam off a horizontal line. The radiance entering the
top layer is first diminished by absorption according
to Beer’s Law for the optical depth 7,;. The radiation
beam then enters the first Rayleigh layer with scattering
optical depth, 7z;. This beam is scattered by the mol-
ecules giving rise to a reflectance pr; exiting the top of
the layer in the direction of the satellite. Both aerosol
and Rayleigh scattering may occur within the bottom
layer giving rise to another reflectance pg, at the top
layer. Another fraction, the surface reflectance p,, of
the combined attenuated direct beam and the down-
welling diffuse irradiance resulting from scattering is
reflected back to the top layer. The measured reflec-
tance, in this case

p = ps = wlot (po, 1, ¥)/ Foo, (8)

is a function of these three reflectances diminished by
the absorption during both ingression and egression of

— P

MINNIS ET AL.

1285

the beam. The subscript O refers to the sun. For the
remainder of this text, the solar and viewing zenith
angles will be represented by 65 and 8 with their re-
spective cosines denoted by uc and u. The azimuth
angle relative to the sun is given by ¢ = ¢ — ¢o.

Insertion of a cloud layer with VIS optical depth 7,
shown on the right side of Fig. 3, complicates this pic-
ture considerably. The radiation that passes through
the top layers is reflected by the cloud or passes through
the cloud either unattenuated as a direct beam or dif-
fusely after multiple scattering. The reflected radiance
then undergoes additional scattering and absorption
by the top layers as it exits the top of the atmosphere.
Thus, the reflectance contributed by the cloud and the
atmosphere above it is

p1 = Taper = Taper (7o, TR1), 9)

where the transmittance,

T, = exD[—Tal(l/ﬂO + 1/w],

accounts for the ozone absorption and p.; is a param-
eterization of the reflectance of the combined Rayleigh
and cloud layers. The ozone-absorption optical depth
is

1 = u(0.085 — 0.00052u)

(Inn and Tanaka 1953; Rossow et al. 1988), where u
is the ozone path length (cm-STP). The cloud reflec-
tance,

Pc = WICT(TU, Ho, M, ll/)/FC¢9

where the subscript c¢ refers to the radiation at the top
of the cloud, F is the irradiance, and the downward
arrow indicates incidence at the cloud top.

The reflectance due to radiation unaffected by the
presence of the cloud is approximated by

P2 = Tc¢ Tchx: (10)
where the cloud transmittances are
Ty =exp[—(1 — fp)7u/ ol (11)
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F1G. 3. Schematic diagram of scattering and absorption processes for a three-layer
atmosphere with no clouds (left) and with one cloud layer (right).
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and
TA =exp[—(1 — fp)7s/1]. (12)

The proportion of the radiation scattered out of the
forward direction, reflected by the surface, and trans-
mitted diffusely back through the cloud to space is ap-
proximated as

p3 = a1l — ag)(1 — TL‘T_aC)' (13)

Cloud albedo is a.(7,, uo) = FA/FA. In terms of
cloud reflectance,

1 27 1 '
a, = —f f pc(7, ko, 1, ¥)udydu.
wJo Jo
The diffuse cloud albedo is
1
acd(Tv)=2fo (v, Ho) o dpo.
The diffuse clear-sky albedo is

1
Ogq =2 J; as(po)roduc,

where the clear-sky albedo is

1 27 1
ag = —f f ps(po, u, W) udydp.
mw JO 0

Combining (9), (10), and (13) yields an approxima-
tion of the measured reflectance,

p=p+p2tops. (14)

This equation reduces to (8) when clouds are absent.
It goes beyond the parameterization of Minnis et al.
(1990a) by including Rayleigh scattering above the
cloud and by accounting for the effects of variable par-
ticle size on the magnitude of the forward-scattered
component.

b. Cloud reflectance computations

The cloud reflectance, albedo, and diffuse albedo
used in (14) can be computed using the adding-dou-
bling model described above. In this study, values for
these -parameters were calculated with the radiative
transfer model using four different scattering phase
functions. A phase function derived from Mie-scatter-
ing computations for water droplets having a modified
gamma size distribution with an effective radius of 10
um and an effective variance of 0.05 is used to calculate
a 7-p, relationship equivalent to that used by the
ISCCP. All references to this phase function are de-
noted as WD. The WD droplet size distribution has
an effective variance that is only half that of the one
used by the ISCCP. The WD model is equivalent to
the ISCCP model; however, since the single-scattering
albedos are the same, the phase functions are nearly
identical, and the asymmetry factors differ by only
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0.1%. A monodisperse phase function for randomly
oriented hexagonal ice crystals having equal diameter,
2a, and length, L, of 20 um (C20) is used to represent
small crystals, while the cirrostratus (CS) and cirrus
uncinus (CU) phase functions given by Takano and
Liou (1989a) are used to represent size distributions
equivalent to midsize (L/2a ~ 85 um/40 um) and
large (L/2a ~ 400 um/120 um) ice crystals, respec-
tively.

These scattering phase functions are plotted in Fig.
4 for A = 0.55 um. The scattering properties of ice
crystals and water droplets at 0.55 um are essentially

the same as those at 0.65 um. The shape of the WD

curve is typical of the phase function for the sizes of
water droplets found in the atmosphere. A well-defined
minimum occurs in the side-scattering directions be-
tween © = 90° and 120°, a rainbow feature is seen
near ® = 140°, a glory occurs near ® = 180°, and a
relatively strong maximum exists in the forward-scat-
tering direction. All three ice-crystal phase functions
have similar shapes but different magnitudes. In gen-
eral, they are less anisotropic than the WD with side
scattering comparable in magnitude to backscattering.
The forward-scattering peaks are greater than that for
the WD. Instead of a smoothly varying increase of
scattering probability from 90° to 0°, the ice-crystal
phase functions show three discontinuous peaks. These
maxima correspond to inner and outer halos at 22°
and 46°, respectively, and to the diffraction and trans-
mission maxima superimposed at ® = 0°. The slight
relative maximum near 156° is displaced by more than
15° from the WD rainbow feature. The number of
scattering features unique to either ice or WD suggest
that there should be significant differences in the re-
flectance patterns of ice and water-droplet clouds.

10°

Y WD

10° eonr €20
10°§
10' 1R

10°

SCATTERING PHASE FUNCTION

10"

107 ; ’ ’
0 30 60 90
: © (deg)
FIG. 4. Scattering phase functions for various cloud
particle size distributions, A = 0.55 pm.
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TABLE 1. Optical properties of model clouds.

VIS parameters IR parameters

Cloud
type @ Js Jo g @ g
WD 1.0000  0.000 0.500 0.8725 0.5292 0.9325
C20 1.0000 0.120 0.568 0.7704 0.5784 09116
CS 1.0000 0.126  0.572 0.7824  0.5528  0.9405
CuU 1.0000  0.155 0.592  0.8404 0.5330  0.9686

Utilization of these phase functions in the adding—
doubling calculations requires values for the forward-
scattering fraction and @. The values from Takano and
Liou (1989a), listed in Table 1, are used here. For all
spherical particles, f; = 0 and fp = 0.5 in the limit of
geometric optics. The single-scattering albedo for A
= (.55 um is actually 0.999999 for all four particles.
The phase functions were expanded using 120 and 100

"Fourier coefficients and 330 and 200 Legendre poly-
nomials for the ice-crystal and WD computations, re-
spectively. The integrals over zenith angle were solved
using Gaussian quadrature with 40 emergent angles
given by their cosines.

The adding—doubling calculations were performed
forr,=0.25,0.5, 1, 2, 3, 4, 8, and 16 for all four phase
functions. Additional computations were performed
for r, = 32 and 64 for the WD model. The results were
interpolated to create lookup tables of p., ., and a4
for po = 0.05, 0.15, - -+, 0.95, 1.0; u = 0, 0.1, 0.2,
- -+, 1.0;and ¥ = 0°, 5°, 15°, 30°, - - -, 165°, 175°,
180°. Linear interpolation in ug, u, 75, and ¢ is used
to find values of p., a., and a,, for a particular set of
angles and optical depth.

Results of these calculations for cloud albedo are *

shown in Fig. 5 for several optical depths. In general,
the WD albedos are substantially lower than all of the
other models for a givén optical depth. There is almost
a 100% difference in the albedos between the WD and
C20 models at 7 = 1 and 4 for the overhead-sun case.
The differences between the three ice-crystal results
show a significant trend toward lower albedos for larger
ice crystals. This trend reflects the values of the asym-
metry factors, g, which increase with increasing particle
size (Table 1). These results clearly demonstrate that
theoretically, at least, cloud albedo is very sensitive to
both particle size and shape. Takano and Liou (1989b)
performed similar calculations using randomly ori-
ented ice crystals (L/2a = 125 um/50 um) and area-
equivalent ice spheres. The differences in the cloud al-
bedos for the two particles were much like those seen
here for the CS and WD models. Thus, it is concluded
that simple adjustment of the particle size in the Mie-
scattering calculations is insufficient to overcome the
differences due to particle shape.

The angular dependence of reflectance is equally
important for remote sensing. Variations of this de-
pendence are most easily seen for changes in us and
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7, by normalizing the reflectance by the albedo and
displaying the resultant anisotropic factors,

XC = pC(Tvs KHos Ky ‘l’)/ac('rv, p’o)'

Figure 6 compares the distributions of X, for all four
phase functions at uo = 0.8 and 7, = 1. The range in
X, is a measure of the anisotropy in the reflectance
field. The three ice crystal reflectance patterns are very
similar; however, there is slightly more anisotropy in
the CU model than in the CS and C20 results. This
difference between the CU and other crystal reflectance
patterns persists for all solar zenith angles and optical
depths. The WD reflectance distribution is markedly
different from those of the three ice crystal types. Sig-
nificant maxima occur near y = 145° 6 = 45° and in
the backscattering direction between viewing zenith
angles between 60° and 90° for the WD model. The
minimum in the side-scattering directions is not evi-
dent in the ice-crystal results. The relative maximum
in the cirrus phase functions at ® = 156° appears
in the reflectance patterns in Fig. 6 near ¢ = 125°,
0 = 55°.

Figure 7 shows the variation of the CS and WD an-
isotropic factors with ue for 7, = 4. The increase in
optical depth not only increases the albedo (Fig. 5), it
decreases the relative anisotropy. This variation may
be seen in a comparison of Figs. 6a and 7a and in Figs.
6¢ and 7c. The patterns for 7, = 4 are considerably
smoother than those for 7, = 1, although some of the
main features, such as the locations of the relative ex-
trema, are still evident. This trend toward diminished
anisotropy gradually continues for increasing optical
depths but never results in Lambertian reflectance. Nor
does the anisotropy of the CS model converge to that
of the WD model at very large optical depths. The

0.8[
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F1G. 5. Theoretical cloud albedos for various phase functions,
A =0.65 um,
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FIG. 6. Anisotropic reflectance factors for uo = 0.8, 7, = 1, for the WD (a), C20 (b), CS (c), and CU (d) models.

trend of increasing anisotropy with decreasing optical *

depth continues until the single-scattering limit is
reached. Anisotropy also increases with increasing solar
zenith angle. Forward scattering becomes more pro-
nounced for both model results. Back reflection in-
creases with 6, for the CS model but decreases for the
WD case. Minimum reflection occurs along the ¢
~ 105° axis for the WD results. This minimum axis
is shifted to ¢ ~ 125° for the CS calculations. Despite
the relative bias in the albedos for a given optical depth,
the differences in the reflectance patterns give rise to
certain sets of angles and optical depths for which p,
is the same for both the WD and a given ice-crystal
model. Such occurrences are most likely whenever a
relative minimum from a cirrus model coincides with
a relative maximum from the WD result.

c.” Reflectance from combined cloud and Rayleigh
layers

The term, p,, needed to account for the combined
reflectance from the cloud and the overlying atmo-
sphere is formulated from theoretical results following
the same approach used to account for the contribution

of the surface to the measurement in space as given in
(14). The beam transmitted to the cloud through the
atmosphere having a Rayleigh-scattering optical depth
of 7x; and reflected by the cloud back to space may be
characterized by some combined transmission and re-
flection, T ,p., where

Tr = exp[—0.757,(1/uo + 1/1)],

and the empirical factor of 0.75 is used to account for
the directionality of the Rayleigh scattering. Its value
was estimated by trial and error analysis. The radiation
scattered out of the incoming beam is diffuse. The re-
flectance due to first- and second-order diffuse scatter-
ing is approximated as a. {1 — ag; — exp(—0.757r,/
uo) + ariaacg]. The Rayleigh albedo is ag,
= ag,(7r1,H0), and the diffuse Rayleigh albedo is ag14
= ag14(7r1). The sum of this term, Trp., and pg;
should be approximately equal to the total reflectance
at the top of the atmosphere.

Calculations were performed using the adding—-dou-
bling model for a pure Rayleigh atmosphere having
optical depths corresponding to atmospheric pressures
of p = 250, 500, 750, and 1000 mb. These results were
compiled in lookup tables similar to those developed
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FiG. 7. Examples of anisotropic reflectance factors for 7, = 4 for WD, uo = 0.8 (a); WD, uo = 0.5 (b);
CS, uo = 0.8 (¢); and CS, uo = 0.5 (d).

for cloud reflectance. Values of ag; and ag,, for a par-
ticular set of angles and pressure are determined by
linear interpolation between the lookup table values.
Calculations were also run for combinations of a Ray-
leigh layer with a cloud underneath. Cloud optical
depths of 0.25, 1, 2, 4, 8, and 16 were used with the
C20 phase function. The cloud was placed at p = 250
mb and 1000 mb for these computations.

Differences were computed between the results of
the radiative transfer model and the parameterization
using the lookup tables for Rayleigh reflectance and
C20 reflectance for a range of 6 between 0° and 82°,
and for 6 between 0° and 70°. It was found that the
parameterization tended to underestimate the total re-
flectance by about 1% at 250 mb and ~2% at 1000
mb. An adjustment factor, k(p), was fitted to these
differences using multiple regression analysis. The final
form of the model for the combined layers, therefore,
is

per = k(p){pr1 + Tripe + aca[1.0 — ag,

— exp(—0.757r1/ o) + ar1atal },

b. WD, u, =0.5

1.2

16 >16

where
k(p) =1+ 3.965 X 107°p — 1.525 X 1078p2 (15)

It was found that the mean error in reflectance for this
model is zero, while the rms error varies from 0.90%
at 250 mb to 2.43% at 1000 mb. Without the correction
for Rayleigh scattering (that is, po.; = p.), the value of
pe1 would be underestimated by ~5.2 + 7.5%. This
underestimate by the model would translate to an
overestimate of p. in the satellite measurement analysis.
It is assumed that (15) is valid for any cloud-layer bi-
directional reflectance model such as the lookup tables
developed for WD, CS, C20, and CU.

A set of lookup tables from adding—doubling results
based on combined cloud and Rayleigh layers could
be created for each phase function and desired pressure.
The model developed here, however, minimizes the
amount of computer memory required since only one
lookup table is needed to account for Rayleigh scat-
tering for any given atmospheric thickness. The addi-
tional available memory permits the inclusion of
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FI1G. 8. Clear-sky albedos for parameterization verification.

lookup tables for reflectance patterns from more than
one phase function.

d. Parameterization verification and adjustment

A similar set of calculations was performed to ensure
that (14) provides a realistic representation of the re-
flectance of the surface-atmosphere—cloud system. The
adding—-doubling model was run using a Rayleigh at-
mosphere with ozone absorption over a surface with
the reflectance,

PRA low
MYSAG low
Eq (14) low
PRA high
MYSAG high
£q (14) high

REFLECTANCE DIFFERENCES, %

0 ; 8 12 16
VISIBLE OPTICAL DEPTH
a.
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pg = pgluo, u, ¥)

to compute theoretical values for p; and «g,. These
computations were performed using several averages
of the surface bidirectional reflectance measurements
of Kriebel (1978) taken over a coniferous forest and
pasture. Reflectances measured at A = 0.606 and 0.866
um were suitably weighted and averaged to simulate
reflectances between 0.55 and 0.75 um. The pasture
and forest results were averaged to produce a new
model designated as vegetation. To test the parame-
terization for a realistic range of nonsnow surfaces, the
pasture reflectances were doubled. This model is des-
ignated as desert. Three surface reflectance models were
finally used: coniferous forest, vegetation, and desert.
The clear-sky albedos are plotted in Fig. 8. The forest
reflectances (a,; = 0.085) are similar to water (e.g.,
Minnis and Harrison 1984); the vegetation albedos
(asq = 0.122) are typical of vegetated land (Minnis et
al. 1990a); and the doubled pasture reflectances (ayy
= (.278) are similar to those of many desert areas
(Suttles et al. 1988).

The anisotropic surface reflectance was incorporated
into the model by interpolating the measurements to
the Gaussian points and representing the azimuthal
variation with a Fourier expansion. It was found that
20 Fourier terms were required to reproduce the orig-
inal data to an accuracy better than 1%. Results were
stored for each 15° of relative azimuth angle.

These calculations were repeated with the addition
of a cloud layer inserted between the two Rayleigh lay-
ers. The surface was placed at 1013 mb, while the top
of the lower Rayleigh layer was placed at 900 mb to
simulate a low cloud and at 100 mb for an extremely

20
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FIG. 9. Reflectance differences between radiative transfer model and parameterizations over forest surface using CS model:
(a) mean and (b) rms. :
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FIG. 10. Reflectance differences between radiative transfer model and parameterizations over vegetated surface using CS model:
(a) mean and (b) rms.

high cloud. Cloud optical depths ranged from 0.25 to
16. Sensitivity to cloud type was tested by performing
the computations using both the CS and WD models.

Differences between the adding-doubling results and
the parameterized total reflectance using (14) were
computed at each 15° of ¥ for 0° < ¢ < 180° for ten
selected angles in the intervals 0° < 6, < 82.6° and 0°
< 0 < 72.6°. The results for § = 72.6° were not used
for 6, = 82.6°. Numerical problems arise in the radia-
tive transfer models for cloud reflectances at combined

20
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high viewing and solar zenith angles. To test the pa-
rameterization refinements, the differences were also
computed for reflectances calculated with the models
of Platt et al. (1980) and Minnis et al. (1990a). The
former,

p=p:+ TC¢TchS + ol — ag)(1 — TcT - a.),

is designated PRA, while the latter, designated
MYSAG, differs from PRA only in the first term, which
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F1G. 11. Reflectance differences between radiative transfer model and parameterizations over desert surface
using CS model: (a) mean and (b) rms.
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becomes T,p.. In both of the earlier parameterizations,
Jp=10.51in(11)and (12).

Figures 9-11 summarize the results for the three dif-
ferent parameterizations using the CS model applied
to the selected backgrounds and cloud heights. Except
for a few low-cloud cases, the PRA parameterization
produces the smallest mean differences (adding model
minus parameterization) for 7, < 4. At larger optical
depths, the PRA rms differences are always greater than
the other parameterizations. The PRA model tends to-
ward a constant overestimate of reflectance of ~11%
at the larger values of 7,,.. In terms of overall mean and
rms differences, (14) yields the best agreement with
the adding-doubling results. The differences tend to
be the least for the darker surfaces (Figs. 9-10) and
greatest over desert (Fig. 11). The influence of the
Rayleigh scattering is evident in the separation of the
mean differences for low and high clouds in the present
results. Over darker surfaces at low optical depths, the
included Rayleigh scattering is more than expected for
low clouds, while it is insufficient for high clouds. The
better agreement for the PRA parameterization at small
optical depths is probably fortuitous because of com-
pensating effects. The ozone absorption decreases the
reflectance while the Rayleigh scattering tends to in-
crease it. At larger cloud optical depths, the Rayleigh
scattering becomes relatively less important than the
ozone absorption leading to the overestimate of reflec-
tance by the PRA model. This phenomenon helps ex-
plain the MYSAG results that yield nearly unbiased
results for 7, > 4 (7, > 7r1).

An exact match between the model and parameter-
ization results is not expected because of the complexity

20
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of multiple-scattering processes; however, the largest
relative errors for the present model occur within the
range of optical depths for which accuracy is most im-
portant. Very little height correction is needed for
clouds with 7, > 4. Errors as small as 10% in the re-
flectance can translate into errors as large as 2 km in
cloud height for thin clouds. Therefore, a better pa-
rameterization is needed to realize any substantial im-
provement in VIS-IR cloud height retrieval.

Figures 9a—-11a indicate that there is a dependence
of the parameterization error on cloud height, especially
at low optical depths. Multiple-scattering interactions
between the Rayleigh layers and the clouds are appar-
ently insufficiently described with (14). A higher-order
scattering term was formulated to account for the rel-
ative thickness of the two Rayleigh layers. This func-
tion,

(16)

pa = [pr2(1 — 012'5) - aRlag](l — Qcd),

is similar to p; except that its final form was determined
from stepwise multiple regression analysis and trial and
error. The effects of the two Rayleigh layers are included
by using the direct Rayleigh reflectance term for the
bottom layer and the Rayleigh albedo for the top layer.
Combining (14) and (16) gives

(17)

Examples of the results are shown in Fig. 12 for the
desert surface. In this case, both the mean and. rms
errors, especially for the small optical depths, have been
reduced relative to errors resulting from using (14).
The addition of ps has eliminated much of the dis-

p=p1+p2tp3tpa.
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FiG. 12. Reflectance differences between radiative transfer model and two parameterizations over desert surface
using CS model: (a) mean and (b) rms.
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crepancy in the reflectance errors due to cloud height
differences. The results for the other two surfaces are
consistent with those in Fig. 12 except that the mag-
nitudes of the changes are smaller.

Despite the improvement gained with the addition
of p,4, mean and rms errors greater than 10% still remain
in the parameterization. Within the low optical depth
range (that is, 7 < 4), the bias accounts for much of
the rms error. The peak in the mean error in Fig. 12,
between 0.5 < 7 < 1, is typical of the results for all
cases. This behavior suggests that there is less surface-
reflected radiation returning through the cloud than
allowed in (17). Additional correction for this phe-
nomenon requires a function of 7 and the surface re-
flectance that peaks at low values of 7 and diminishes
rapidly with increasing optical depth. Several functions
were tested using a least squares regression analysis on
the errors from (17). The regression formula producing
the lowest errors is

2
,
ps = aop + al(m) pbag + arag,  (18)

where the regression coefficients, a;, are listed in
Table 2.

Remaining biases from the sum of (17) and (18)
were minimized by fitting the mean percentage resid-
uals to

§‘ = bo + bl Int + bzasd In7 + b3asd, (19)

where the variables, b;, represent the regression coef-
ficients. The values of b; are listed in Table 3 for all
four models. The magnitudes of the coefficients are
similar for all of the microphysical models.

The final parameterization for estimating the reflec-
tance for a single-layer cloud embedded in a Rayleigh
atmosphere over a reflecting surface is

p=(p1+p2tps+pstps)/(1—-¢). (20)

Errors in the reflectances predicted with this parame-
terization are plotted in Fig. 13 for the CS model. The
mean errors have been reduced to less than +3.5% for
all cases, while the rms errors vary from 2% to 7%
depending on the optical depth. The average rms error
for the CS model is 5.0%. Average rms errors for all of
the models are plotted in Fig. 14. Errors for the WD
model are the greatest of the four with the rms errors
ranging from 4% to 7% for an average of 6.6%. The
reason for the WD parameterization exhibiting the
greatest errors is not obvious, although it may be related

TABLE 2. Regression coefficients for Eq. (18).

Model a a, a
WD -0.021 0.981 0.095
C20 —0.015 0.855 0.076
CS —-0.015 0.983 0.067
CuU —-0.019 0.940 0.084
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TABLE 3. Regression coefficients for Eq. (19).

Model bo b, by by
WD —0.042 0.034 -0.100 * 0.148
C20 —0.048 0.030 ~0.116 0.193
cs —0.052 0.032 —0.124 0.211
CU —0.038 0.026 —0.110 0.163

to the greater anisotropy of the WD phase function in
the back-reflecting hemisphere. Overall, the parame-
terization errors are considerably reduced from those
for (14). Unlike (14), (20) does not reduce to the clear-
sky case when the cloud optical depth is zero. In this
case, (19) cannot be solved; and p, and ps do not nec-
essarily reduce to zero in that instance. These artifacts
of the model, which may affect the accuracy of optical
depths retrieved for very thin clouds, should be taken
into account when it is applied.

To ensure that the parameterization operates as pre-
cisely at other pressure altitudes, the adding-doubling
code was run for the CS model over vegetation for a
cloud at 500 mb. The results were compared to those
of the parameterization. The mean parameterization
bias was zero and the rms errors were lower than those
for the regression results.

4. Cloud infrared emittance parameterization

Cloud particles both absorb and emit radiation at
thermal wavelengths. Most previous estimates of cloud
emittance (e.g., Reynolds and Vonder Haar 1977; Platt
1979) assume scattering to be negligible. Liou (1974),
however, demonstrated that the fraction of infrared
radiance that is reflected or scattered by the cloud can
be significant. This section develops a technique for
accounting for scattering in the determination of the
cloud emittance.

a. Radiative transfer calculations

For a cloudy scene, the IR radiance observed by the
satellite may be approximated as

Iig = B(T) = (1 — )B(T,) + eB(T.) (21)

or
¢ = [l — B(T\)]/[B(T.) — B(T,)],

where T is the equivalent blackbody temperature of
the observed radiance, T is the equivalent blackbody
temperature for a clear scene, T is the radiating tem-
perature of the cloud, and B is the Planck function
evaluated at 11.5 um. Following Platt and Stephens
(1980), the effective cloud emittance is

€=¢ + ¢, (22)
where the beam absorption emittance is

€ = 1 — exp(—Tra/ 1) (23)
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FIG. 13. Reflectance differences between adding-doubling model and final parameterization given by (20)
using CS model: (a) mean and (b) rms.

and the effective scattering and reflection emittance is
€, . This latter term includes the reflectance of the cloud
to the upwelling radiance incident on the cloud base,
pr, and the contribution of radiances entering the
emergent beam from multiple-scattering processes
within the cloud. It is assumed that the water vapor
content above the cloud layer is negligible so that there
is essentially no downwelling radiance incident at cloud
top. The cloud IR absorption optical depth is 7ir,. The

D

£
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N
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OPTICAL DEPTH

FIG. 14. Average rms errors in reflectance due to VIS
parameterization for all surfaces and cloud heights.

contribution of €/, to € has been estimated for several
sets of conditions by Platt and Stephens (1980) by
simulating the cirrus particles as long ice cylinders. A
similar approach is taken here to develop a generalized
method for estimating ¢, from e using more realistic
cloud particle shapes.

Adding—doubling calculations were performed using
scattering phase functions for radiation at 10.8 gm for
the same particle sizes, shapes, and distributions em-
ployed for the VIS reflectance computations. It is as-
sumed that the properties at 10.8 um are the same as
the average properties for 10.5 um < \ < 12.5 um.
Single-scattering albedos at this wavelength are listed
in Table 1. The 10.8-um phase functions for the four
particles are shown in Fig. 15. The ice-crystal phase
functions were derived using the ray-tracing technique
(Takano and Liou 1989a), while the WD phase func-
tion was computed using Mie scattering theory. Since
azimuthal dependence of the outgoing IR radiances is
negligible, no Fourier components were used in the
computations. Only the viewing zenith angle depen-
dence is considered here.

The computations were performed for a wide range
of surface, cloud, and atmospheric temperatures for a
dry atmosphere with relative humidity, RH = 30%,
and for a wet atmosphere with RH = 70% to test the
sensitivity of effective emittance to these parameters.
The top layer of the model was assumed to contain
negligible amounts of moisture. Therefore, it contrib-
utes essentially nothing to the radiance. An isothermal
cloud layer was used with temperatures ranging from
280 K to 210 K in increments of 15 K. The values that
were actually used in each case depended on the surface
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FI1G. 15. Scattering phase functions for various cloud
particle size distributions, A = 10.8 um.

temperature, T,, which varied from 320 K to 260 K
in increments of 15 K. Temperatures ranged from 280
K to 230 K in the bottom atmospheric layer, the layer
containing all of the moisture. In all cases, the bottom-
layer temperatures were not allowed to exceed the sur-
face temperature or to be less than the cloud temper-
ature.

The absorption optical depth of the bottom layer
was computed using the parameterizations given by
Rossow et al. (1988) based on Rothman et al. (1983)
for water vapor line absorption,

0.000067 + 0.0081u,,,
1+ 109u,, + 1.3uls °’

and on Roberts et al. (1976) for water-vapor contin-
uum absorption,

Twoe = 6.386 X 10%u,,, {e exp[1800(1/T
—1/296)] + 8,(p — €)}.
The total water-vapor optical depth is

Twol = Uy

Two = Twol T Twoc.

In these equations, u,, is the layer atmospheric water
vapor path (cm-STP), e is the water vapor pressure in
millibars, 6, is 0.001, and the layer temperature T is
given in kelvins. Values for 7., ranged from 0.210 for
T =280 K, RH = 70% to 0.001 for T < 250 K, RH
= 30%.

The adding-doubling model was initially run with-
out clouds to obtain Ti(u) for each case. Next, clouds
with 7 ranging from 0.25 to 16 were inserted at the
specified temperatures. The effective emittances, e(u),
of these clouds were then derived from the results of
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the clear and cloudy model runs by solving (21). The
absorption emittance was also computed from (23) for
the same cloud optical depths, where

TirRa = (1 — @) TR,

and 7 is the cloud IR extinction optical depth.

Figure 16 shows a comparison of the absorption
emittance and the effective emittance that includes
scattering. These results, computed for a CS cloud with
T.=260K, T, = 290 K, and RH = 70%, are typical
of the effects of scattering on emittance. In general, the
effective emittance is 1% to 10% greater than ¢,. The
largest differences occur for 1 < 7, < 4. At larger
optical depths, the absorption increases due to addi-
tional multiple scattering so that the relative contri-
bution of pure scattering to the upwelling beam is di-
minished. The values of ¢!, are reduced at smaller op-
tical depths because the multiple scattering is minimal
except at larger viewing zenith angles.

These results are similar to those found by Platt and
Stephens (1980) except that the current values of €,
are smaller for a given optical depth. The diminished
scattering effects are attributable to several factors. Platt
and Stephens (1980) used a ten-layer cloud with a base
temperature 11 K warmer than its top and defined the
absorption emittance relative to the mean cloud tem-
perature. An isothermal cloud was used here. Even
without scattering, the absorption emittance of a vari-
able-temperature cloud defined relative to its thermal
center will be less than that predicted for one defined
by its radiative center. Scattering within an isothermal
cloud tends to reduce the emitted contribution from
the lower levels that are at the same temperature as the
remainder of the cloud. In the Platt and Stephens

EMITTANCE

0 20 40 60 80
VIEWING ZENITH ANGLE (°)

0.0

FIG. 16. Effective emittance from adding-doubling
calculations using CS model: T, = 290 K, T, = 260 K.
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(1980) case, the emission from the lower levels is
greater than that from the upper levels, so the reduction
in radiance is greater leading to slightly enhanced ef-
fective emittance. An isothermal cloud was simulated
here because the effective radiating temperature of the
cloud is the desired quantity and the primary effect of
the scattering is on the upwelling radiation from the
surface, not from the cloud. The amount of surface-
emitted radiation scattered out of the beam by the cloud
depends only on the optical depth of the cloud, its sin-
gle-scattering albedo, and its scattering phase function.
The vertical structure of a given cloud is generally in-
discernible from the satellite, so there is little to be
gained from a more sophisticated layered-cloud model.

The most important factor driving the effective
emittance differences may be the use of ice cylinders
by Platt and Stephens (1980). Their ice-cylinder phase
functions produce much more back reflectance than
the phase functions used here. The former have asym-
metry factors ranging from 0.71 to 0.81 compared to
g == 0.94 in Table 1. The range of single-scatter albedos
is (.51 to 0.64 for the ice cylinders and 0.53 to 0.58
for the hexagonal ice crystals. An example of the effect
of the variation in the asymmetry parameter on back
reflectance is shown in Fig. 5, where the albedo for the
C20 model is nearly twice that of the WD model for
7, < 8. The albedo difference is due only to the change
in g from 0.77 to 0.87. The change in g is larger for
ice cylinders and crystals at A = 10.8 um. Stephens
(1980) calculated the effect of g on the cloud-base re-
flectance for one set of conditions using A = 11 um
and showed a fourfold increase in the amount of back
reflectance for a change of g from 0.94 to 0.71. There-
fore, it is concluded that the discrepancies between the
current effective emittance results and those from Platt
and Stephens (1980) are primarily due to the use of
different phase functions.

EFFECTIVE EMITTANCE

o 10 20 30 40 50 60 70 80 90
VIEWING ZENITH ANGLE ()

FiG. 17. Effective emittances computed with adding~doubling
model for various cloud models using 7, = 320 K, 7, = 270 K.

JOURNAL OF THE ATMOSPHERIC

SCIENCES

VoL. 50, No. 9

147

—=— 255K
0.1 e 225K
-=o- 210K
0.0 L R , B
0 20 40 60 80

VIEWING ZENITH ANGLE (°)

F1G. 18. Variation of effective emittance with cloud
temperature for a CS cloud with 7, = 290 K.

b. Sensitivity analyses

The influence of cloud microphysics on e is typified
in Fig. 17, which shows emittances computed in terms
of selected visible optical depths for all four cloud
models using 7, = 320K, 7. = 270 K, 7, = 280 K,
and RH = 70%. Values of ¢(7) are very similar for all
four models for # < 70°. In general, the microphysical
variations introduce differences of only 10% or less in
the effective emittances. This variation of ¢ may be
attributed to a relative balance between the single-scat-
ter albedo and the asymmetry parameter for the ice-
crystal models. The C20 emittances are slightly greater
than the other ice-crystal results primarily because of
substantially weaker forward scattering and a greater
value of @. Since it has the lowest value of & and a
relatively small value of g, the WD model should pro-
duce the greatest emittances. The WD IR extinction
efficiency, however, is lower than its VIS counterpart.
Thus, the emittance is lower than expected for a given
VIS optical depth.

Figure 18 shows the variation of e(7) with cloud
temperature for a surface temperature of 290 K using
the CS phase function. This result is typical for all sur-
face temperatures. The differences increase with in-
creasing 6 but are generally less than 3%. For an average
change of 40 K in 7, the rms change in ¢ is only 2.8%
over the range of surface temperatures from 260 K to
320 K and for 7 < 8 and § < 72°.

The variation of effective emittance with surface
temperature is plotted in Fig. 19 for a CS cloud at 240
K. In this figure, there is little change in the effective
emittance for a given optical depth until the cloud
temperature approaches that of the surface tempera-
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FIG. 19. Variation of effective emittance with surface
temperature for a CS cloud at 7, = 240 K.

ture. This apparent increase in emittance with de-
creased surface—cloud temperature contrast is seen in
all of the combinations of surface and cloud temper-
atures. It arises from the fact that the cloud reflectance
has no relationship to the cloud temperature, while the
definition of the effective emittance is based on the
difference between the cloud and clear-sky tempera-
tures as in (21). To illustrate this effect, consider the
simple model adapted from Platt and Stephens (1980),

I=I(1—pr—€—7v)tel+ 'Yf(lca I),

which describes the radiance emerging from the cloud
top more accurately than (21). Let the multiple scat-
tering reduce to zero and substitute 7 into (21). Com-
bining the result with (22) gives the scattering emit-
tance e, = pir I;/(I; — I.). For a given value of pir and
I., this function increases as I; approaches I.. Thus,
for this extreme situation, the effective emittance will
increase as the surface temperature approaches the
cloud temperature. In reality, multiple scattering will
tend to dampen the effect. Assuming that the results
in Fig. 19 are typical, the rms variation of ¢ is 3.1% for
a change in 7, from 320 K to 260 K for § < 72°, 7,
< 8, and T, = 240 K. The greatest variations occur at
large values of 6.

Increasing errors in effective emittance with de-
creasing cloud-surface thermal contrast do not trans-
late into larger errors in a retrieved cloud temperature.
Given a clear-sky temperature, effective emittance, and
an observed radiance, (21) can be solved for the cloud
temperature or

B(T.) = [Iir — (1 = €)B(Ts)]/e. (24)

Figure 20’ shows the sensitivity of 7, to errors in e and
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T, — T, for various clear-sky temperatures. For the
range of considered e errors, the cloud temperature is
accurate to within +3 K for a contrast of less than 20
K. The errors grow rapidly, however, for greater values
of thermal contrast, decreasing surface temperatures,
and increasing emittance errors. A smaller rate of in-
crease is apparent for decreasing surface temperature.
In summary, this figure shows that the cloud-height
retrieval method is most sensitive to errors in effective
emittance. Thus, errors in ¢ must be minimized as
much as possible.

¢. Parameterization in terms of VIS optical depth

In previous VIS-IR clqud-height adjustment tech-
niques (e.g., Rossow et al. 1988; Minnis et al. 1990b),
the relationship used to determine the cloud emittance
from the VIS reflectance is a fixed value for the scat-
tering efficiency ratio, £,. This ratio is

Qv _ T Qve &y
QIRa TIRa QIRex (1 _‘I’IR) ’

where Oy, Ora, Orex, and QOrrex are the visible scat-
tering, IR absorption, VIS extinction, and IR extinction
efficiencies, respectively. The VIS extinction optical
depth is used in this equation since it is equivalent to
the scattering optical depth. By deriving 7, from the
VIS radiance measurements and £, from theory, 7ir,
can be determined from (25). With no scattering, the
effective emittance can be computed using (23), and
the true cloud temperature may be found by applying
(24) to the measured IR radiance and clear-sky tem-
perature. The values for the extinction efficiencies are
the same at both wavelengths for the three ice-crystal

€a (25)

207

-y
(5]
T

CLOUD TEMPERATURE ERROR (K)
o S

0 25 50 75 100 125
SURFACE-CLOUD TEMPERATURE (K)
FIG. 20. Sensitivity of retrieved cloud temperature to
cloud-surface thermal contrast and errors in effective emittance.
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models, while Qpex(WD) = 2.09 and Qg (WD)
= 1.93 for A = 10.8 um, yielding £, = 2.30. At another
wavelength typically used for infrared remote sensing,
A =112 um, ORre(WD) = 1.79 to give &, = 2.46.
Thus, there is significant variation in the value of £,
within the IR window spectral region for the WD size
distribution. The values of &, are 2.14, 2.24, and 2.37
for the CU, CS, and C20 models, respectively.

If scattering effects are important, then an effective
scattering ratio,

T‘U
=—, (26)
TIReff
should be used where
Tiret = —p In(1 — €). (27)

The value of 71r.g must be determined empirically from
data or theoretical calculations. A mean value of the
effective IR optical depth was computed for each mi-
crophysical model using the results of the above radia-
tive transfer computations for 7, = 2, 8 < 70°, T,
=290 K, and 7T, = 255 K, 225 K, and 210 K for the
ice-crystal models and 7, = 270 K and 255 K for the
WD model. These conditions are assumed to represent
typical conditions for cirrus clouds and for supercooled
water-droplet clouds. The subsequent mean values for
¢ are 2.08, 2.06, 2.13, and 2.22 for the WD, CU, CS,
and C20 models, respectively. The value of ¢ for the
CS model is equal to the mean value derived empiri-
cally by Minnis et al. (1990b).

Comparing the effective scattering efficiency values
to £, shows that neglect of scattering results in errors
in the effective IR optical depth ranging from 3.9% for

v
0.25
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o

o
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FiG. 21. Effective emittance errors determined from ., for CS cloud
at T, = 245 K over surface with T, = 290 K using mean scattering
efficiency ratio, £ = 2.13.
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TaBLE 4. Coefficients and errors in Eq. (29) relative to adding-
doubling results.. Numbers in parentheses refer to averages for
7, < 8.

Model a b Aetr (%) Aeg (%)
WD —0.463 1.041 —0.1(0.1) 2.2 (2.5)
ID —0.500 1.000 3.3(5.0) 5.4 (6.4)
C20 —0.458 1.033 —0.2 (0.0) 2.2(2.5)
CS —0.471 1.010 -0.2 (0.1) 1.9 (2.2)
CU —0.475 1.024 0.0 (0.0) 1.0 (1.0)

the CU model to 10.6% for the WD model. The effec-
tive emittance errors relative to the adding—doubling
results were calculated for CS using £ = 2.13 and (23),
(26), and (27). Figure 21 plots these errors as functions
of viewing zenith angle. There is a significant optical
depth effect that causes a range of errors of about 4%.
The variation of the errors with 6, however, is as great
as 10% for # < 70°, a typical angular range for cloud
or radiative parameter retrieval. Overall, for § < 70°,
the £ method underestimates the emittance by an av-
erage of 0.9% with a standard deviation of 1.5%.

Another method for relating the VIS optical depth
to e is the parameterization of Liou et al. (1990),

(28)

Equation (28) is essentially the same as the previous
method (that is, a = 1/£) except that the variation of
¢ with optical depth is taken into account with the
exponent. The errors for (28) were also computed for _
the same conditions used above employing the coef-
ficient values given by Liou et al. (1990), a = —0.468
and b = 0.988. The results are nearly identical to those
in Fig. 21 with a mean error of 0.9% and a standard
deviation of 1.9%.

While this level of error is tolerable, it is desirable
to eliminate any bias errors. Thus, the radiative transfer
results covering the full range of temperatures for each
microphysical model were used in a least squares linear
regression analysis using a variant of (28),

e =1—exp(ar)).

e=1—expla(r./w)"], (29)

to determine the best set of coefficients for each cloud
type. Only the results for 7, < 8, § < 70° were used
since the greatest degree of accuracy is needed for the
thinner clouds. The resulting coeflicients are given in
Table 4. The mean and rms errors, Aeggr and Agg, re-
spectively, were calculated using all of the adding—
doubling results, that is, 7, = 0.25, 16; 8§ < 70°. Negative
error values indicate that the parameterization over-
estimates emittance. Correlation coefficients for the first
four models are greater than 0.998. The fifth model,
denoted as ID in Table 4, refers to the ISCCP droplet
model. It is exactly the same as the WD model in the
VIS spectrum. The ID model coefficients for (29) are,
however, equivalent to the ratio method where £ = 2
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and are based on empirical results for ice clouds (see
Rossow et al. 1988). Both the WD and ID models are
used here because the former represents a theoretical
water cloud and the latter is the model actually used
by the ISCCP. It is introduced here because it will be
evaluated in Part II of this paper.

Although the mean emittance errors are insignifi-
cant, they depend on 6 in a manner similar to that seen
in Fig. 21. Thus, there are some minor bias effects that
depend on the viewing angle. The greatest errors in
Fig. 21 are found for the smallest optical depths at §
> 58°. Other retrieved cloud parameters (e.g., cloud
amount) are subject to increased uncertainty at rela-
tively high viewing angles (Minnis 1989). The viewing
angle biases and residual optical depth dependencies
give rise to the rms errors in Table 4. Another aspect
of using (29) instead of an exact model is that the ef-
fective emittances greater than unity cannot be repro-
duced. Thus, emittances and, therefore, the tempera-
tures of thick clouds will be slightly underestimated.
The magnitude of the underestimates will not exceed
1 or 2 K in most cases.

5. VIS-IR parameterization summary

Parameterizations have been developed separately
for VIS reflectance and IR emittance in the previous
sections. This section examines the combined models
used as an analysis system. Hereafter, the unsubscripted
variable 7 will refer only to VIS optical depth, since IR
optical depth is only used implicitly in the parameter-
ization.

a. Model application

The combined VIS-IR parameterization may be
used to simulate the reflectance and equivalent black-
body temperature pair that would be observed by a
satellite at any given angle. The required input to this
model consists of the Rayleigh reflectance versus pres-
sure lookup tables, a microphysical model lookup table
of 7 versus p,, a., and a.y(e.g., the CS model), a clear-
sky anisotropic factor model X;, and values for u, T,
T,, ps, and ag,. These quantities are used in (20), (29),
and (21) and their supporting equations to simulate
an observation of a cloud at the height corresponding
to the specified temperature, 7,. Values of p and T are

calculated at each of the values of 7 in the lookup tables.

Linear interpolation is used to obtain a value of p at
the specified optical depth. The inverse process is used
to derive the values of r and T, from a measurement
of p and 7. Linear interpolation between the table val-
ues of p are used to find 7.

Figure 22 shows a simulation of the reflectance and
equivalent blackbody temperatures expected for a
cloud having T, = 230 K over a vegetated surface
viewed at § = 60°, ¢ = 165° for two different solar
zenith angles. The variation of the curves with micro-
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F1G. 22. Effect of microphysics on relationship between
observed temperature and reflectance over vegetation.

physics is similar to that for albedo (Fig. 5). For a
given temperature (emittance or optical depth), the
WD model yields lower reflectances than the ice-crystal
models. At 8, = 56°, the C20 reflectance is 70% greater
than the WD value over a large range of temperatures.
There is little difference between the reflectances for T
> 270 K. This is not the case for 6, = 75°, where the
WD model is easily differentiated from the other mod-
els at very low optical depths. The C20 reflectances are
up to 230% greater than the WD values at this partic-
ular set of angles. Even the shapes of the curves are
different. The differences between the various crystal
models are also significant.

An example of the variation of the reflectance—tem-
perature relationship with surface albedo and solar
zenith angle is given in Fig. 23 for the CS model, where
6 = 53° and ¥ = 165°. Except for §o = 75°, the thin
cirrus clouds add little to the reflectance at these angles.
In some cases, the presence of cirrus does not increase
the reflectance at all (e.g., o = 56° over vegetation)
or it actually decreases the reflectance (desert, 0o = 30°
and 56°). Such “invisible” cirrus clouds have been
observed in two-dimensional histograms of satellite VIS
and IR radiance pairs (e.g., Minnis and Wielicki 1988)
and in dual-satellite imagery (e.g., Wylie and Menzel
1989). This reflectance behavior may help explain the
occurrence of “dark™ pixels noted by Minnis et al.
(1990b). In addition to making the cirrus undetectable
in the VIS reflectance, the relationship between = and
p can be nonmonotonic, producing a nonunique so-
lution for the cloud retrieval. Thus, the method should
be applied very carefully, especially over bright surfaces,
with cognizance of this behavior.

Figure 24 depicts the theoretical variation of p with
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F1G. 23. Dependence of reflectance-temperature relationship
on surface albedo and solar zenith angle, § = 53°, ¢ = 165°.

T for a WD and a CS cloud located at three different
altitudes over a 290 K surface. The angles are 0o
= 56°, 0 = 53°, and ¢ = 90°. This figure clearly shows
the impact of using one model in place of another in
a cloud retrieval. For example, at 7 = 278 K and p
= (.13, the WD model places the cloud at 270 K, while
the CS model puts it between 210 and 240 K. Similarly,
at T = 245 K and p = 0.29, the CS model would give
a cloud at 210 K, while the WD model would yield
240 K, an altitude difference of ~4.6 km. Thus, from
a theoretical standpoint, the use of a WD or ID model
to interpret VIS and IR radiances from a CS cloud will
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FIG. 24. Reflectance-temperature curves for CS and
WD models at 6, = 56°, § = 53°, ¢ = 90°.
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seriously underestimate the altitude of the cloud in this
case if the cloud is optically thin. Conversely, the use
of a CS model to interpret a WD cloud would yield an
overestimate of the cloud’s height. The overlap in the
models at certain temperature-reflectance pairs con-
stitutes an ambiguity in the process of retrieving cloud
temperatures with this approach. Other clues in the
data will need to be used to make the proper model
selection in such ambiguous cases.

The cloud temperature differences, AT, in the ID
and CS models were computed for the full range of
angles (¢ = 0, 180°; 6, = 0, 82°, 8 = 0, 75°) and
temperatures over all three simulated surfaces to obtain
a better quantification of this under- or overestimation.
All computations were performed using 7 = 290 K,
T. = 270, 240, and 210 K, and a lapse rate of 6.5
K km™'. The resulting mean biases are plotted in Fig.
25 for the vegetation and desert backgrounds. These
bias errors were computed relative to the CS parame-
terization so they represent an addition to the param-
eterization error (discussed in the next section). For
thin, low clouds, the mean bias is less than 3 K, equiv-
alent to an altitude difference smaller than 0.5 km. As
the cloud height increases, the errors become very sig-
nificant, even for v = 4. The decreases in AT, for 7
< 1 with T, = 210 K over the desert reflects the absence
of cases for which no solution could be computed due
to extremely low emittances. At large optical depths,
it does not matter which model is used to estimate 7.
Assuming that a 240 K cloud is typical, it is expected
that, on average, the ID model will underestimate cir-
rostratus cloud heights by 1 to 2 km for 7 < 4. Greater
underestimates should be realized at low viewing zenith
angles and smaller errors are likely for 8 > 55°.

457
401
. 357
X —o— 270K, forest
a 30[ F\ —0— 240K, forest
o) 1A —&— 210K, forest
o A ——% - 270K, desert
x 257! \ — - — 240K, desert
w i \ ——a— 210K, desert
w
e 20T
=’ .
2 st
p 15
E |
= 10}
w
=S
5 L
o L
|
5 . . ;
0 4 8 12

CIRROSTRATUS OPTICAL DEPTH

~ FIG. 25. Bias errors in retrieved cloud temperature
. using ID model to interpret cirrostratus reflectance.
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b. Total parameterization errors

In the cloud parameter retrieval system, the optical
depth is the means to obtain emittance ang, subse-
quently, cloud temperature. Rms errors in the effective
emittance, Ae,, due to uncertainties in 7 are found by
introducing optical depth errors into (29). The optical
depth errors were estimated by applying the retrieval
method described in the previous section to the reflec-
tances computed with the adding-doubling routine.
The resulting optical depth errors were computed by
differencing the 7 values used in the radiative transfer
model and those found using the retrieval method. The
results are summarized in Fig. 26 for the CS parame-
terization. Over the darker surfaces, the optical depth
errors vary from 12% to 33%. Extremely large errors,
up to 135%, are obtained over the bright desert surface.
The increase of error with surface albedo demonstrates
the small effect of the cloud’s presence on the total
reflectance when it overlies a bright surface. Discrim-
ination of a cloud from the background is much more
difficult over a bright surface. More reflective surfaces
such as snow or an underlying cloud would be expected
to produce even larger errors.

The maximum errors, incurred for 2 < 7 < 4, are
primarily the result of reflectance in the forward-scat-
tering (that is, Y < 15°, 65 > 60°, 6 > 60°) and back-
scattering (© ~ 180° ) directions where small increases
in optical depth produce substantial changes in the re-
flectance. If the forward and backscattering angles are
removed from the error analysis, the optical depth er-
rors reduce to less than 10% for all optical depths over
vegetation.

The effective emittances were calculated using the
optical depth errors to obtain Ae,. The results are plot-
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FIG. 26. VIS parameterization optical depth errors.
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F1G. 27. Emittance errors due to VIS and
IR parameterization errors.

ted in Fig. 27 for desert and vegetation. The forest re-
sults are nearly identical to the latter. These errors are
not as great as those found in Fig. 26. At low values of
7, the optical depth error is almost linear with emittance
error. As the emittance approaches unity, the optical-
depth error becomes less significant as expected.

Assuming that the IR and VIS errors are statistically
independent, the total rms effective emittance error in
the combined retrieval system is

Ae = (Aefr + Ae2)V/2, (30)
The overall errors computed with (30) are also sum-
marized in Fig. 27 for the CS model. The IR error is
insignificant for thin clouds. Since Ae, = 0 for thick
clouds, the IR error dominates for 7 > 4. The increase
in the rms error for 7 = 16 reflects the lack of emittances
greater than unity in the parameterization as noted
earlier. '

The overall errors in € are converted into errors in
retrieved cloud temperature in Fig. 28. Errors for the
vegetation are nearly the same as those for the forest
case. The mean error, an overestimate of the cloud
temperature at low optical depths, results from the
nonlinearity of the Planck function and the inability
to retrieve a temperature in certain conditions. A sig-
nificant portion of the rms error is due to this bias
effect for 7 < 1. As discussed in Minnis et al. (1993),
however, this bias may not be realized in application
of the parameterization. From Fig. 28b, it appears that
a typical cloud temperature (e.g., 7. = 240 K) or cloud
height may only be determined to within +12 K or
~ =+2 km, respectively, over an average background if
the cloud is very thin (7 < 0.25). Thicker cloud heights
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may be determined more accurately. Over deserts, the
cloud temperatures are much more uncertain.

As shown in sections 3 and 4, the combined VIS-
IR parameterization reproduces the reflectance and ra-
diant temperature field with good precision relative to
the adding-doubling model. Small errors in reflectance
(<5%), though, produce significant errors in optical
depth and emittance for thin clouds. This large uncer-
tainty suggests that “exact,” that is, adding-doubling,
calculations should be used for the thin cloud condi-
tions. Such exact calculations, however, are not war-
ranted because of the extreme sensitivity of 7 to errors
in p in the case of thin clouds. For example, the 5%
error in reflectance is, conservatively, the accuracy of
the clear-sky reflectance. The difference between hazy
and high-visibility conditions is due to a change in
aerosol optical depth, say, of ~0.4. Such variations are
not usually taken into account with most satellite re-
trieval methods. Thus, even with “exact” modeling,
the cloud temperature retrieval errors in Fig. 28 are as
likely to occur in practice as they would if the param-
eterization was used.

6. Summary and conclusions

This study has demonstrated the need for examining
the VIS-IR bispectral technique for inferring cloud
height and optical depth and, specifically, the technique
used by the ISCCP as applied to cirrus clouds. The
ISCCP technique uses a radiative transfer model based
on scattering by water droplets to infer the optical depth
of all clouds observed by the VIS channel of the satellite.
The ISCCP methodology was developed before realistic
ice-crystal scattering phase functions were developed.
Several ice-crystal phase functions have since become

available. This study analyzed, from a theoretical
viewpoint, the impact of using various phase functions
to interpret the radiances from cirrus clouds observed
by satellites.

A parameterization of reflectance and emittance in
terms of various cloud microphysics was developed
from adding-doubling radiative transfer calculations
to examine the VIS-IR technique for cloud analysis.
The parameterization of reflectance at visible wave-
lengths accounts for ozone absorption, Rayleigh scat-
tering, and anisotropic surface reflectance. It requires
lookup tables of cloud reflectance as a function of op-
tical depth and the viewing and illumination condi-
tions. Accommodation of the parameterization to var-
ious cloud microphysics requires the determination of
several coefficients using the results of some adding-
doubling calculations in a simple regression analysis.
Coefficients were derived for four different micro-
physical models. It was found that the parameterization
can reproduce the top-of-the-atmosphere reflectance
from clouds to within +£6% over surfaces having albedos
between 0.08 and 0.28. This parameterization reduces
the réflectance uncertainties for thin clouds by a factor
of 2 from previous parameterizations. It also eliminates
the bias errors associated with the earlier approxima-
tions.

The IR parameterization was developed from the
adding-doubling calculations in terms of effective
emittance. Scattering effects can alter the cloud emit-
tance by as much as 10%. It was found that the theo-
retical effective scattering efficiency ratio derived from
the adding-doubling calculations for the CS model,
2.13, is the same as that derived empirically from a
combined lidar-satellite data analysis (MYSAG). This
value is 5% lower than expected for a nonscattering
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cloud. Therefore, methods that neglect scattering in
the IR spectral region will tend to underestimate the
effective emittance. The parameterization was devel-
oped for the same four microphysical models used in
the VIS modeling. Its application requires only a pair
of regression coefficients, the VIS optical depth, and
the viewing angle to determine the effective emittance.
The effective theoretical emittances for cloudy condi-
tions can be simulated with the model to a precision
of 2% for viewing zenith angles between 0° and 70°.

The combined parameterizations were used to sim-
ulate retrievals of cloud optical depth and cloud tem-
perature for thin clouds. It was found that typical op-
tical depth errors due to the parameterization are on
the order of 25% over a dark surface and much greater
for brighter surfaces. These errors translate to uncer-
tainties in the derived cloud heights as great as 3 km
for very thin (= ~ 0.25), high clouds over average
surfaces and up to 7 km for the same clouds over desert
surfaces. The errors are considerably smaller for less
extreme conditions. While such large relative errors
impact height assignment and the microphysical
quantification of the clouds, they have a much smaller
effect on the radiation fields estimated for the retrieved
clouds. The parameterization’s radiance errors, as
noted above, are four times smaller than the optical
depth errors. Despite the large uncertainties in the pa-
rameterization retrievals for very thin clouds, it was
concluded that the errors over the darker surfaces are
acceptable given the sensitivity of the retrievals to other
error sources. These other errors, which are encoun-
tered in actual retrievals, are the same magnitude or
greater than the parameterization errors.

Calculations performed with the parameterizations
were used to demonstrate variations of the reflectance
and temperature fields with changes in the background,
angular conditions, and microphysical model. Signif-
icant differences were found in the reflectance-tem-
perature relationships as a result of using different mi-
crophysical models to simulate the clouds. Although
the models can produce nearly the same results at a
few particular angles, the smaller-particle ice crystal
models (CS and C20) produced quite distinct results,
on average, compared with the water droplet model
used by the ISCCP. There are innumerable micro-
physical configurations for cirrus ice crystals (plates,
oriented columns, bullet rosettes, aggregates, etc.) that
were not considered here. The other configurations may
produce somewhat different results and should be ex-
amined in the future.

This study has highlighted several problems with
cloud temperature retrievals using a VIS-IR technique.
The reliability of a given retrieval decreases dramati-
cally as the background albedo increases. Therefore,
this method may not be particularly suitable to appli-
cation over bright deserts or snow. Very high, thin
clouds are also difficult to discern, even over dark
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backgrounds. Small emittance errors can lead to large
temperature errors in these conditions. It is also evident
that there are many conditions that arise that are mi-
crophysically ambiguous. The single microphysical
model used by ISCCP requires no distinction between
water and ice clouds. Having water droplet and ice
crystal models, however, generates the practical prob-
lem of determining whether the observed cloud is ice,
water, or both. Despite such potential difficulties, it
appears that there are significant microphysical differ-
ences in cloud reflectance that should be taken into
account. As in any theoretical study, however, the
overall utility of a given technique is not known with
confidence until it is applied to observations. Part II
of this paper (Minnis et al. 1993) takes that next step
to determine if the theoretical microphysical models
used in this study are applicable to the real world of
cloud property retrieval from satellites.
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