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Abstract

Cloud physical and optical properties determine how clouds affect
the radiance and flux fields at the surface, within the atmosphere, and
at the top of the atmosphere. In this subsystem, CERES analyzes indi-
vidual pixel radiances to derive the cloud properties that influence the
radiation fields. For each pixel, state-of-the-art methods are used to
ascertain the temperatures and pressures corresponding to the cloud
top, base, and effective radiating center; the phase and effective size of
the cloud particles; the cloud optical depth at a wavelength of
0.65um; the cloud emittance at 10i8n; and the cloud liquid or ice
water path. During daytime, three different techniques will be used to
account for deficiencies in any one of the individual methods. The first
method uses 0.65-, 3.75-, and 1Qr8-data from VIRS, AVHRR, or
MODIS data. It iteratively solves for phase, particle size, optical depth,
and effective cloud temperature. Emittance is computed from the opti-
cal depth. Cloud top and base temperatures and pressures are esti-
mated using empirical formulae based on field experiment data. The
water path is computed from the particle size. The second technique
uses the similarity principle with a combination of 0.65-, 1.60-, and
2.12um reflectance data to derive phase, particle size, and optical
depth. Cloud temperature is determined by correcting the observed
10.84um brightness temperature for semitransparency using the
retrieved optical depth. The other parameters are computed in the
same manner used for the first method. This approach will be partially
implemented for VIRS and AVHRR and will be fully operational for
MODIS. VIRS and AVHRR lack the 2 channel that is available
on MODIS. The third technique uses 3.75-, 10.8-, and [112.@fata to
determine cloud temperature, optical depth, phase, and particle size
for optically thin clouds. This last daytime method will be used mainly
for shadowed clouds and thin clouds over highly reflective back-
grounds. It also forms the primary method for nighttime analyses. A
second nighttime analysis is used for estimating an effective size and
temperature for pixel clusters. Optical depth and cloud fraction are
computed for individual pixels. All of the methods currently in develop-
ment will become operational for application to CERES/TRMM.
Results of this subsystem will be validated using coincident datasets
from field programs. The required correlative data for validation
include surface and aircraft measurements of the subsystem parame-
ters using lidars, radars, in-situ microphysical probes, microwave
radiometers, and sun photometers.

4.3. Cloud Optical Property Retrieval

4.3.1. Introduction

Cloud microphysics, phase and particle shape and size distribution determine the cloud optical
depth and ice or liquid water path when integrated over the cloud thickness. These properties affect the
emittance and bidirectional reflectance of the cloud. Cloud microphysics and macrophysics (areal
extent, thickness, and altitude) determine the amount of radiation transmitted to the surface or to a lower
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atmospheric layer and the amount of absorption within the cloud layer. Therefore, the conversion of the
CERES radiances to flux, especially for the solar channel, depends on the cloud microphysics. Compu-
tation of the transmitted fluxes for the CERES estimation of atmospheric radiative divergence or surface
heating also requires a quantification of the microphysical parameters.

From a climate perspective, it is important to know the global and climatological variability of
cloud microphysical properties and to be able to relate them to radiative fluxes and cloud macrophysical
properties. As an example, there is considerable interest in determining whether anthropogenic sources
of cloud condensation nuclei significantly change the Earth’s radiation balance by altering the micro-
physical characteristics of clouds (e.g., Twomey 1977; Charlson et al. 1987; Wigley 1989). Such issues
and how they may affect future climates can only be addressed through modeling studies. In climate
models, such as GCM’s, water vapor is condensed or frozen in a given time step. This mass of water
releases latent heat and alters the radiative flux fields. The cloud particle size distribution, phase, and
shapes determine how the cloud affects the flow of radiation. The particle size distribution, which can
be expressed in terms of an effective radius or diameter, primarily affects the scattering and absorption
efficiencies of the cloud particles (van de Hulst 1957) and defines the cross section normal to the inci-
dent flux. Particle shape primarily affects the scattering phase function which ultimately determines
how radiation is reflected from the cloud. Water phase governs the basic absorption properties and
affects the scattering phase function through its relation to particle shape and through the index of
refraction. To produce realistic clouds and radiation fields, a GCM must condense or freeze water in the
proper locations and then must distribute the mass into the correct particle sizes and shapes. Some cur-
rent GCM's employ parameterizations of radiation dependence on cloud patrticle size (e.g., Slingo
1989). The CERES measurements, the most complete simultaneous global observations of cloud micro-
physics and radiative fluxes yet proposed, will serve as an essential ground truth set to ensure that cli-
mate models accurately perform this critical function.

The CERES Cloud Optical Property Retrieval Subsystem (COPRS) will employ state-of-the-art
methods to analyze the relevant spectral radiances available from the VIRS, MODIS, and AVHRR
instruments operating during the CERES era. The primary goal of COPRS is to determine the phase,
effective particle size, optical depth, liquid or ice water path, radiating temperature, pressure, and thick-
ness of the cloud within a given CERES pixel. Although there are a wide variety of methods available,
there is no single technique for deriving the COPRS products that applies in all cases. This subsystem
uses state-of-the-art procedures to arrive at the most accurate values for each product. Thus, it will com-
bine several algorithms to cover as many cases as possible. The composite algorithm described herein is
a fluid entity subject to change as new research and/or limiting factors warrant.

4.3.2. Background

There are numerous approaches to the satellite remote sensing of cloud phase, optical depth, and
particle size. All of the methods are based on the assumption of radiative transfer in a plane-parallel
cloud. These techniques exploit the spectral dependence of water and ice extinction, using wavelengths
at which absorption by water vapor and other gases is minimal. The parameters used to characterize
these variations include the wavelenittthe spectral single-scattering albedg = Qs Qe , the asym-
metry parameteg, the spectral optical deptlj, and the particle radius The extinction efficiency is
Qe = Qs+ Q4. The scattering efficienc@g depends on the imaginary refractive inadgxand the size
parametex = 2rr/A. For spherical particles and a givierQg increases monotonically withfrom zero
to a maximum value near= 6, then oscillates asymptotically to a smaller constant value. The oscilla-
tions are smoothed out whex is integrated over a typical cloud droplet size distributi@h in which
r may vary from 2 to 10am. The absorption efficiena@, andw, follow a similar variation without
the oscillations for values afy < 0.25 (Hansen and Travis 1974). These values occw €0t2.5pum
(Hale and Querry 1973). The variation wiktbecomes more monotonic for larger valuesmpfThe
asymptotic values @, and, for large particles are 2.0 and 0.53, respectively. The single-scattering
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albedo is essentially 1.0 aqy varies by less than 20% for typical cloud particle sizes at the nearly con-
servative-scattering wavelengths spanning the visible speckuwml(Oum). For near-infrared wave-
lengths A ~ 3um) ice and liquid water become moderately absorbingaadges from about 3 to 150.
Thus, there are significant changes in bQth(~50%) and®, (~26%) with changing particle size. At
longer wavelengths, absorption is stronger, though still variable with particle size and wavelength.

The asymmetry parameter, which summarizes the scattering phase function, rangek tivoin
Zero indicates isotropy = —1 corresponds to backscattering, grell denotes complete forward scat-
tering. For any given particle shamegenerally increases with increasing particle size because of the
narrowing diffraction peak. Smaller particles tend to scatter a greater portion of the incident radiation
back into the source direction. The asymmetry parameter, which depends on both the real and imaginary
refractive indices, varies nonmonotonically in a fashion simil&gtdrhere is a relative minimum o
for 10 <x < 20 and a relative maximum for 4x< 10. Hansen and Travis (1974) may be consulted for
additional details of the radiative properties of water droplets.

The spectral optical depth for a given size distribution over some distance is

72 2
T, = TQ, leredZ (4.3-1)
where the effective radius is
r, >
I rrrn(r)dr
fg= (4.3-2a)
r, o
I T n(r)dr
Iy

n(r) is the number density of droplets with radiuandN is the total particle number density. To distin-
guish between water and ice cloudswill be used for water clouds and the equivalent diameter

I::ZD(L)TIAe(L)n(L)dL

De

- (4.3-2b)
J'LjTIAe(L)n( L)dL

will be used for ice clouds. The varialiL) is the volume equivalent diameter of the hexagonal ice
crystal of length. and widthd. It is assumed that there is a monotonic relationship betiwaedd for

the hexagonal ice columns defined by Takano and Liou (1989). This yields a unique relationship
between the cross-sectional afgaf these randomly oriented columns (Takano and Liou 1989) and

The parameters,, ro or D, Coo, andg affect the radiation absorbed, reflected, transmitted, and emitted

by a given cloud. The dependence of the radiation field on these variables can be simulated using radia-
tive transfer calculations. Cloud effective particle size, optical depth, phase, and cloud temperature can
be determined from satellite-measured multispectral radiances by matching the radiances to the com-
puted radiative transfer results.

The basic techniques for determining cloud phase, optical depth, and effective particle size can be
divided into two groups that overlap: reflection and emission techniques. The former applies during
daytime and only employs solar wavelengths. Emission techniques generally are applicable during any
time of day because they rely primarily on radiation emitted at infrared and near-infrared wavelengths.
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4.3.2.1. Solar Reflectance Methods
The spectral bidirectional reflectance or, simply, reflectance is

I\(Ho B, @)

4.3-3
lJ'oT[Eo)\ ( )

PA(TA: Hor 1L @) =

whereE,, is the spectral solar irradiance gngl 1, andg are the solar zenith and viewing zenith angle
cosines and the relative azimuth angles, respectively. Optical depth can be determined directly from the
reflectance data in the absence of particle size information, if a particle size is specified. Rossow et al.
(1985) assumed that all clouds can be interpreted as hgsnd0 pum, an approach later used in the
ISCCP analyses (Rossow et al. 1992) and in pre-ISCCP analyses of NOAA-5 SR data (Rossow and
Lacis 1990). In those analyses, a valuegfsis determined by matching the 0.g6 (visible) reflec-

tance to a set of model-generated reflectance tables developed for different cloud heights, surface albe-
dos, and optical depths. Later analyses using FIRE data (Baum et al. 1992; Minnis et al. 1993a)
indicated that significant improvement is obtained in the accuracy of the derived optical depths by using
the hexagonal ice crystal phase functions of Takano and Liou (1989) for cirrus clouds. Minnis et al.
(1993b) developed a parameterization that incorporated surface albedo and cloud height so that reflec-
tance tables were only needed to account for optical depth. The gained computer storage space could be
used to accommodate models with variable particle size.

A more accurate estimate gf can be made if the particle size, shape, and phase are known. One of
the earliest applications of a reflection method for this purpose was performed by Hansen and Pollack
(1970) who attempted to explain the spectral variation in aircraft reflectivity measurements (Blau et al.
1966) in terms of phase and particle size using theoretical computations. Twomey and Seton (1980)
showed theoretically that mean radius and optical depth could be determined for optically thick clouds
using the scaled optical deptfy = (1-®,'9)T,  and the scaled single-scatter aljedan, =g)/ (1
(1- w,0). A measurement of reflectance at a conservative-scattering wavelength could be used to
determiner,’ , while, could be estimated using simultaneous measurements of reflectakcelaé
or 2.2um. Later comparisons of aircraft reflectance measurements and calculatians @75, 1.0,

1.2, and 2.2%m were relatively unsuccessful in matching the data with theory at all four wavelengths
simultaneously (Twomey and Cocks 1982). Twomey and Cocks (1989) utilized an improved instrument
and a multispectral minimum difference method to match theory and measurements much more closely
for the same wavelengths plis= 1.66um.

Coakley et al. (1987) and Radke et al. (1989) showed that reflectance measuremengsmat 3.7
could be used to detect ship tracks in marine stratus clouds because the droplet radii decreased in the
portion of the cloud affected by the ship’s exhaust. They also showed that an increase in the reflectance
ratio, pg 74P2 5, accompanied the decrease in radius measured with in-situ probes. Using theoretical cal-
culations at 0.75, 1.65, 2.16, and 3.0 and a minimum difference method employing the scaled opti-
cal deptht’ = (& g)t and the similarity parametsr=[(1 - @, )/(1 - &, g)]1/2, Nakajima and King
(1990) showed that measurements of reflectance apgh7dnd at either of the other wavelengths could
be used to solve fog andt,. However, a third channel was found to be desirable for removing ambigu-
ities arising from the nonmonotonic variationwf  withThey also found that the retrieved value of
re corresponds to the effective radius for some upper portion of the cloud that depends on the cloud
thickness. Thug, requires some adjustment to estimate the effective radius for the entire cloud. Later
analyses of aircraft observations at 0.75, 1.65, and|2ri@Nakajima et al. 1991) over stratocumulus
clouds produced excellent correlation between the remotely sensed, center-adjusted effective radii and
the in-situ particle sizes (Fig. 4.3-1). Although the remote sensing analysis apparently overestimated
the results clearly demonstrated the potential of this method. Further examination of the results indi-
cated that the water vapor absorption at 1.65 and#ri@eeded additional study and that there are
some significant disagreements between the aircraft probes used to measure particle sizes in the clouds.
Wielicki et al. (1990) estimated particle sizes for water and ice clouds from Landsat observations at
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Figure 4.3-1. Effective radius derived from remote sensing and adjusted to center of cloud compared with values obtained
from in-situ measurements obtained using all three PMS probes. The top panel is based on ER-2 MCR measurements, while
the bottom panel is from Landsat-5 TM data. All measurements were taken during 1987 off the coast of California during the
FIRE Marine Stratocumulus Intensive Observing Period (adapted from Nakajima et al. 1991).

A =0.83, 1.65, and 2.21m by matching ratios of the reflectances to theoretical calculations. For water
clouds, they found good agreement between the valugsiefived from in-situ data and the 0.88v

2.214um reflectance ratios. Rawlins and Foot (1990) used reflectances from aircraft measurements at
A =1.04,1.24, 1.55, and 2.Qn to derive values af, that were 20% to 50% greater than their in-situ
counterparts. Differences between the in-situ and remotely sensed data have not yet been entirely
resolved as there are uncertainties in the instrumental results related to detection capabilities and in the
remotely sensed data because of the effects of the vertical variatiowitifin the cloud.
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Cloud phase can be determined by comparing the ratios of reflectances at two wavelengths: one that
is a conservative scatterer for both ice and water and one that has strong absorption for ice and weak
absorption for water. This type of approach was suggested by the theoretical calculations of Hansen and
Pollack (1970) and other researchers. Curran and Wu (1982) used this approach to determine the pres-
ence of supercooled water clouds from Skylab measurements of reflectance j[ah1Masuda and
Takashima (1990) demonstrated theoretically that a combination of measurements at 0.63 or 0.86 and
1.61um would be best for determining phase. Wielicki et al. (1990) found that theu2y2183um
and the 1.65+m/0.83um Landsat reflectance ratios could effectively distinguish between ice and water
clouds when used together. King et al. (1992) showed that distinctly differentrh/6375um reflec-
tance ratios are measured over water and ice clouds. The water cloud reflectance ratio is about half that
of the ice cloud. The ratio techniques are continually being improved and developed. They will be use-
ful for the TRMM/VIRS and MODIS instruments but not for AVHRR.

4.3.2.2. Thermal Infrared Emittance Techniques

The simple model of brightness temperature usually employed in satellite remote sensing of clouds
is that the observed radiance is

By(Ty) = [1—&, (K T))][(1-£5)By(Tps) + € B (T + &, (1 T)) By (T 9) (4.3-4)

whereT, is the equivalent blackbody temperatufgis the surface temperatuigy,q is the cloud tem-
perature,Tpg is the equivalent blackbody temperature of the downwelling radiance at the sBrisice,
the Planck functioreg, is the surface emittance, and the effective cloud emitignapproaches unity
as the cloud becomes optically thick. If scattering is neglected,

€\ = 1—exp(-T,/H) (4.3-5)

where the absorption optical depth, = (1—(1)0)5\ . The quartitB,(Ty can be replaced in many
instances witlB), (T ), WhereT.q is the clear-sky temperature. It includes the attenuation of the atmo-
sphere which is not explicitly included in (4.3-4). For semitransparent clouds, it is possible to estimate
&\ andTgq from simultaneous measurements at two different wavelengthsdA,, if T,y and the
relationship betweegy, ande), is known and), # €),. The surface emittance is generally assumed to

be unity for longer wavelengths. It may be as low as 0.9 for some surfaces at the near-infrared wave-
lengths. Ife) is known, thert, can be determined from either (4.3-5) or some other function that relates
the two quantities. IT 4 is known—from some other source or a third wavelength—it is theoretically
possible to determing andt,. As in the case for reflectance methods, the optical properties of clouds
need to be different at each of the involved wavelengths. Hunt (1973) showed that the cloud emittance
at 3.7um is more sensitive to changes in optical depth and particle size than at longer wavelengths such
as 11 or 12um. Liou (1974) demonstrated that the optical properties of cirrus varied between 11 and
12 um. These three spectral channels have been used on meteorological satellites and, therefore, have
received much of the attention for deriving cloud properties. Some techniques make use of the bright-
ness temperature differenBd D, j betweenT; andT; to provide some information about the particle

size and optical depth. The subscripasdj can refer to sensor channel numbers or their nominal wave-
lengths. The AVHRR channels 3, 4, and 5 have nominal wavelengths of 3.75, 10.8, and.12.0

Inoue (1985) developed a method usBD,.5 and an implicit mean particle size to deterngpe
and, thereforet, from AVHRR channels 4 and 5 taken over semitransparent cirrus clouds. Wu (1987)
developed an algorithm to derive cirrus effective cloud fraatig€ and T4 using the HIRS2 3.7-,
4.0-, and 13um data. d'Entremont (1986) exploited the variation of AVHERRD;_4 with particle size
to determine the presence of low clouds and fog at night. Ackerman and Stephens (1987) further
explained the phenomena that permit the estimation of particle size from measurements of radiation
simultaneously at two wavelengths: one strongly absorbing and one weakly absorbing. Prabhakara et al.
(1988) usedBTD;g g.126from the 10.8- and 12 g6m IRIS data taken by the Nimbus-4 satellite as
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indices for the distribution of optically thin cirrus clouds. Ackerman et al. (1990) used ratios of the mass
absorption coefficients derived from 10.1- and 3200HIS measurements to estimate cirrus cloud par-

ticle sizes in terms of ice-sphere effective radius. Liou et al. (1990a) used an iterative technique to esti-
mate cloud temperature and optical depth from 6.5- anghifadiances taken over high-altitude cirrus
clouds. From theoretical calculations using spheres and cylinders to represent cirrus particles, Parol
etal. (1991) concluded that the AVHRBID,.5 depends significantly on particle shape but not so
much on phase. They found that scattering should be taken into account in the interpretation of the
BTD's. Takano et al. (1992) developed a parameterization to compute the optical properties of cirrus
clouds at any infrared wavelength using a combination of hexagonal ice crystals and spheroids to repre-
sent the cirrus cloud particles. The latter are used for large size parametdite the former are
invoked for smallx. The Takano et al. (1992) model matched observatiosI B ;.;, much more

closely than the spherical representations. Lin and Coakley (1993) advanced a method to derive a parti-
cle size index for single-layer cloud decks using radiative transfer model fits to clusters of collocated
AVHRR channel 4 and 5 pixels. Their method simultaneously solved for the emittance and cloud frac-
tion by computing an envelope of solutions based on a single effective radius and cloud temperature for
the pixel cluster. Ou et al. (1993) developed a method to degiyg T g, andDe from nighttime
AVHRR measurements df; 7 andT,g o They assumed that particle size depended on cloud tempera-
ture according to the parameterization of Heymsfield and Platt (1984) and developed a parameterization
of B14(T) in terms ofB; AT). Baum et al. (1994) successfully modeRHD; 7.1, andBTD;,_1,values

from AVHRR observations taken over oceanic cirrus, stratocumulus, and a cirrus-stratocumulus mix.
Their models are based on the results of Takano et al. (1992), Liou et al. (1990b), Minnis et al. (1993b),
and Mie scattering calculations. They found that a combination of all three channels may be used to
determin€Tl g, T, andrg or Dg simultaneously.

Infrared spectra may be used to determine cloud phase, though not as easily as solar spectra.
Ackerman et al. (1990) demonstrated tBaD, .1, andBTDg_1; may be used to determine the cloud
phase for optically thin clouds, at least. The analyses of Baum et al. (1994) showed that a combination
of BTD3 7.1;andBTDy 1.1 has the potential for separating ice and water clouds for many particle sizes
for 19.65< 6. Figures 4.3-2 and 4.3-3 adapted from Baum et al. (1994) shd this from AVHRR
observations for a cloud deck willy,4 = 250 K. The theoretical values BiTD; ;.14 for ice clouds,
shown as the curves in Figure 4.3-2(a), are generally less than those for water clouds (Fig. 4.3-3(a))
while the opposite is true f@TD, 1.1 (Figs. 4.3-2(b) and 4.3-3(b)). This potential for phase determina-
tion is currently under study.

4.3.2.3. Combined Thermal Emittance-Solar Reflectance Methods

There are mixed methods that use both thermal and solar channels and, sometimes, an overlapped
solar-thermal channel. The simplest of the mixed techniques, a bispectral visible-infrared analysis, is the
form most widely used. In this approach, optical depth is derived from the visible reflectances using an
implicit or explicit model of the cloud radiative properties. The infraredit) emittance, derived
from the visible optical depth, is used to correct the obséerygdsing (4.3-4) to obtaif. 4. Reynolds
and Vonder Haar (1977) used an empirical model that represents an implicit cloud model to relate cloud
albedo tceq ;. Rossow and Lacis (1990) used a theoretical-empirical approach and a single cloud micro-
physical model, a method also used by the ISCCP (Rossow et al. 1992). Minnis et al. (1993b) employed
a purely theoretical method using various cloud microphysical models. Those bispectral methods are
relatively effective and applicable to most operational satellite datasets. They do not, however, yield any
information about particle size or phase other than what is assumed. To obtain particle size, a third
channel or some other type of information is needed.

Arking and Childs (1985) pioneered the use of visible, infrared, and then8.data to retrieve
cloud fractionC, 1g g5 re, @andTq for each pixel. Their method uses a pixel clustering technique to
determinelq for a scene. All pixels outside the cluster are assumed to have a cloud temperature equal
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Figure 4.3-2. Comparison of theoretical results assuming cloud composed entirely of hexagonal ice crystals with AVHRR data
taken over the northwest Atlantic at 0606 UTC, April 16, 1989. The ice crystal length-to-width ratios L/2a are jgmén in
um. The circles, triangles, diamonds, and asterisks refer to theudDdpstical depths of 0.5, 2, 4, and 6, respectively
(adapted from Baum et al. 1994).
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Figure 4.3-3. Same as Figure 4.3-2, except assuming cloud composed entirely of supercooled water droplets in the model cal-
culations (adapted from Baum et al. 1994).

June 2, 1997 11



CERES ATBD 4.3 - Cloud Optical Property Retrieval Release 2.2

to the scene value df,y. The difference between the observedndTqy for each pixel outside the
cluster is interpreted as a cloud fractore 1, soC is computed for each pixel. The optical depth and
spherical particle size category are determined for each pixel using the visible amd Badiances

with Toq andC. The use of the 3.dm data during the day complicates (4.3-4) because there is some
solar reflectance at that wavelength. The observed radiance has an additional term

B(T) = &(t,rg WB(T ) +[1—8(T, 1 W]EB(TL)

+uoEOD o )+[l—aC(T,re: Ho)—€(T, Iei M)l [1—ac (T re WIp(He . @) O
T! ; b L
n %p e Holh @ 1_asdacd(r’ re) E
(4.3-6)

where the subscript has been dropped for simplicity. The effective emittance includes both the absorp-
tion and scattering effects of the cloud. The first term in (4.3-6) represents the radiance emitted by the
cloud, while the second gives the radiance emitted by the underlying surface and atmosphere that is
transmitted through the cloud. The third term represents the solar radiation that is reflected back to
space. Within the large brackets, the first term is the cloud bidirectional reflectance and the remainder
approximates the fraction of solar radiation transmitted to the surface by the cloud and reflected back to
space after passing again through the cloud. If the first square-bracketed quantity in this term is less than
zero, it is set equal to zero indicating that none of the solar radiation reaches the surface. The surface
bidirectional reflectance and diffuse albedo pg@ndagy respectively. The cloud directional and dif-

fuse albedos are; andaq, respectively. These terms are formally defined by Minnis et al. (1993b).
Atmospheric absorption and scattering effects are neglected in (4.3-6), which can be used for any wave-
length sincee, ande approach zero for infrared and visible wavelengths, respectively.

Stone et al. (1990) continued the development of the techniqueRIEDig between infrared win-
dow (10-12.7um) and near-infrared (3.5—410n) radiances by comparing model calculations of day-
time BTD’s for various sizes of ice spheres to GOES and AVHRR data. Figure 4.3-4 shows the Stone
et al. (1990) model calculations @ o, T1» » andBTDs g.1, 7for three different effective ice sphere
sizes (as defined by Stone et al. 1990, modeDd=8 pm; model 3:Dg=32 um; model 5:
De = 128um). The daytiméBTD; .o 7values (Fig. 4.3-4(a)) are more sensitive to changBg than
their nocturnal counterparts (Fig. 4.3-4(b)) because of the reflected component injgheradances.
This increased sensitivity is also found for liquid water clouds. Han (1992) exploited the daytime sensi-
tivity of T to particle size to construct the first semiglobal surves, ébr water clouds using ISCCP
AVHRR data. His method explicitly solves (4.3-6) through an iterative techniqug §arT.q, andre
usingpg 67 T3.73 andTy gand a set of lookup tables derived from radiative transfer calculations. The
lookup tables are limited @ > 0.9,u, > 0.2, and liquid water droplets. The method is applied only to
pixels havingTq > 273 K. This technique has produced reasonable results over the middle and low lat-
itudes where it was applied to a set of AVHRR data. Platnick and Twomey (1994) used a similar
method to study the susceptibility of cloud albedo to cloud droplet size changes. In a limited compari-
son using ASTEX data, Platnick and Valero (1995) found good agreement between in situ and satellite
retrieved droplet sizes. The results provide additional confidence for using this multispectral approach.

Young et al. (1993) and Young et al. (1994) expanded on the approach of Han (1992) by using
models of reflectance and emittance developed by Minnis et al. (1994) for all angles, cloud and surface
temperatures, cloud phase, optical depths, and particle sizes. Their iterative scheme is similar to that of
Han (1992) but it contains some additional features. The Young et al. (1994) method selects an ice or
water model automatically using the initial comparison of the computegiwith the observed value.

Mie scattering calculations are used for the water droplets. The ice cloud models are based on the hex-
agonal crystal and spheroid parameterizations of Takano and Liou (1989), Minnis et al. (1993b), and
Takano et al. (1992). The initial applications of this methodology compare well with in-situ and ground-
based radar measurements of particle size taken during FIRE Il and ASTEX.
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Release 2.2

Figure 4.3-4. Composite plots of 3.8 and 12.74m brightness temperature and their differences as functions of thprh2.7-
optical depths for model cirrus clouds during (a) daytime and (b) nighttime situations. The numbers next to each curve relate
to model values of effective particle size. Models 1, 3, and 5 refer to effective ice-sphere radii of 4, 16irance6pec-
tively. The solid and short-dashed curves are for theut%nd 12.744m temperatures, respectively. The long-dashed
curves relate to the temperature differences (adapted from Stone et al. 1990).
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Another mixed technique, applicable only to water clouds over ocean in daylight, involves the
simultaneous use of microwave radiances to infer liquid waterVidggtand visible radiances to derive
optical depth. Minnis et al. (1992) used radiative transfer models of visible reflectance in tegmgs of
andrg and

3QeW)iq

= —
® 49qToesP: M)

(4.3-7)

to obtainre from surface-based microwave measuremeniggfand GOES visible data. The density of
liquid water isd;q. This equation is a generalized version of an approximation by Stephens (1978) in
which Q. is assumed to have a value of 2 for visible wavelengths. The extinction efficiency actually
varies from 2.3 to 2 forg ranging from 2 to 32im. Minnis et al. (1992) found excellent agreement
between their derived effective radii assum@yg= 2 and the available in-situ data taken off the coast of
California during the July 1987 FIRE stratocumulus experiment. Young et al. (1992) applied this
visible-microwave approach to derivg from nearly coincident DMSP SSM/I microwave data and
GOES visible radiances. The resulting mean valug ofas 9.2um, identical to that derived using the
technique of Young et al. (1994) applied to nearly coincident AVHRR data. The values from the
visible-microwave method, however, ranged from 6 toutd compared to 7 to 1um from the
AVHRR data. The most likely cause of the range differences may be the sensitivity of the reflectance
techniques to the droplets in the top of the cloud (cf. Nakajima and King 1990). Further, the visible-
microwave method must simultaneously account for the reflectance and liquid water path of the entire
cloud. In nonprecipitating conditions, stratiform clouds tend to have smaller droplets at the bottom. The
opposite situation is likely to occur for precipitating clouds. Additional research is required to reconcile
the discrepancies between the two methods.

4.3.3. Data and Model Database

The primary input data to COPRS include the following elements from a CERES cloud-algorithm

unit data block (1& 16 imager pixels): meaf.g (L), Pear(L), Osp(L), Tea(S), asp(S), andp.(S),

T(P), Ty or(P) ., Taen T, » Egy @andy,, W, andg for the center of the block. The parentheticandS

refer to fand and sea, resspectively. The clear-sky albexigis) and the clear-sky diffuse albedaig;

The spectral water vapor optical depthiis 4, (p) , and the visible aerosol and ozone optical depths are
Taerandtg , respectively. The spectral fadiances and geoclassification for each pixel in the data block
are also included. These input elements have been described in detail in section 4.1. Other inputs
derived in the section 4.2. subsystem are the clear, single-layer, or multiple-layer indices for each pixel
and the values for the cloud layer temperatures for all layers detected for the eight surrounding data
blocks.

To maintain a standard reference, optical depth is reported in terms of the visible channel optical
depth,tg g5 The optical depth at a given wavelengihfor any effective particle size can be related to
the optical depth at any other wavelengjtby

.. =T 1 (4.3-8)
Al )\ZQe)\Z
For simplicity, the wavelength subscript is dropped for the visible optical depth. It will continue to be

used for other wavelengths. The AVHRR channel numbers 3, 4, and 5 will hereafter replace the wave-
length designations far=3.7, 10.9, and 118m, respectively.

The cloud solar radiance model database consists of lookup tables giving the spectral cloud reflec-
tancep, (re or Dg; T; Ko, 1, ), cloud albeda (re or Dg T; M), and diffuse cloud albedm.y(re or Dg; T)
for the relevant channels: 0.65, 1.60, and JuTEfor VIRS and AVHRR (Minnis et al. 1993b; Minnis
et al. 1994) plus 2.12m for MODIS. The lookup tables were constructedrfor 2, 4, 6, 8, 12, 16, and
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32um andDg = 6, 18, 24, 30, 45, 75, 105, 123, and iB5witht1=0.25, 0.5, 1, 2, 3, 4, 8, 16, 32, 64,

96, and 128p,=1, 0.95, 0.85, ..., 0.0p;=1, 0.9, 0.8, ..., 0.1; anpl= 0, 7.5, 15, 30, 45, ..., 165, 172.5,

18C°. The optical depth range for 3.j{i5 ends at = 32 because the reflectance is essentially constant

for greater optical depths. For bright backgrounds, a set of lookup tables giving therOcéectance

at the top of the atmosphere has been developed for the same sets of angles. These lookup tables were
computed for all of the water and ice clouds using surface albedos ranging from 0.20 to 0.80 in incre-
ments of 0.15 for = 0.25, 0.5, 1, 2, 3, 4, and 8 ap& 1000, 700, 400, and 100. No water vapor or

ozone absorption was included in these calculations.

Figure 4.3-5 shows examples of the cloud reflectance lookup tables normalized to the cloud albedo
[i.e., the ratiop) (Mo, K. @)/a(Ho)] for re=16 um (Fig. 4.3-5(a)) and, = 37 pm (Fig. 4.3-5(b)) for
channel 3 witht = 4 andy, = 0.55. The effective volumes of these two particle distributions are close,
but the diffuse albedos are 0.13 and 0.06, respectively. Although the reflectance patterns (Fig. 4.3-5) are
somewhat similar, they show some distinct features typical of the differences between scattering from
spheres and hexagonal crystals (Minnis et al., 1993b). The relative reflectance patterns for the visible
channel (Fig. 4.3-6) are different than those in Fig. 4.3-5, but the discrepancies between the ice and
water reflectances are quite noticeable. In contrast to theuBa7&esults, the visible-channel liquid-
cloud diffuse albedo of 0.31 is less than the value of 0.42 for ice-cloud model. Cloud albedo
increases with decreasing particle size for both channel 3 and the visible channel as demonstrated in the
reflectance plots of the models fy= 4 and 16um in Figs. 4.3-7 and fdD, = 23 and 10§m in Figs.
4.3-8. The ice models used here are based on randomly oriented hexagonal ice columns and were
selected because the phase functions and optical properties are available for the range of ice crystal sizes
and wavelengths needed for the retrievals. The hexagonal ice crystal is commonly found in cirrus clouds
and provides the basic building block in some more complex crystals found in ice clouds. Optical prop-
erties have been derived for other shapes (e.g., Macke et al., 1996) that would produce different values
for optical depth and, perhaps, particle size for a given set of conditions. The optimal model for repre-
senting cirrus cloud microphysics has not yet been determined. Although it is clear that retrieved prop-
erties will be sensitive to shape, much additional research is required to understand the errors introduced
by using a particular model in the retrieval methodology.

For each discrete particle size, the cloud emittance models comprise eight sets of 32 coefficients corre-
sponding tor = 0.25, 0.5, 1, 2, 4, 8, 16, and 32 for channels 3, 4, or 5 for the VIRS and AVHRR plus the
8.55um channel of MODIS. The following regression formula was fitted to effective emittances computed
using (4.3-4) and radiances calculated with the adding-doubling radiative transfer model of Minnis et al.
(1993b)

2 4 1
e e = z z z diijiquk (4.3-9)

i=0j=0k=0

where( = 1/(In(AT) andg = 1/In(T.9 andAT = T,s— Tg. Interpolation is used to determiador optical

depths between the model values. Details of the reflectance and emittance models can be found in Minnis et
al. (1997). For channel 3, the standard error of this parameterizatid@nds5 and 0.005 for the water drop-

let and ice crystal distributions, respectively, whreen 1. Slightly larger errors are encountered in the fits for

€ >1 for the smaller water droplets. Standard errors for channels 4 and 5 are less than 0.003 and generally
close to 0.001 for water droplets and less than 0.001 for ice crystals. Figure 4.3-9 shBWB4theand

BTD,.5 computed using the effective emittances from (4.3-9) for hypothetical nocturnal clouds viewed from

0 =45° at a temperaturé.q = 255 K over a clear scene having a brightness temperaturg 300 K.

Four clouds are represented, two comprising water droplets with effectivegadiiand 16um and the

other two consisting of randomly oriented hexagonal ice crystals having effective didipste8% and 105

pum. Ast increases, the 10y8n temperature approach@gy. It is clear that, for both the water droplet and
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ice crystal modelTD; 4> BTD,_5 This greater difference is typical for most cold clouds, and the ice mod-
els are obviously distinguishable from the water droplet models. Differences be&WBgn for Do = 31

and 105um are smaller than those betwd®TD, 5 at the smaller optical depths (warmer brightness temper-
atures), while the reverse is true for larger optical depths. During the daytiniT@gg for D, = 31 and
105pum are always greater th&TD,_g because of the solar contribution to the channel-3 radiance.

Atmospheric corrections for the solar channel are performed using the models and methods of
Minnis et al. (1993b). Corrections for atmospheric water vapor are applied to the infrared and near-
infrared channels using correlated-k fits (Kratz 1995; see also Appendix). When the models are applied,
reflectances are computed for each appropriate chanpgliatande for the center latitude and longi-
tude of the data block over a range of particle sizes and optical depths for both land and ocean. Emit-
tances are computed for the same particle sizes and optical depthsiag) the initial guess afq.

The model results are then corrected for atmospheric attenuation. A clear-sky bidirectional reflectance
model and spectral surface emittance are required in the analysis.

4.3.4. Methodologies

The multispectral reflectance techniques are sensitive to a wide range of particle sizes but are lim-
ited to daytime. Emittance methods are applicable at all times, but they are sensitive to a smaller range
of ro and can be used only when the cloud is semitransparent. The 3-channel mixed methods are the
only techniques available using current global satellite data and are applicable to a wide range of optical
depths. They cannot be used at night, however, and are sensitive to a smaller range of particle sizes than
the solar methods. There are also many other situations in which one or all of the techniques will fail to
retrieve the desired parameters (see section 4.3.5.2.). To overcome these deficiencies, the COPRS will
utilize all three approaches to arrive at the most reliable estimates of the cloud properties in as many sit-
uations as possible. For application to CERES/VIRS, the 3-channel reflectance-emittance techniques
will serve as the primary methods for simultaneous retrieval of optical depth, effective particle size, and
phase. The reflectance methods generally rely on a@ri8hannel to determine particle size. This
channel will be unavailable on VIRS. There is some skill in the reflectance methods, however, to deter-
mine particle size and phase using only the visible and lmé@hannels. Therefore, the reflectance
method will be applied during the daytime to verify phase and whenever a solution is unavailable from
the 3-channel method. When the MODIS is operating, it will be possible to apply a full-scale reflectance
technique because of the wide choice of channels. Whenever the primary and secondary methods fail, a
3-channel infrared method is applied during the daytime. The same 3-channel infrared method is
applied at night in most cases. For this Release-2 algorithm using VIRS, the three channels are 3.75,
10.8, and 1um. For MODIS, a 4-channel method will be possible because of the additionair8.55-
sensor. In all cases, both day and night, the results derived from each method will be compared for con-
sistency and to arrive at a single result. The decision-tree selecting the final values will incorporate
information regarding the reliability of each technique for the given conditions.

4.3.4.1. Daytime Cloud Optical Depth, Particle Size, and Cloud Temperature

4.3.4.1.1. 0.65-3.75-10.8-11u8 method.This four-channel method is essentially an expansion of
the three-channel method described by Minnis et al. (1995). The procedure follows the three-channel
approach to reach an initial solution. The results are then retained or revised based on several criteria.
This approach is detailed below.

Givenps(0.65),p.5(3.75), T, andT., the phase, particle size, optical depth, and cloud temper-
ature are evaluated for each pixel by iteratively solving first fmging the observed visible reflectance
Po.e5 Second foif ;4 usingTy in (4.3-4), and finally usinds in (4.3-6) to obtaim.. The optical depth is
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Figure 4.3-5. Normalized theoretical anisotropic reflectance values=fdr i, = 0.55, and\ = 3.75um.
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Figure 4.3-6. Normalized theoretical anisotropic reflectance values=fdr i, = 0.55, and\ = 0.65um.
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Figure 4.3-8. Theoretical albedos for 28 and 1084m ice particles.
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obtained by matching the observed reflectance to a parameterization of radiative transfer calculations of
reflectance in terms of cloud optical depth. This model is

Poes = 2P/ (1-0),i = 1,5 (4.3-10)

where( is a regression correction parameter, angfilage parameterizations of the multiple scattering
and absorption by the atmosphere, scattering by the cloud, and reflectance by the surface (Minnis et al.
1993b). The reflectance parameterization is described briefly below.

The visible-channel reflectance contributed by the cloud and the atmosphere above it is
P1 = t1Pe1 = t41Pc1(T Tre) (4.3-11a)
where the transmittance,
tyy = exp[—TOB(l/ Mo+ 1/1)]
and the Rayleigh optical depth above the clougjsThe beam reflectance by the surface is
Py = L it TPy (4.3-11b)
where the downward and upward cloud transmittances are
t.t = exp[—(1-fp)t/ ]
and
t.t = exp[—(1-fp)t/y]

respectively, and, is the fraction of the beam that is forward scattered because of diffraction or direct
transmission through the droplet or crystal. Its value is generally greater than or equal to 0.5 at visible
wavelengths. The proportion of the radiation that is scattered out of the forward direction, reflected by
the surface, and transmitted diffusely back through the cloud to space is approximated as

P3 = Ogq(l-a (-t 1 —a.) (4.3-11c)

The fourth term,

Py = [pRZ(l_ag-S)_aRlaz](l_acd) (4.3-11d)

accounts for the relative thickness of the Rayleigh layers above and below the cloud. The effects of the
two Rayleigh layers are included by using the direct Rayleigh reflectance term for the bottopglayer,
and the Rayleigh albedo for the top layeg;. The fifth term,
_ 0t F,2
Pg = o+ alDl_ZD HoOg+as0gy (4.3-11e)
+1

accounts for an overestimate in the surface contribution to the reflectapgédoysmall cloud optical
depths. The coefficients;, depend on the microphysical model. The denominator in (4.3-11) uses the
parameter

¢ = by+byInT +bya yInT + b0, (4.3-12)

to minimize biases in the parameteriztion. The coefficidntsiso vary with the microphysical model.
Details of this parameterization are given by Minnis et al. (1993b).
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The model represented by (4.3-11) yields relatively accurate optical depths over dark surfaces for
all optical depths (Minnis et al. 1993b). For brighter surfaces, such as deserts, clouds, and snow, the
optical depth errors can be greater than 50% for relatively thin clouds. Therefore, the lookup tables for
top-of-the-atmosphere reflectance are usexif> 0.20 andt < 8. The lookup table values are first
multiplied by t,; to account for ozone variability and then interpolated to obtain the top-of-the-
atmosphere reflectances corresponding to the observed or expected clear-sky albedo and the specified
cloud and angular conditions. These values replace the results of (4.3-11) for the thin clouds over bright
scenes.

The three equations (4.3-4), (4.3-6), and (4.3-11) are solved using the iterative process outlined in
Figure 4.3-10 for each cloudy pixel. An initial guess solves (4.3-11} &ssuming a water-droplet
model withro =8 pm. Cloud emittance is computed for channels 3 and 4 using (413;9)s then
determined from (4.3-4) at 1am. If T, > 253 K, then it is used in (4.3-6) withto compute
BTDs_4(re) for the full range of particle sizes in the water droplet model. Otherida; 4(D,) is cal-
culated for the ice crystal models. Finally, a new estimate of particle ragiws D, is determined by
matching the observe8ITD3_, with the model output. For the water droplet casB[TiD; 4 is less than
the value of the greatest model radius aggd < 273 K, the process is repeated using the ice crystal
models beginning with an initial guessf = 37 um. Otherwiser, is set equal to, and the process is
repeated until the two values are within uh of each other. Likewise, in the ice crystal case, if
Tog> 233 K andBTDs_4 is greater than that of the smallest ice crystal model, the process is repeated
using the water droplet models. The test for phase is executed only after the first iteration. An additional
10 iterations are allowed before the process is ended and no solution is obtained. Most cases require
fewer than six iterations. In some instances, the ice and water droplet models will produce overlapping
results so that the small ice crystals may occasionally be mistakenly identified as large water droplets.
Overlapped cirrus and liquid water clouds and mixed-phase clouds can produce radiances that fall
between the ice and liquid models.

The three-channel approach is illustrated using 1-km AVHRR data taken near Coffeyville, Kansas
during the November-December 1991 FIRE Cirrus field experiment. Figure 4.3-11(a) plots the
observedBTDs 4 againstT, for a small area at 2054 UTC, November 26, 1991. The plotted numerals
correspond to the number of pixels having the given pdiTak_4-T, values. The curves represent the
ice and water droplet model results @[y = 264 K. Figure 4.3-11(b) is a histogramrgfderived using
the process described above for the data in Figure 4.3-11(a). In this case, the cloud is diagnosed as being
a supercooled water cloud with megnt, andT4 values of 9.5um, 6.5, and 268 K, respectively. A
case where nonoverlapped high- and low-level clouds are present is shown in Figure 4.3-12 for data
taken at 2042 UTC, November 28, 1991. The figure shows two-dimensional histogrgypsvefsus
T4 (Fig. 4.3-12(a)) an@TD;_4 versusT, (Fig. 4.3-12(b)) with a subjective estimate of the model that
would best fit the histograms using the LBTM-derived (section 4.2.2.) valudgpfrom Fig-
ure 4.3-12(a). The full pixel-by-pixel analyses yielded the distribution of particle sizes given in Fig-
ure 4.3-13. The low-cloud top height of 1.6 km is 0.2 km higher than that derived from radar data taken
at Coffeyville. The high-cloud altitude is at 9.0 km, midway between the base and top heights observed
with the radar. The ice water path of the cirrus cloud is

whereV andA are the volume and cross-sectional areas, respectively, of the randomly oriented hexago-
nal crystali in a specified distribution defined by the normalized number of crystaBnddice is the
density of ice. The ice water path derived from the distribution in Figure 4.3-13(b) is 1'§’,agyradue

within 5% of the 139 gt derived from the surface radar. This result indicates the mean particle size is
a reasonable estimate for the cloud. The high-cloud fraction is reduced from the LBTM analysis
(Fig. 4.3-12(a)) because the cloud pixels Wi 276 K were too dim in the visible channel to solve

for T andre. The mean value ot in Figure 4.3-13(a) yieldgV;, = 47 g2, a value twice that of the
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Figure 4.3-10. Flow diagram of channels 1, 3, and 4 cloud property retrieval algorithm. Ettective diameter is dendted with
effective radius is.
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(a) Observe®TDs_4 plotted againsty,.

Figure 4.3-11. AVHRRBTD-IR histogram and water cloud retrieval in AVHRR data over 38.38.1°W at 2054 UTC,
November 26, 1991.
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half-hour-long surface microwave measurement; but it was derived using only four pixels or ~10 min-
utes. Evaluation of a larger area of nearby low clouds provides a more appropriate comparison because
it represents a longer time interval and the scene contains only one cloud layer. The results are
re=11.9um andW;q = 30 gnm2. Comparisons of data taken during the FIRE Il cirrus experiment
found that the satellite-derived particle sizes from this method were within 15% of coincident ground-
based, radar-derived ice particle sizes. These initial validations indicate that this technique can yield rel-
atively accurate estimates of particle size and liquid water path.

Another example (Fig. 4.3-14) taken from AVHRR data near Coffeyville shows the difficulties aris-
ing from overlapped clouds. Here the retrieval for overlapped cirrus and low stratus yields large water
dropletsre = 15pum and clouds at 4.0 km (Fig. 4.3-15(a)) in addition to the high clouds at 7.4 km with
De =58 um (Fig. 4.3-15(b)). Nearby analyses of single layer stratus and cirrus yiglddd um and
D = 46 um, respectively. The surface instruments and soundings showed no indication of clouds in the
middle layers but did show the two layers. Some of the clouds are apparently nonoverlapped because
there are peaks in the size distributionsrgt 10 pm (Fig. 4.3-15(a)) and aDg=40 pm
(Fig. 4.3-15(b)). The overlapped clouds yield overestimates of particle size. This example shows that
without knowledge of the overlap, the method will return errant valugg dndr, for cases involving
an optically thin cirrus over a lower cloud.

In certain angular configurations and small optical depthsg), nonmonotonic solutions arise so
that a range of particle sizes can be selected by the retrieval depending on the starting effective radius.
Figure 4.3-16 demonstrates this behavior for a cloud at 285K over an ocean surface at 290K. The near-
forward scattering case (Fig. 4.3.16(a)) showsThaecreases monotonically withfor 1 <t < 8. The
change with particle size is minimal fer> 15um for 1 < 4. In the near-backscattering case (Fig. 4.3-
16(b)), T3 first increases then decreases.at 5 um. For T = 1, two solutions can be obtained fgr
between 2 and 1Jdm. This problem is further illustrated in Figs. 4.3-17 and 4.3-18 which show the full
angular range for two measures of the multiple solution problem. The droplet rggitsving the
maximum value o3 is plotted for two values 08, in Figs. 4.3-17(a) and 4.3-17(b) far= 1 and 8,
respectively. If the solution is,,,< 2 pm, then no dual solutions are expectedr s, increases, the
range of possible solutions widens as demonstrated in Fig. 4. 3-16(b). For a majority af,¢gses,
less than 3im for T =1 and equal to @m for t = 8. Most of the larger values G5, 0ccur in the back-
scattering portion of the hemisphere and primarily for 8. Values of ,,5as great as J0m occur at
0 =30 forB, =32 in Fig. 4.3-17(a). That angular configuration is common in the Tropics for Sun-syn-
chronous satellites crossing the Equator during midday. At larger optical depths, the maximum values
of rhaxare confined td > 60 . An additional measure of the dual solution possibilities is the rafge in
for the modeled droplet sizes as shown in Figs. 4.3-18(a) and 4.3-18(b) for the same cases depicted in
Fig. 4.3-17. In this situation, as the temperature range decreases, the probability for ambiguous results
increases. Fort = 1 (Fig. 4.3-18(a)), th&; range is less than 10K fd@ < 30 . The minimum values
occur along the backscattering directio®at 30 corresponding to the highest valug,gf, The gen-
eral pattern for decreased range at smaller viewing zenith angles, however, derives from the smaller
reflectances observed near nadir (e.g., Fig. 4.3-6).

One means for solving the dual solution problem for optically thin water clouds is to match the
observedTD,_5 data to parameterized values. This approach is tenable because, at low optical depths,
there is a monotonic variation BfTD,_5 with T, (e.g., Fig. 4.3-9(a)). Thus, the iteration method using
channels 1, 3, and 4 (1-3-4) is repeated with channels 1, 4, and 5 (1-4-5) using the maximum and mini-
mum values off 4 derived from the initial technique as constraints. TH#e5 method is only applica-
ble to optically thin clouds because the information conteTiB,.5 is minimal and ambiguous at
larger optical depths. Fortunately, most of the ambigdeB!tresults occur for < 6. In practice, thé-

3-4 method is always applied. If the selected phase is liquid angl, the final set 01-3-4 solutions is
examined to determine the occurrence of dual solutions in the results. If foudedtheechnique is
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Figure 4.3-12. AVHRR histograms over 3N3 95.PW at 2042 UTC, November 28, 1991.
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(b) BTD-IR histogram.
Figure 4.3-12. Concluded.
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Figure 4.3-13. Retrieval in AVHRR data over 3N395.7°W at 2042 UTC, November 28, 1991.
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Figure 4.3-14. AVHRRBTD-IR histogram over 37°N, 95.6W at 2036 UTC, November 28, 1991.
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Figure 4.3-15. Retrieval in AVHRR data over 3N195.6W at 2036 UTC, November 28, 1991.
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Figure 4.3-16. Droplet size and optical depth dependence of channel 3 effective TOA temperature.
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Figure 4.3-17. Angular distribution of VINT dual solutions. Droplet radius with maximum channel 3 radiance.
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Figure 4.3-17. Concluded.
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Figure 4.3-18. Angular distribution of VINT dual solutions. Range of channel 3 effective TOA temperatures.
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then applied to the subject pixel to determine final valuds,gft, andr, using the range ifi;4 from
the 1-3-4results to bound the solution.

A similar approach may be used to identify and account for multilayer clouds in the scene as long as
the upper and lower clouds are optically thin and thick, respectively. In such cask$-4haethod
will yield a large optical depth and the derived cloud altitude and effective particle size fall between
those of the upper and lower clouds. From a theoretical perspecti&T Ehe will differ from that of
an optically thick cloud. The lower cloud will act as the background (clear-sky) and the upper cloud will
provide the “cloud” signal. If th&-3-4result indicates an optically thick cloud, the results can be used
to computeBTD,._5 for the same pixel. If the actuBITD,. g differs significantly from the computed
value, it is likely due to the presence of multilayer conditions, especially if previous subsystems have
identified two different cloud levels in the tile. If the pixel is identified as being multilayered and a
lower cloud temperature is known, the temperature, optical depth, and particle size of the upper cloud
can be computed using only tB&D,_g part of the nighttime method described in section 4.3.4.2.

4.3.4.1.2. Reflectance techniquEhe reflectance approach uses the mgigdp, o to determine the
phase of the clouds by comparing the ratio to model calculations for thick ice and water droplet clouds.
For each single-layer pixel, the phase will be determined by comparing the reflectance ratio to an ice-
water threshold computed fag, 4, and@ using the models discussed earlier. If the ratio exceeds the
greatest model ice ratio, the cloud will be designated as liquid water; otherwise, the phase is ice.

After determination of the phase, a least squares approach is applied to match the multispectral radi-
ances to a set of model calculations simulating the reflectances for clouds having a range of particle
sizes and optical depths. This approach, the models to apply it, the expected errors, and current limita-
tions are discussed in detail by King and Tsay (1993). This technique will use the VIRS 0.65-, 3.75-,
and 1.60am data during CERES/TRMM. It is anticipated that CERES/EOS will use the 3-channel
reflectance method employing the 2418 MODIS channel. In this Release 2 software design for the
COPRS, the reflectance method serves as the secondary particle size retrieval method. The four-channel
method will serve as the primary technique because of its history of global application using operational
satellite data. The reflectance method will be phased in as experience with its use in satellite retrievals is
gained.

4.3.4.2. Nighttime Cloud Optical Depth, Particle Size, and Cloud Temperature

The cumulative experience of remotely sensing particle size and optical depth at night is much less
than that for the daytime. The available techniques are either in early development or in a conceptual
stage at this time. The primary shortcoming to the nocturnal methods is the lack of a relatively indepen-
dent optical depth channel. When the sun is shining, it is usually possible to obtain a close approxima-
tion of optical depth using the visible channel because of its relative insensitivity to particle size
(Fig. 4.3-6) and its independence frdigyy. This facilitates the determination Bfiy and, ultimatelyr..

At night, the problem is less tractable because all three channels are highly sen3itjyeandTt for
small optical depthst(< 6). AlthoughT4 is well defined for larger optical depths, there is minimal
information available regardingandr,. For those clouds having small optical depths, particle size and
T can be determined using one of the approaches described below.

4.3.4.2.1. Solar-infrared, infrared, split-window technique (SISGQiven an optically thin cloud
(t < 6), 4, and the background (clear-sky or cloudy) temperatures for channels 3, 4, and 5, it is assumed
that a given pair oBBTD3;_ 4 andBTD, g at a particular value df, uniquely define a cloud characterized
by T¢ig e Or Dg, @andt. These parameters can be determined by matching the three measured quantities
as closely as possible to the same parameters calculated using each of the microphysical models defined
for the COPRS. Each observed quantity will fall between the corresponding pair of discrete theoretical
calculations for a given phase. The distand®Tib from the model value to the observed value is used

June 2, 1997 38



CERES ATBD 4.3 - Cloud Optical Property Retrieval Release 2.2

to interpolate between each model for each parameter to assign a value of cloud temperature, optical
depth, and patrticle size to the pixel for both channels 3 and 5. In the absence of temperature indications,
the phase is selected based on how closely the channel 3 and 5 parameters agree with each other. The
final values ofT 4, re Or Dg, andt are determined by averaging the channels 3 and 5 results for the
selected phase.

This technique attempts to determmndy,y, and particle size through an iterative process that min-
imizes the differences between model-derived and observed vall&$Dgf, and BTD,.5 for the
observedr,. This procedure, illustrated schematically in Figure 4.3-19, begins with values giyen for

[ I
BTD44(T,k) —
I
. [BTDL,K)
BTD L
BTD, ~(K)
2500 BTD;,
BTD, ~(,k) ©45
4-5\1;
BTD,c | |
| 1
i | | !
T'(k) Tya(t,k) Ty Tes

(a) First step of iteration process; compute errors for model k using first guess temperature.

e[T'(K)]=e342 + €452

BTD

|
|
! i
— T'(K) T,(tk) T4 Tes

(b) Second step of iteration process; compute errors for second cloud-temperature guess.

Figure 4.3-19. Schematic illustration of emittance iteration process for nighttime cloud property retrievals.
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andT.sand assumes an initial valueTfy = T'(k), whereT'(k) <T, andk is an emittance model index
corresponding to a particular particle size and phase. The tropopause temperature is the initial value of
Tqq unless the layer analysis (section 4.2.) indicates only a single layer is pré8€DgQr< BTD3 4o

In the former case, the initial cloud temperature is the layer temperature minus 5 K. If
BTD3_ 4 <BTD;3 4 the starting temperature T — 5 K. For each of the channel-4 emittance models
(4.3-8),T[T'(Kk), K] is determined using a secant iteration method to mBjicfhis process is repre-
sented by the arrow in Figure 4.3-19(a). The resulting valuesafised to compuf&; andTs using the
channels 3 and 5 emittance models in (4.3-4). The model valueBTDBt [ T'(k), K] and
BTD,.5[ T'(k), K], shown as the intersections of the model curves and the dashed line in Fig-
ure 4.3-15(a), are calculated from the model-derived temperatures and the oliseréterence
errors,ez, = BTDg 4, — BTD3 4 T'(k), K] and e45=BTD,.5— BTD,4.5[ T'(k), K], are computed for each
model. A composite error,

e[ T(K), k] = €5, + €5 (4.3-14)

becomes the parameter to minimize. These operations are repeated Vafking as illustrated in
Figure 4.3-19(b) unti(Te\ 'e) is minimized yielding the best estimate of cloud temperature for model

k. In the first iteration,T'(k) is increased by 10 K for each step @nkibgins to increase. Fig-

ure 4.3-20(a) depicts hogrcan vary with increasing' (k) . Subsequent iterations repeat the error calcu-
lations using increasingly smaller temperature increments bounded by the last two temperatures used in
the preceding iteration. The iterations continue until the increment is less than 0.1 K. For the case in
Figure 4.3-20(a), the value dfi4(k) corresponds to the minimum error. This entire procedure is
repeated again for each model producing final valueg 16{k), K] as shown in Figure 4.3-20(b). In
practice, the algorithm begins with the smallest model for the phase and continueg,tarid e,

switch signs. The sign change in these error values indicates that the observation is between the last two
models. One of the two modelg,i,;, Will have the smallest value effor the particular phase, while

the other modek,ip, should also have a relatively low error. These two models are then selected for
interpolation. IfT 4 > 273 K, only the water-droplet models are used. Conversélyyik 233 K, only

the ice-crystal models are considered further.

Final values of ¢ or D, T g, @andt are computed for channel 3 by linearly interpolating between
Fe(Kmin) and re(kming), Teid(Kmind) @nd Teig(Kminz), and T(kminy) and t(kpirp), respectively, using
€34 T' (Kmint), Kmint] @andesd T' (Kminz): Kminel @s the independent variables. The same interpolation is
repeated for channel 5. The resultant values for the two channels are averaged to obtain the best estimate
of each parameter. If both phases are considered, then the results for the phase having the smallest
uncertainty,

T oga=Toigeld Oa=Te O oan—Toelf
835 - G cld_li_a (:Id5|:J +D3 5|:| +De3 e5|:| (4.3_15)
0 cd3 O O T3 O O fes O

are selected for the final parameter values. The subscripts 3 and 5 refer to the parameter values derived
using channel 4 with channels 3 and 5, respectively. Because of different sensitivities of the various

channels to changes in re, it may be necessary to weight the terms in (4.3-13) by values other than unity.
Additional research is needed to examine potential weighting changes. The most accurate estimates of
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emin[T'(k)]
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(a) Determination of the minimum error in a given particle size model.

emin[k] *

{eminlk]}min

Kmin1 k —»

(b) Determination of model having minimum error.

Figure 4.3-20. Schematic diagram of minimum error estimation to determine most appropriate particle size models.

T.q are obtained for the larger optical depths @), while the most accurate valuestaindr should
occur for (1 <t < 6). There is little variation iBTD with particle size for small and large optical depths.

The SIST was tested using a limited set of simulated data with superimposed noise. In these cases,
the retrieved patrticle sizes were within Qb of the simulated cloud values and the phase was chosen
correctly. However, it can be sensitive to the clear-sky temperature which is not as accurately deter-
mined at night, especially over land surfaces, as during the daytime. The small variation in BTD at the
small and large values ofalso increases the sensitivity of the retrieval. Considering these factors and
the inherent instrument noise, it is possible to obtain unrealistic results in some scenes, particularly over
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land whereT . can vary rapidly with geography. To minimize the occurrence of such cases, the data in a

tile can be treated aggregately by assuming that they belong to the same cloud layer. Thus, the tile-mean
value ofT.gcan be used to obtain a valuelgf for the tile using least squares regression. As in the sin-

gle pixel approach, both ice and water models are tested and the phase is selected based on the smallest
standard error of the regression estimate. Particle size is then determined for each pixel using the regres-
sion-derived value of 4.

The SIST regression technique was applied to a set of 4-km GOES-8 data taken during 1995 and
1996 covering a 30 km x 30 km box over the ARM Central Facility. GOES-8 has channels similar to the
AVHRR channels 1,3, 4, and 5. A micropulse lidar (MPL) dataset (available on the Internet at http://
virl.gsfc.nasa.gov/mpl.html) depicting cloud structure directly over the ARM facility was used as the
altitude reference for the retrievals. Figure 4.3-21 shows the results for data taken at 0245 UTC April
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Figure 4.3-21. 3-channel night-time retrieval; 0245 UTC April 15, 1995; 36.61N 97.49W.
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15, 1995 with a cirrus cloud between 8.4 and 11 km according to the MPL. In this case, the ice model
provides the best fit to the data yieldifigy = 225.3 K which corresponds to an altitude of 9.6 km. The
optical depths vary from 1.5 to 4 and mean valuBof 40pum. Figure 4.3-22 shows the results for all
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Figure 4.3-22. Satellite-derived and Lidar-derived cloud heights at night.

of the cases used in the testing of the method together with those using an IR-only technique that
assumes that all of the clouds are optically thick. The mean altitude error for the 3-channel method is 0.1
+ 1.2 km compared to -3:.4.0 km for the IR-only method. Thus, the SIST has significantly improved

the height determination for the single layer cases.

Although the mean cloud altitudes are more accurately determined with the SIST regression analy-
sis, it is often not possible to derive a particle size for many of the pixels. This problem most likely
arises from the assumption of single value$ QandTq for the tile. While the value df .5 cannot be
determined for each pixel, it is possible to obtain more valug@gptising the NS pixels. The initial
regression and pixel analyses presumably yields valugg foi many of the pixels actually containing
a cloud near the derived valueTgfy. It will not be possible to determine a valueDgfif the true cloud
temperature differs too much from the regression value. To account for those pixels, the regression anal-
ysis is performed at least two additional times: once using the pixels HaviXd,) values greater than
the regression values (®y < T;)g) and once using the remaining NS pixels. The new valdg,pfor
the tile is recomputed using the weighted means from all of the regressions. Similarly, the mean value of
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D is computed using all of the pixels with a valid solution. Any remaining pixels are assigned the mean
particle size for the tile. Testing of the SIST is continuing.

4.3.4.2.2. Single-layer, fixed-size techniqu&n alternate method that may be included in the
COPRS is the technique of Lin and Coakley (1993) that interprets the pixel radiances for a single-layer
cloud deck as

B(T) = (1-C)B(T,g) + C(eB(Tgyq) + tB(T¢) (4.3-16)

where wavelength is implied a@lande are the pixel-scale fractional cloud cover and cloud emittance,
respectively. The cloud temperature and particle size index are determined iteratively from the group of
pixels constituting the cloud deck. The emittance models described earlier will be used to determine
particle size and phase. A single cloud temperature and effective radius are assumed for the entire deck.
Those two parameters define a set of solutions to (4.3-16) that envelope most of the pixels representing
the cloud deck. The emittance and cloud fraction for each pixel within the envelope are obtained
through simultaneous solution of (4.3-16) for channels 4 and 5. Details of this method are given by Lin
and Coakley (1993).

This technique is limited to those conditions where a single layer is easily discernible. It allows no
variation of particle size and radiating temperature within the deck. The particle size derived for the
deck tends to be the smallest observable particle size for the given set of pixels because it is defined by
those pixels essentially having the greaBBD, 5 for a givenT,. The cloud temperature also tends to
be the coldest observed brightness temperature. This method, however, requires no iteration and is rela-
tively simple to implement. Refinement of the technique is continuing.

4.3.4.3. Multiple Cloud Layer Retrievals

The discussion above generally applies to single layer clouds or to overlapped clouds that include
an optically thick upper cloud layer. In either case, the pixel index will probably denote a single layer
cloud. For data blocks with multiple cloud layer pixels, a slightly different approach is taken. The first
step for a given data block is to determine the particle sizes for all of the single-layer pixels. When
available, the mean particle sizes and temperatures are computed for each layer. If single-layer particle
size is not available, only the layer temperatures are available from the subsystem input dataset. Two
approaches are taken for these cases.

When the layer temperatures and particle sizes are available, optical depth is the remaining
unknown quantity if the background temperature is specified. In the case of multiple layers, the back-
ground temperature may vary with the emittance or optical depth of the lower cloud. The range of the
background temperature is simglys— T,., whereT is the lower-cloud temperature. An envelope of
T, andBTD3_4 can be constructed using the upper cloud temperaggr@sTy, andT. andT.gas the
temperatures used to compute the clear radiance term in (4.3-4) and (4.3-9). Multilevel pixels falling
outside this envelope will be treated as single-layer pixels and the particle size and cloud temperature
retrieval will be executed in the normal fashion. Those pixels with values within the envelope will be
analyzed for particle size and background or “clear-sky” temperature. The initial background tempera-
ture is found by linear interpolation between the lower and upper bouddgf, at the observed,.

The optical depth of the upper cloud is found using (4.3-4). The final values of the lower and upper
cloud optical depths are found by iterating this process. The mean particle sizes and temperatures for the
upper and lower clouds are assigned to all of the pixels in the envelope.

When layer temperatures are the only parameters available, it is assumed that the lower cloud is
optically thick so thaf|. is the only value substituting f@gg The SIST is then applied to find optical
depth and cloud particle size. If particle sizes can be retrieved, they are used to compute mean values for
the upper layer. The first approach is then invoked for the remaining pixels if they are available. If no
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particle sizes are retrieved, the particle size is specified using default values for water and ice. Optical
depths are then computed using the visible reflectance. A technique for using the MODj&n1.38-
channel will also be explored for estimating the high cloud optical depth. The methods for processing
multilayer pixels are in the development stage. The techniques currently available for deriving multi-
layer cloud properties are not sufficiently mature to be applied to the CERES imager data in this algo-
rithm release. Additional research will be devoted to the developing the multilayer retrievals as
operationalalgorithms in future releases of the COPRS software.

4.3.4.4. Water Path
Rearranging (4.3-7) gives the liquid water path,

_ 46”qret
lig — 3Qe

(4.3-17)

for a given effective droplet radius and optical depth. Using the model distributions in (4.3-13) in a
regression fit yields the ice water path (§n

W = T (0.259D, + 0.00081D2 - 0.88x10° DY) (4.3-18)

for the retrieved ice-crystal size and optical depth.

4.3.4.5. Cloud Top and Base Altitudes

Cloud-top heightZ; is the lowest altitude from the sounding corresponding.fp Because the
value of Ty may correspond more closely to the center of the cloud in optically thin cases, it will be
adjusted in some cases to account for semitransparency. The adjustment uses the approach of Minnis
et al. (1990a) for cirrus clouds. The channel-4 cloud-top emittance is defined as

g, = £,4(2.97— 0.00917 ) , (4.3-19)

The cloud-top temperaturg is computed using the observed valueTgfand T,y in (4.3-4). This
approach is used only fdr,q< 253 K. For warmer clouds; = 0.9&,. No adjustment is made for

water clouds because the correction is usually less than 0.1 km, the precision of the height determina-
tion. Cloud base is given &g = Z; — AZ. The cloud thicknesAZ is computed using empirical formu-

lae. For clouds below 4 kmdZ = 0.08&12 - 0.04 (Minnis et al. 1992). WheiZ < 0.02 km,AZ is set to

0.02 km. For other clouds,

AZ = 7.5-0.0267 + 0.85 It (4.3-20)

(Smith et al. 1993). The minimum thickness for these clouds is also 0.02 km, with a maximum of 8 km.
Cloud base and top pressures correspoy smdZ; in the vertical profiles oZ(p) andT(p).

4.3.5. Practical Considerations

4.3.5.1. Computer Requirements

4.3.5.1.1. Model inputThe bidirectional reflectance models have been computed for 16 particle
sizes. They are discretized at 12 optical depths. The last four optical depths are not included for the
3.754um channel since the reflectance is essentially invariant for larger optical depths. The arrays for
each particle size require 0.25, 0.25, and 0.19 megabytes of storage, respectively, for the 0.65-, 1.60-,
and 3.75dm channels. The emittance models for each particle size have been computed for 3.75, 11,
and 12um. A total of 75 coefficients is used for each emittance model.
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4.3.5.1.2. Subsystem outpUthe output comprises a set of 16-bit integer values that define the cloud
properties for each pixel in the analysis block. The parameters are phase (dimensionless), particle size
(units of um x 10), cloud visible optical depth (dimensionlest0), channel-4 zenith emittance
(dimensionless 100), cloud liquid or ice water path (kgfm 1000), cloud-top pressure (hPa), cloud
effective pressure qo(Ty) (hPa), cloud-base pressure (hPa), cloud effective temperaturd Q)
cloud effective altitude (krw 10), and cloud effective cloud particle sizen(x 10). In addition, there
will be a quality flag and methodology flag to indicate the uncertainty and source of the retrieval for
each pixel.

4.3.5.1.3. Data processing requirementdie processing requirements for the reflectance method are
given by King and Tsay (1993). The processing needs for the other algorithms are substantial and will
be determined.

4.3.5.2. Strategic Concerns

There are many situations that can prevent or diminish the accuracy of a given parameter retrieval.
Some situations can be handled through the application of alternative methods, others by using default
options. Solutions to all of the problems noted below, as well as others that will inevitably arise in the
development of this global methodology, will be examined in current and future research.

4.3.5.2.1. Potential problem3here are many situations that can foil the algorithms outlined above.
A listing of all such conditions would be superfluous. Some of the more important potential problems
confronting the COPRS are noted below.

In most daytime cases, a reliable retrieval of cloud optical depth, particle size, and temperature can
be obtained for optically thick clouds. However, thick low or midlevel clouds can be shadowed by
nearby high clouds voiding the plane-parallel assumption in all retrievals using solar reflectance. Shad-
ows also can affect thin-cloud retrievals in variable thickness, single-layer fields (Minnis et al. 1990).
Clouds affected by shadows frequently are darker than the clear-sky pixels so that their properties can-
not be obtained with reflectance models. Even when optically thick, ice clouds may not produce reflec-
tances that conform to the model configurations because of the wide variety and potential orientations
of the particles in cirrus clouds. Particle size retrievals for clouds containing very large particles will be
constrained because of the limited sensitivity of the mixed and emittance methods.

Thin-cloud properties will be severely diminished in accuracy for pixels taken over relatively bright
backgrounds such as desert, snow, or other clouds. It may not be possible to obtain a solution in many of
these instances. Thin-cloud retrievals near coastlines will also be subject to errors in the clear-sky radi-
ances because of slight mislocations. All of the retrievals are based on plane-parallel radiative transfer
models. Thus, for scattered or broken cloud fields or for clouds with internal variations in their optical
properties, there may be significant errors in the retrieval of particle size and optical depth (e.g., Stack-
house and Stephens 1994; Duda et al. 1994). Cloud thickness estimates are based on a limited amount of
empirical data so that the global applicability of these formulas is highly uncertain. As discussed earlier,
nocturnal retrievals of andr, are not possible for optically thick clouds. During both day and night,
retrievals for overlapped clouds will be much less certain than those for single layer clouds. Near the
terminator, the geometry and the atmospheric path lengths diminish the variability in the reflected radi-
ance fields and, essentially, negate the plane-parallel cloud assumption. Retrievals that depend on
reflectances become much more uncertain. There is still some solar contamination of the channel-3 radi-
ances at the high solar zenith angles so that an emittance-based retrieval must account for the solar
reflectance component which is highly uncertain.

4.3.5.2.2. SolutionsAccounting for these various situations presents a challenge to the development
of a comprehensive global analysis system. A first-order solution to the problem of shadowed cloud pix-
els is to tag them as such and assign them the mean values of the nearest cloud layer. If the shadowing is
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particularly heavy, it can be assumed that the reflected portion of the channel-3 radiance is negligible. In
that case, the 3-channel SIST can be implemented. At this time, there is no technique available for find-
ing ice particle shape and orientation using passive satellite measurements. If no solution can be
obtained for a single-layer cloud during the daytime using the 4-channel technique because the particles
are too large, the reflectance method using the dm6Gzhannel will be applied. If no solution is
obtained, the pixel particle size will be assigned using either the closest extreme model value or the
average of all the adjacent pixels. A similar approach is used for optical depth and cloud temperature.

For thin clouds over bright scenes, it may be necessary to use the SIST since the channel-3 surface
albedo is relatively small compared to the visible albedo. Similarly, clouds are much more reflective at
visible rather than near-infrared wavelengths. In the bright background instances, the channel-3 solar
component will be calculated for each of the models and optical depths. The SIST would proceed as
usual. This daytime application of the 3-channel emittance method can also be used to determine the
consistency between the day and night cloud property retrievals. The use of the 3-channel emittance
technique during the day needs further evaluation.

The difficulties of the near-terminator geometry are less manageable than many of the other prob-
lems. It may be possible to assume a particle size and derive the cloud temperature and optical depth
using channels 4 and 5. When MODIS is operating, the problem is somewhat mitigated because three
thermal window channels will be available. At night, when the optical depth and radius retrievals are
limited toT ~ 10, a default value will be assigned.

4.3.5.3. Calibration and Validation

The derived parameters for each pixel are critically dependent on the absolute calibration of the sen-
sors. Although comprehensive sensitivity studies have not been performed for all of the COPRS algo-
rithm components, some estimates of the dependence of particle size on the channel-3 radiance have
been made by Han (1992). For example, he found that a precision of 0.00I7s¥:in the channel 3
radiances translates into uncertainties as low as 2% fo2Opm, 1 > 3 and as great as 10%rigfor
T < 1. Similar uncertainties in the channel 3 calibration would probably produce particle size errors of
the same magnitude. The filter functions of the channel-3 sensor must also be accurately known to
derive an accurate value of the spectral solar constant for the calculation of the solar component of the
observed radiances. Further sensitivity studies are needed to evaluate the full impact of calibration on
the derived quantities.

Validation efforts before, during, and after the CERES flights are essential to understanding the
accuracy of the retrieved quantities. Before the initial launches, datasets taken during FIRE, ASTEX,
ARM, and TOGA/COARE will be used to verify the optical depths, particle phases and sizes, water
path, and cloud temperatures using the developmental code and substitute satellite (i.e., historical
AVHRR and GOES) and aircraft data. After launch, FIRE Ill, SHEBA, and ARM data will be used to
assess the operational algorithms. in-situ measurements and active remote sensing of cloud
microphysics are needed to estimate the uncertainties in phase and patrticle size. During TRMM, the
VIRS-derived droplet radii over water may also be compared for consistengyetvieved with the
microwave liquid-water-path/visible reflectance approach discussed in section 4.3.2.3. Radar and lidar
data from aircraft and surface sites are needed to evaluate the particle sizes, cloud-top and cloud-base
temperatures, and the ice water paths. Sunphotometers, radar, and lidar data are needed to verify optical
depths. Microwave radiometers are needed to assess liquid water path. Other instruments, such as
nephelometers, are needed to ensure that the scattering phase functions used in the model calculations
are reasonably accurate. All of these types of instruments should be available in part or in total during
each of the noted experiments. High-altitude radiometeric measurements using wavelengths similar to
VIRS or MODIS are needed for calibration checks and for model validation. The ER-2 MODIS Air-
borne Simulator and the Multispectral Pushbroom Imaging Radiometer (MPIR) proposed for umanned
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aircraft by the DOE should be valuable assets for those purposes. Those data will also be useful for
determining the sensitivity of the retrievals to the viewing conditions.

4.3.5.4. Quality Control and Diagnostics

The initial quality control occurs within the basic algorithms. Constraints are also applied to ensure
that no physically unreasonable values are passed to the next subsystem. Particle sizes are not allowed
to fall outside of prespecified limits that depend on phase. Cloud temperatures are not allowed to exceed
the warmest temperature in the sounding or at the surface, whichever is greatest. Cloud temperatures
must be warmer than the tropopause temperature minus 5 K. As a consistency check, the cloud temper-
atures will also be compared to the values derived for the layer clouds. Liquid water path and optical
depths will be capped to prevent unrealistic values. In all cases, a new value, from adjacent pixels or the
nearest cloud layer or from a default value set, will replace the suspect pixel value. A quality flag will be
set to indicate what bound was violated. A flag will also be set to denote which methodology or replace-
ment technique produced the final cloud property values. Other diagnostics and quality checks will be
implemented as needed.

4.3.5.5. Numerical Computation Considerations

The code as currently developed processes up to 275 pixels per second dfflaBQPU. While
the speed is less than real time, the operational algorithms will perform at higher rates as a result of code
optimization.
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Appendix A

Correction for Gaseous Absorption

Numerous cloud property retrieval techniques require knowledge of the absorption properties of the
atmosphere as an integral part of the analysis. Complementary analysis of satellite data with radiative
transfer theory improves not only our ability to analyze and understand the data, but our understanding
of the physics of the processes modeled. To this end, the absorption by molecular species in the clear-
sky pixels is accomplished by means of the correledgidtribution technique.

Correlated k-Distribution Technique

Various modeling techniques are available to account for the observed absorption of electromag-
netic radiation by the molecules which are present in planetary atmospheres. The line-by-line, or mono-
chromatic, procedure is very precise and has an accuracy that is limited only by the extent of our
knowledge of the interactions of matter with energy. Such precision, however, is only obtained at the
cost of very intensive routines which are not practical in production calculations. To overcome the com-
putational burden of the line-by-line procedure, narrowband and broadband techniques have been
devised. While these band models can be made arbitrarily accurate for a homogeneous (constant tem-
perature, pressure, etc.) atmosphere, they require a scaling procedure to account for the inhomogeneity
found in realistic atmospheres. In essence, the scaling procedure transforms the inhomogeneous path-
length found in a realistic atmosphere into an equivalent homogeneous pathlength. While entirely satis-
factory for the case where only absorption is present, such a transformation is not acceptable for cases
where scattering is involved. Nevertheless, a technique, known as the cokelmteitbution, has been
devised to accurately and efficiently calculate molecular absorption for a inhomogeneous path without a
scaling approximation.

Taking for a moment any arbitrary spectral interval, if the absorption coeffidiens plotted
against wavenumbes, a highly nonmonotonic plot will be obtained. The line-by-line procedure resorts
to retracing this plot with sufficient spectral resolution so as to accurately reproduce the spectrum of
absorption coefficients. An examination of this plotkofersusw will reveal that similar values df
occur many times. Thus arises the concept okttistribution. If a transformation of coordinates is
made from wavenumber space to cumulative probability sp@eit will be observed that the highly
nonmonotonic plot ok versusw will become a monotonic plot éfversusg(k). To this point, the only
information which has been discarded is the precise spectral location of a pakfibolaever, no gain
in speed has been obtained. Recall that only the terms of the integration have been reordered. It is noted,
however, that the monotonic distributionkofersusg(k) can have far fewer (often 3 to 5 orders of mag-
nitude) terms, yet retain very high accuracy for the calculation of the absorption for the specified spec-
tral interval. This reduction in the numbewralues needed leads to the increased efficiency necessary
for any production calculations. To account for a inhomogeneous path, an additional assumption is
required. Given any pressure or temperature encountered in the atmosphere, it is assumed that any par-
ticular absorption coefficient will always have the same cumulative probability. Thus, the location in
cumulative probability space of any absorption coefficient at any given pressure or temperature will be
correlated with that of the absorption coefficient at a specified reference pressure and temperature. This
leads to the concept of the correlaktedistribution. Fu and Liou (1992) have demonstrated conclusively
that the assumption of correlation is sufficiently accurate for most purposes. Siktedreassumed
to be correlated for any pressure and temperature, the correlditgdbution procedure can be calcu-
lated through an inhomogeneous atmosphere in the same manner as a monochromatic calculation. Thus,
the correlatedk-distribution allows for an efficient and accurate calculation which is compatible with
most scattering routines.
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Appendix B

Nomenclature

Acronyms

ADEOS Advanced Earth Observing System

ADM Angular Distribution Model

AIRS Atmospheric Infrared Sounder (EOS-AM)

AMSU Advanced Microwave Sounding Unit (EOS-PM)

APD Aerosol Profile Data

APID Application Identifier

ARESE ARM Enhanced Shortwave Experiment

ARM Atmospheric Radiation Measurement

ASOS Automated Surface Observing Sites

ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer

ASTEX Atlantic Stratocumulus Transition Experiment

ASTR Atmospheric Structures

ATBD Algorithm Theoretical Basis Document

AVG Monthly Regional, Average Radiative Fluxes and Clouds (CERES Archival Data
Product)

AVHRR Advanced Very High Resolution Radiometer

BDS Bidirectional Scan (CERES Archival Data Product)

BRIE Best Regional Integral Estimate

BSRN Baseline Surface Radiation Network

BTD Brightness Temperature Difference(s)

CCD Charge Coupled Device

CCSDS Consultative Committee for Space Data Systems

CEPEX Central Equatorial Pacific Experiment

CERES Clouds and the Earth’s Radiant Energy System

CID Cloud Imager Data

CLAVR Clouds from AVHRR

CLS Constrained Least Squares

COPRS Cloud Optical Property Retrieval System

CPR Cloud Profiling Radar

CRH Clear Reflectance, Temperature History (CERES Archival Data Product)

CRS Single Satellite CERES Footprint, Radiative Fluxes and Clouds (CERES Archival
Data Product)

DAAC Distributed Active Archive Center

DAC Digital-Analog Converter

DAO Data Assimilation Office
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DB
DFD
DLF
DMSP
EADM
ECA
ECLIPS
ECMWF
EDDB
EID9
EOS
EOSDIS
EOS-AM
EOS-PM
ENSO
ENVISAT
EPHANC
ERB
ERBE
ERBS
ESA
ES4
ES4G
ES8
ES9
FLOP
FIRE
FIRE Il IFO
FOV
FSW
FTM
GAC
GAP
GCIP
GCM
GEBA
GEO
GEWEX
GLAS
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Database

Data Flow Diagram

Downward Longwave Flux

Defense Meteorological Satellite Program

ERBE-Like Albedo Directional Model (CERES Input Data Product)
Earth Central Angle

Experimental Cloud Lidar Pilot Study

European Centre for Medium-Range Weather Forecasts
ERBE-Like Daily Data Base (CERES Archival Data Product)
ERBE-Like Internal Data Product 9 (CERES Internal Data Product)
Earth Observing System

Earth Observing System Data Information System

EOS Morning Crossing Mission

EOS Afternoon Crossing Mission

El Nifio/Southern Oscillation

Environmental Satellite

Ephemeris and Ancillary (CERES Input Data Product)

Earth Radiation Budget

Earth Radiation Budget Experiment

Earth Radiation Budget Satellite

European Space Agency

ERBE-Like S4 Data Product (CERES Archival Data Product)
ERBE-Like S4G Data Product (CERES Archival Data Product)
ERBE-Like S8 Data Product (CERES Archival Data Product)
ERBE-Like S9 Data Product (CERES Archival Data Product)
Floating Point Operation

First ISCCP Regional Experiment

First ISCCP Regional Experiment Il Intensive Field Observations
Field of View

Hourly Gridded Single Satellite Fluxes and Clouds (CERES Archival Data Product)

Functional Test Model

Global Area Coverage (AVHRR data mode)

Gridded Atmospheric Product (CERES Input Data Product)
GEWEX Continental-Phase International Project

General Circulation Model

Global Energy Balance Archive

ISSCP Radiances (CERES Input Data Product)

Global Energy and Water Cycle Experiment

Geoscience Laser Altimetry System
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GMS
GOES
HBTM
HIRS
HIS

ICM
ICRCCM
ID

IEEE
IES

IFO
INSAT
IOP

IR

IRIS
ISCCP
ISS

IWP

LAC
LaRC
LBC
LBTM
Lidar
LITE
Lowtran 7
LW

LWP
MAM

MC

MCR
METEOSAT
METSAT
MFLOP
MIMR
MISR
MLE
MOA
MODIS
MSMR
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Geostationary Meteorological Satellite
Geostationary Operational Environmental Satellite
Hybrid Bispectral Threshold Method
High-Resolution Infrared Radiation Sounder
High-Resolution Interferometer Sounder

Internal Calibration Module

Intercomparison of Radiation Codes in Climate Models
Identification

Institute of Electrical and Electronics Engineers
Instrument Earth Scans (CERES Internal Data Product)
Intensive Field Observation

Indian Satellite

Intensive Observing Period

Infrared

Infrared Interferometer Spectrometer

International Satellite Cloud Climatology Project
Integrated Sounding System

Ice Water Path

Local Area Coverage (AVHRR data mode)
Langley Research Center

Laser Beam Ceilometer

Layer Bispectral Threshold Method

Light Detection and Ranging

Lidar In-Space Technology Experiment
Low-Resolution Transmittance (Radiative Transfer Code)
Longwave

Liquid Water Path
Mirror Attenuator Mosaic

Mostly Cloudy

Microwave Cloud Radiometer

Meteorological Operational Satellite (European)
Meteorological Satellite

Million FLOP

Multifrequency Imaging Microwave Radiometer
Multiangle Imaging Spectroradiometer

Maximum Likelihood Estimate

Meteorology Ozone and Aerosol
Moderate-Resolution Imaging Spectroradiometer
Multispectral, multiresolution
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MTSA
MWH
MWP
NASA
NCAR
NCEP
NESDIS
NIR
NMC
NOAA
NWP
OLR
OPD
ov
PC
POLDER
PRT
PSF
PW
RAPS
RPM
RTM
SAB
SAGE
SARB
SDCD
SFC

SHEBA
SPECTRE
SRB
SRBAVG
SSF

SSMI

SST
SURFMAP
SW
SWICS
SYN

June 2, 1997

Release 2.2

Monthly Time and Space Averaging

Microwave Humidity

Microwave Water Path

National Aeronautics and Space Administration
National Center for Atmospheric Research

National Centers for Environmental Prediction
National Environmental Satellite, Data, and Information Service
Near Infrared

National Meteorological Center

National Oceanic and Atmospheric Administration
Numerical Weather Prediction

Outgoing Longwave Radiation

Ozone Profile Data (CERES Input Data Product)
Overcast

Partly Cloudy

Polarization of Directionality of Earth’s Reflectances
Platinum Resistance Thermometer

Point Spread Function

Precipitable Water

Rotating Azimuth Plane Scan

Radiance Pairs Method

Radiometer Test Model

Sorting by Angular Bins

Stratospheric Aerosol and Gas Experiment

Surface and Atmospheric Radiation Budget Working Group
Solar Distance Correction and Declination

Hourly Gridded Single Satellite TOA and Surface Fluxes (CERES Archival
Data Product)

Surface Heat Budget in the Arctic

Spectral Radiance Experiment

Surface Radiation Budget

Surface Radiation Budget Average (CERES Archival Data Product)
Single Satellite CERES Footprint TOA and Surface Fluxes, Clouds
Special Sensor Microwave Imager

Sea Surface Temperature

Surface Properties and Maps (CERES Input Product)

Shortwave

Shortwave Internal Calibration Source

Synoptic Radiative Fluxes and Clouds (CERES Archival Data Product)
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SZA
THIR
TIROS
TISA
T™MI
TOA
TOGA
TOMS
TOVS
TRMM
TSA
UAV
uT
uTC
VAS
VIRS
VISSR
WCRP
WG
Win
WN
WMO
ZAVG

Symbols
A
BA(T)
C
CFCl,
CFChL
CHy4
Co,

no o

@~

a
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Solar Zenith Angle

Temperature/Humidity Infrared Radiometer (Nimbus)
Television Infrared Observation Satellite
Time Interpolation and Spatial Averaging Working Group
TRMM Microwave Imager

Top of the Atmosphere

Tropical Ocean Global Atmosphere

Total Ozone Mapping Spectrometer
TIROS Operational Vertical Sounder
Tropical Rainfall Measuring Mission
Time-Space Averaging

Unmanned Aerospace Vehicle

Universal Time

Universal Time Code

VISSR Atmospheric Sounder (GOES)
Visible Infrared Scanner

Visible and Infrared Spin Scan Radiometer
World Climate Research Program
Working Group

Window

Window

World Meteorological Organization

Monthly Zonal and Global Average Radiative Fluxes and Clouds (CERES Archival

Data Product)

atmospheric absorptance

Planck function

cloud fractional area coverage
dichlorofluorocarbon
trichlorofluorocarbon

methane

carbon dioxide

total number of days in the month
cloud particle equivalent diameter (for ice clouds)
solar constant or solar irradiance
flux

fraction

atmospheric greenhouse effect
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Yat

© ™ oF

D D

o
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cloud asymmetry parameter
water vapor

radiance

scene type

imaginary refractive index
angular momentum vector
nitrous oxide

ozone

point spread function
pressure

absorption efficiency
extinction efficiency
scattering efficiency
anisotropic reflectance factor
radius of the Earth

effective cloud droplet radius (for water clouds)

column-averaged relative humidity
summed solar incident SW flux
integrated solar incident SW flux
temperature

blackbody temperature

time or transmittance

liquid water path

precipitable water

satellite position at,

satellite position vector components
satellite velocity vector components
altitude

altitude at top of atmosphere
albedo or cone angle

cross-scan angle

Earth central angle

along-track angle

cross-track angle

along-scan angle

emittance

colatitude of satellite

viewing zenith angle

solar zenith angle
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Subscripts:
o

cb

ce

cld

Units
AU
cm
cm-sec?t
count
day
deg
deg-sec!
DU
erg-sect

fraction

g

g-cmi?

June 2, 1997

wavelength

viewing zenith angle cosine

solar zenith angle cosine

wave number

bidirectional reflectance

optical depth

spectral optical depth profiles of aerosols
spectral optical depth profiles of water vapor
spectral optical depth profiles of ozone
longitude of satellite

azimuth angle

single-scattering albedo

cloud

cloud base
cloud effective
cloud

clear sky
cloud top

ice water
lower cloud
liquid water
surface

upper cloud
spectral wavelength

astronomical unit
centimeter

centimeter per second
count

day, Julian date
degree

degree per second
Dobson unit

erg per second
fraction (range of 0-1)
gram

gram per square centimeter
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g-g*
g-m2
h

hPa

K

kg
kg-m 2
km
km-sec?t
m

mm

pm

N/A
ohm-cnmt
percent
rad
rad-sect

Sec
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gram per gram
gram per square meter

hour

hectopascal
Kelvin

kilogram

kilogram per square meter

kilometer

kilometer per second

meter

millimeter

micrometer, micron
not applicable, none, unitless, dimensionless
ohm per centimeter

percent (range of 0—100)

radian

radian per second

second

per steradian
watt
watt per square meter
watt per square meter per steradian
watt per square meter per steradian per micrometer
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