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Preface

The Release-1 CERES Algorithm Theoretical Basis Document (ATBD) is a compilation of the
techniques and processes that constitute the prototype data analysis scheme for the Clouds and the
Earth’s Radiant Energy System (CERES), a key component of NASA’s Mission to Planet Earth. The
scientific bases for this project and the methodologies used in the data analysis system are also
explained in the ATBD. The CERES ATBD comprises 11 subsystems of various sizes and complexi-
ties. The ATBD for each subsystem has been reviewed by three or four independently selected univer-
sity, NASA, and NOAA scientists. In addition to the written reviews, each subsystem ATBD was
reviewed during oral presentations given to asix-member scientific peer review panel at Goddard Space
Flight Center during May 1994. Both sets of reviews, oral and written, determined that the CERES
ATBD was sufficiently mature for use in providing archived Earth Observing System (EOS) data prod-
ucts. The CERES Science Team completed revisions of the ATBD to satisfy all reviewer comments.
Because the Release-1 CERES ATBD will serve asthe reference for all of the initial CERES data anal-
ysis algorithms and product generation, it is published here as a NASA Reference Publication.

Dueto its extreme length, this NASA Reference Publication comprises four volumes that divide the
CERES ATBD at natural break points between particular subsystems. These four volumes are

I:  Overviews
CERES Algorithm Overview
Subsystem 0. CERES Data Processing System Objectives and Architecture

Il: Geolocation, Calibration, and ERBE-Like Analyses
Subsystem 1.0. Instrument Geolocate and Calibrate Earth Radiances
Subsystem 2.0. ERBE-Like Inversion to Instantaneous TOA and Surface Fluxes
Subsystem 3.0. ERBE-Like Averaging to Monthly TOA

I11: Cloud Analyses and Determination of Improved Top of Atmosphere Fluxes

Subsystem 4.0. Overview of Cloud Retrieval and Radiative Flux Inversion

Subsystem 4.1. Imager Clear-Sky Determination and Cloud Detection

Subsystem 4.2. Imager Cloud Height Determination

Subsystem 4.3. Cloud Optical Property Retrieval

Subsystem 4.4. Convolution of Imager Cloud Properties With CERES Footprint Point Spread
Function

Subsystem 4.5. CERES Inversion to Instantaneous TOA Fluxes

Subsystem 4.6. Empirical Estimates of Shortwave and Longwave Surface Radiation Budget
Involving CERES Measurements

IV: Determination of Surface and Atmosphere Fluxes and Temporally and Spatially Averaged
Products
Subsystem 5.0. Compute Surface and Atmospheric Fluxes
Subsystem 6.0. Grid Single Satellite Fluxes and Clouds and Compute Spatial Averages
Subsystem 7.0. Time Interpolation and Synoptic Flux Computation for Single and Multiple
Satellites
Subsystem 8.0. Monthly Regional, Zonal, and Global Radiation Fluxes and Cloud Properties
Subsystem 9.0. Grid TOA and Surface Fluxes for Instantaneous Surface Product
Subsystem 10.0. Monthly Regional TOA and Surface Radiation Budget
Subsystem 11.0. Update Clear Reflectance, Temperature History (CHR)
Subsystem 12.0. Regrid Humidity and Temperature Fields

The CERES Science Team serves as the editor for the entire document. A complete list of Science
Team members is given below. Different groups of individuals prepared the various subsections that
constitute the CERES ATBD. Thus, references to a particular subsection of the ATBD should specify
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the subsection number, authors, and page numbers. Questions regarding the content of a given subsec-
tion should be directed to the appropriate first or second author. No attempt was made to make the over-

al document stylistically consistent.

The CERES Science Team isan international group led by 2 principal investigators and 19 coinves-
tigators. The team members and their institutions are listed below.

CERES Science Team

Bruce A. Wielicki, Interdisciplinary Principal Investigator
Bruce R. Barkstrom, Instrument Principal Investigator

Atmospheric Sciences Division
NASA Langley Research Center
Hampton, Virginia 23681-0001
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Atmospheric Sciences Division
NASA Langley Research Center
Hampton, Virginia 23681-0001

Maurice Blackmon
Climate Research Division
NOAA Research Laboratory
Boulder, Colorado 80303

Robert D. Cess
Ingtitute for Terrestrial & Planetary Atmospheres
Marine Sciences Research Center
State University of New Y ork
Stony Brook, New Y ork 11794-5000

Thomas P. Charlock
Atmospheric Sciences Division
NASA Langley Research Division
Hampton, Virginia 23681-0001

James A. Coakley
Oregon State University
Department of Atmospheric Sciences
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Institute Royal Meteorologique
B-1180 Bruxelles
Belgium
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Atmospheric Radiation Measurement
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Atmospheric Structures
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Central Equatorial Pacific Experiment
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DMSP Defense Meteorological Satellite Program
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Ex ERBE-Like $4 Data Product (CERES Archival Data Product)
EAG ERBE-Like $S4G Data Product (CERES Archival Data Product)
ES8 ERBE-Like S8 Data Product (CERES Archival Data Product)
ES9 ERBE-Like S9 Data Product (CERES Archival Data Product)
FLOP Floating Point Operation

FIRE First ISCCP Regional Experiment

FIRE Il IFO First ISCCP Regional Experiment Il Intensive Field Observations
FOV Field of View

FSW Hourly Gridded Single Satellite Fluxes and Clouds (CERES Archival Data Product)
FTM Functional Test Model

GAC Globa Area Coverage (AVHRR data mode)

GAP Gridded Atmospheric Product (CERES Input Data Product)
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GCM Genera Circulation Model

GEBA Global Energy Balance Archive

GEO I SSCP Radiances (CERES Input Data Product)
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HBTM Hybrid Bispectral Threshold Method
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HIS
ICM
ICRCCM
ID

IEEE
IES

IFO
INSAT
IOP

IR

IRIS
ISCCP
ISS

IWP
LAC
LaRC
LBC
LBTM
Lidar
LITE
Lowtran 7
LW
LWP
LWRE
MAM
MC
MCR
METEOSAT
METSAT
MFLOP
MIMR
MISR
MLE
MOA
MODIS
MSMR
MTSA
MWH

High-Resolution Infrared Radiation Sounder
High-Resolution Interferometer Sounder

Internal Calibration Module

Intercomparison of Radiation Codesin 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

L ow-Resolution Transmittance (Radiative Transfer Code)
Longwave

Liquid Water Path

Longwave Radiant Excitance

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

M oderate-Resolution Imaging Spectroradiometer
Multispectral, multiresolution

Monthly Time and Space Averaging

Microwave Humidity
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MWP Microwave Water Path

NASA National Aeronautics and Space Administration

NCAR Nationa Center for Atmospheric Research

NESDIS National Environmental Satellite, Data, and Information Service

NIR Near Infrared

NMC National Meteorological Center

NOAA National Oceanic and Atmospheric Administration

NWP Numerical Weather Prediction

OLR Outgoing Longwave Radiation

OPD Ozone Profile Data (CERES Input Data Product)

(0)Y) Overcast

PC Partly Cloudy

POLDER Polarization of Directionality of Earth’s Reflectances

PRT Platinum Resistance Thermometer

PSF Point Spread Function

PW Precipitable Water

RAPS Rotating Azimuth Plane Scan

RPM Radiance Pairs Method

RTM Radiometer Test Model

SAB Sorting by Angular Bins

SAGE Stratospheric Aerosol and Gas Experiment

SARB Surface and Atmospheric Radiation Budget Working Group

SDCD Solar Distance Correction and Declination

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

SHEBA Surface Heat Budget in the Arctic

SPECTRE Spectral Radiance Experiment

SRB Surface Radiation Budget

SRBAVG Surface Radiation Budget Average (CERES Archival Data Product)
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TIROS Television Infrared Observation Satellite

TISA Time Interpolation and Spatial Averaging Working Group
TMI TRMM Microwave Imager
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TOGA Tropical Ocean Global Atmosphere
TOMS Total Ozone Mapping Spectrometer
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TRMM Tropical Rainfall Measuring Mission
TSA Time-Space Averaging
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WCRP World Climate Research Program
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Symbols
A atmospheric absorptance
B, (T) Planck function
C cloud fractional area coverage
CF,Cl, dichlorofluorocarbon
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CHy methane
CO, carbon dioxide
D total number of days in the month
De cloud particle equivalent diameter (for ice clouds)
E, solar constant or solar irradiance
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atmospheric greenhouse effect
cloud asymmetry parameter
20 water vapor
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| radiance

[ scenetype

m, imaginary refractive index

N angular momentum vector

N-O nitrous oxide

O3 ozone

P point spread function

p pressure

Qa absorption efficiency

Qe extinction efficiency

Qs scattering efficiency

R anisotropic reflectance factor

re radius of the Earth

le effective cloud droplet radius (for water clouds)
™ column-averaged relative humidity
S summed solar incident SW flux

S5 integrated solar incident SW flux
T temperature

Ts blackbody temperature

t time or transmittance

Wiq liquid water path

w precipitable water

X5 satellite position at t,

XY, Z satellite position vector components
XY, Z satellite vel ocity vector components
z altitude

Zop atitude at top of atmosphere

o albedo or cone angle

B cross-scan angle

Y Earth central angle

Yat along-track angle

Vet cross-track angle

) along-scan angle

e emittance

S colatitude of satellite

0 viewing zenith angle

0o solar zenith angle

A wavelength

u viewing zenith angle cosine
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Uo solar zenith angle cosine

% wave number
p bidirectional reflectance
T optical depth
Taer (P) spectral optical depth profiles of aerosols
erox( p) spectral optical depth profiles of water vapor
ros(p) spectral optical depth profiles of ozone
() longitude of satellite
[0} azimuth angle
o, single-scattering albedo
Subscripts:
c cloud
cb cloud base
ce cloud effective
cld cloud
cs clear sky
ct cloud top
ice ice water
Ic lower cloud
lig liquid water
S surface
uc upper cloud
A spectral wavelength
Units
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count count
day day, Julian date
deg degree
deg-sec? degree per second
DU Dobson unit
erg-sect erg per second
fraction fraction (range of 0-1)
g gram
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kilometer per second
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micrometer, micron
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Subsystem 4.0 Top Level Data Flow Diagram
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Volumellll

4.2. Imager Cloud Height Deter mination

4.2.1. Introduction

Section 4.1 discussed methodologies to provide two functions.

1. A global cloud mask

2. Scene classification using automated artificial intelligence schemes

Additionally, a scheme was outlined to update the clear-sky values for al five AVHRR channels
depending on the results of the cloud-masking process. This section discusses the next two steps in the
cloud-retrieval process, namely detection of cloud layers and determination of cloud-top pressure for
each layer present. Several approaches are examined for use in the Version 1 CERES (Clouds and the
Earth’s Radiant Energy System) cloud-retrieval agorithm, such as spatial coherence (Coakley and
Bretherton, 1982), multispectral techniques such as the layered bispectral threshold method (LBTM;
Minnis et a., 1993), and artificial intelligence methods such as the fuzzy logic expert system approach.
Additionally, the CO, slicing method will be used to determine mid- to high-level cloud-top pressures.
A strength of spatial coherence and CO, slicing techniquesisthat they both work with infrared (IR) nar-
rowband channels (at wavelengths between 11 and 15 um) and thus are applied the same for both day-
time and nighttime viewing conditions. The spatial coherence technique was designed to work for
retrieval of low clouds, such as stratus and stratocumulus. Section 4.2.2 discusses the framework for the
spatial-coherence algorithm. The LBTM daytime multispectral methods are discussed in section 4.2.3,
the CO, dicing technique is outlined in section 4.2.4, and the fuzzy logic classifier in 4.2.5. The CERES
Version 1 approach to inferring cloud-top pressures under conditions involving overlapping cloud lay-
ersisbriefly outlined in section 4.2.5.

4.2.2. The Spatial Coherence Method

4.2.2.1. | dentification of Cloud Layersfrom Satellite magery Data

Everyday observations of clouds suggest that many cloud systems form well-defined layers. Sur-
veys of satellite imagery data for the global oceans suggest that as many as 20 to 30% of all 250-km
scale regions contain single cloud layers. At smaller observational scales (60 km), the isolation of single
cloud layers may be as high as 50% (Coakley and Baldwin, 1984). Observations for the First ISCCP
Regional Experiment (FIRE) 11 Cirrus Intensive Field Observations (IFO) suggest that as many as 50%
of all 100-km scale regions are either single-layered or cloud-free (Lin and Coakley, 1993). Although
cloud systems are often presumed to obey the physical relationships associated with a plane-paralld,
homogeneous cloud, asisthe case in ISCCP (International Satellite Cloud Climatology Project), clearly
layered cloud systems might be expected to exhibit such behavior more closely than would more com-
plex cloud systems. Because of their pervasiveness and to the relative abundance of theoretical tools
that can be used to analyze them, layered cloud systems deserve special attention in observations of the
earth’s cloud systems. Effective optical properties of layered cloud systems should generally be more
readily measurable than the macrophysical and microphysical properties of individual clouds. Changes
in clouds brought about by changes in the climate system might well be noted first in the properties of
layered clouds.

Experience with imagery data during the 1980’ s leads to the conclusion that layered cloud systems
arerelatively easy to identify. Here the spatial-coherence method is described as one approach to identi-
fying the layers. The spatial-coherence method uses the pixel-to-pixel variability in emitted radiances to
identify pixels that appear to be overcast by clouds that form a layer. Optical properties of cloud layers
can be deduced from the overcast pixels. Various degrees of quality control can be applied to the analy-
sisto ensure that the pixels so identified are indeed overcast. The increase in quality, however, is at the
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Subsystem 4.2

expense of the number of such systems that meet the criteria of being part of a well-defined layer. The
algorithm will be applied to groups of pixelsthat have a similar surface type (e.g., water).

4.2.2.2. Historical Perspective

In the early 1980's, as is the case today, the favored approach for obtaining cloud properties from
satellite observations was the application of thresholds to imagery data (Minnis and Harrison, 1984;
Rossow et al., 1985; Rossow and Garder, 1993). Although multispectral, clustering methods were also
used to attempt an automated identification of cloud structures, the final estimate of cloud properties
was still derived assuming that each of the imagery pixels belonging to a certain cluster was completely
covered by the cloud system represented by the cluster (Debois et al., 1982). Everyday experience, how-
ever, leads to expectations that the occurrence of broken clouds on scales that are smaller or comparable
to the spatial resolution typical of imagers (i.e. ~4 to 8 km) is rather common. Furthermore, when the
breaks occur, it is unlikely that the clouds align themselves to fall exactly within the footprint of an
imager pixel. This type of spatial sampling problem leads to the conclusion that the errors associated
with threshold estimates of cloud cover may be sizable, as early work on threshold methods foretold
(Shenk and Salomonson, 1972) and recent work confirms (Wielicki and Parker, 1992; Chang and
Coakley, 1993).

In anticipation of these errors, a number of methods were proposed to obtain the fractional coverage
within imager fields of view. Platt (1983) proposed a modified version of the visible-infrared bispectral
method introduced by Reynolds and Vonder Haar (1977). The method used plane-parallel radiative
transfer theory to identify fields of view that were overcast with clouds having a given liquid water or
ice water column amount from those that contained broken clouds. The method has been extended and
refined by Minnis and Harrison (1984) and by Minnis et a. (1993a, b). Arking and Childs (1985)
adopted a similar scheme but added radiances observed at 3.7 um to allow for effects caused by droplet
sizein the plane-parall€l radiative-transfer calculations. A third approach, the spatial -coherence method
(Coakley and Bretherton, 1982), relied on the observation that many of the global cloud systems come
in layers and that these layers extend over tens of kilometers, maintaining a fairly constant emission
temperature over these scales. Where the region being observed is cloud-free or whereit is overcast, the
emitted radiances achieve a high degree of spatial uniformity at the pixel scale. Where the clouds are
present but fail to completely cover the imager pixels, the emitted radiances vary erratically from pixel
to pixel. While the spatial-coherence method explicitly seeksto identify the cloud layers, the retrieval of
cloud properties employed in the bispectral and multispectral schemes relied on the assumption that the
clouds being observed were part of alayer. The challenge isto develop an agorithm that identifies lay-
ers when present.

The spatial-coherence method identifies layers by identifying the portions of the region that exhibit
ahigh degree of local uniformity in the emitted radiances. The purpose of this sectionisto outline arel-
atively simple approach to solving this problem. The solution is both a generalization and simplification
of the earlier approaches (Coakley and Bretherton, 1982; Coakley and Baldwin, 1984). In the descrip-
tion given here, the method depends primarily on a single parameter—the difference in radiances
expected for cloud-free and overcast fields of view. The dependence of the retrieved properties, namely
the radiances associated with cloud-free and overcast portions of the region, is relatively insensitive to
the choice of this parameter.

4.2.2.3. Theory Behind the Spatial-Coherence Method

The starting point for spatial-coherence analysis is the model of awell-defined, single-layered sys-
tem of clouds over a relatively uniform background. What is meant by the term “well-defined” and
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“relatively uniform” will be explained below. The emitted radiance observed by a radiometer viewing
such asystemisgiven by

where | is the emitted radiance, C is the fractional cloud cover for the field of view, | is the radiance
associated with the cloud-free portion of the field of view, i.e. the radiance observed when C = 0. g4 iS
the mean effective emissivity associated with the cloud layer, tyq is the mean transmissivity, and 14 is
the radiance that would be observed for overcast regions, i.e. C = 1, if the clouds were black at the
wavelength of observation. In (4.2-1), the radiance is assumed to be at a infrared (IR) window wave-
length so that downward emission above the cloud can be neglected. Likewise, the surface is assumed to
be black at the wavelength of observation so that all radiation incident on the surface is absorbed, espe-
cially that emitted downward by the cloud. No radiation is reflected by the surface.

Over relatively small regions, i.e. ~100 km x 100 km to 500 km x 500 km scale, the emission of the
clear-sky background, |, and the height of the cloud layer, and therefore | 44, are assumed to have little
variance. That is, the effects of variations in the thermal emissions associated with the clear-sky back-
ground and the height of the cloud layer are small when compared with effects caused by variationsin
the fractional cloud cover and the cloud optical properties. If these conditions are met, the background is
said to be relatively uniform and the layer is said to be well-defined. From (4.2-1), the variance of the
radiances under such conditionsis given by

(1 =1)? = [(C—C)l s+ (Ceyg—Ceg)leig* (thld—cTcld)lcs]2 (4.2-2)

The variances of emitted radiances over small areas spanning several imager pixels is the key to
identifying the portions of a region that are cloud-free or overcast by clouds in a well-defined layer.
Clearly, the variance becomes zero when the mean cloud cover in aregion approaches zero. If the mean
cloud cover is zero, then, of course, the fractional cover in every pixel i isaso zero,i.e. C = C = 0.
Where the clouds become sufficiently extensive so that several imager pixels are overcast then, for anal-
ogous reasons, the variance approaches zero because C = C = 1. Often when cloud systems become
sufficiently extensive that they cover several imager pixels, they also become opague. A notable excep-
tion, of course, is cirrus. For opaque, overcast clouds the variance again becomes zero because
terg = torg = 0 and ey = €qg = €crdmax WHere tuq is the cloud transmissivity and €qqmax IS the
emissivity that the clouds obtain when they become opague, i.€ € 4max = 1= cidmax: WNEre ' didmax IS
the reflectivity. To simplify notation, 14 will be used to represent € gmaxlcg iN the remainder of the
text. It will be understood that 144 is taken to be the emission observed for pixels overcast by opague
clouds. When pixels become overcast with opague clouds, the variance in emitted radiances also
becomes zero. When pixels become overcast by semitransparent clouds, like cirrus, pixel-to-pixel vari-
ations in the cloud optical properties, i.e. eqq and tyq, prevent the variance from dropping to zero.

Because clouds appear to vary incoherently on the ~1 km x 1 km scale available to current satellite
imagers, (4.2-2) indicates that variances in the emitted radiances for regions that are covered by several
imager pixels will be nonzero when the region contains broken cloud. The variability will be caused
partly by differences in the fractional cloud cover from pixel to pixel and partly by variations in the
average cloud optical properties from pixel to pixel. The spatial-coherence method identifies pixels that
are overcast by layered clouds where the clouds become opaque and pixels that are cloud-free by rely-
ing on the near-zero variances in emitted radiances for localized collections, or clusters, of the pixels.
Collections of pixelsthat are partly covered by clouds or are overcast by clouds that are semitransparent
invariably exhibit relatively larger variances.

It would appear that a smple threshold on the variance of emitted radiances would suffice to iden-
tify pixelsthat are overcast layered cloud systems. To afirst approximation, the application of asimple
threshold suffices; however, although fractional cloud cover and cloud optical properties tend to vary
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incoherently on the ~1 km x 1 km scale, they can at times conspire to produce near-zero variances in
emitted radiances while only partly covering a collection of pixels. Regular arrays of clouds arising
from regular patterns of convection or mesoscale circulations will produce such instances. These condi-
tions appear to be met only rarely. As a guard against these relatively rare occurrences, the spatial-
coherence method relies not only on the low variances in the emitted radiances observed for cloud-free
and opaque-overcast regions, but also on the clustering in the radiance domain of the pixelsidentified as
cloud-free and overcast. The clustering must occur within aregion that is, on average, rarely overcast or
cloud-free, i.e. regions with scales of ~250 km x 250 km.

4.2.2.4. Spatial Considerations

4.2.2.4.1. Local scale, 4 km x 4 kmto 8 km x 8 km. In the spatial-coherence method, the variability
of the radiances is usually calculated for small arrays of adjacent pixels. Typically 2 x 2 (scan line x
scan spot) pixel arrays are used for 4 km x 4 km AVHRR Global Area Coverage (GAC) data. The vari-
ability within each array is called the local variability. In the case of the 2 x 2 arrays of GAC pixels, the
local variability is associated with 8 km x 8 km portions of the region. The size of the array over which
the variability is calculated is not critical. It is reasonable to select a scale between 4 km x 4 km and
8 km x 8 km for the variance scale because the cloud-free and overcast portions of 250 km x 250 km
regions are often several timesthe 4 km x 4 km to 8 km x 8 km scales. If the local standard deviations of
the emitted radiances are plotted as a function of the local means for the pixel arrays covering a 250 km
x 250 km region, an arch plot, typical of the spatial-coherence method, results (see Fig. 4.2-1). The fig-
ure shows the local means and standard deviations of the emitted 11-um radiances for a 250 km x
250 km region over the Atlantic Ocean. The data points are from 4 x 4 arrays of 1 km x 1 km AVHRR
observations collected during the 1992 Atlantic Stratocumulus-Transition Experiment (ASTEX).
Figure 4.2-1 shows an arch that istypical of asingle-layered system of marine stratocumulus. Radiances
of 11 um at the foot of the arch near 96 mWm2srlcm are associated with the cloud-free background.
Radiances at the foot near 81 mWm2srLcm are associated with overcast pixels. In Figure 4.2-1, each
point represents a 4 km x 4 km portion of the 250 km x 250 km region. There are approximately
1000 pointsin the plot. Every other 4 km x 4 km sample has been skipped.

For comparison, Figure 4.2-2a shows the same observations with the region divided to form 8 x 8
arrays of the 1 km x 1 km pixels. Each point in the figure now represents an 8 km x 8 km portion of the
region. Again there are about a 1000 pointsin the figure. The similarity in radiances of the overcast and
cloud-free feet with those in Figure 4.2-1 illustrate the lack of sensitivity to spatial scale. Figure 4.2-2b
shows the same observations again but in this case the region was divided to form 2 x 2 arrays of 4 km
x 4 km pixels. The 4 km x 4 km radiances were obtained by taking the corresponding averages of the
1-km radiances. As in Figure 4.2-2a, each point represents an 8 km x 8 km portion of the 250 km x
250 km scale region. The results in Figure 4.2-2b are like those obtained with 4 km x 4 km AVHRR
GAC data. Although the radiances associated with the cloud-free and overcast feet differ little from
those shown in Figures 4.2-1 and 4.2-2a, the arch in Figure 4.2-2b appears to be less well-defined than
those in Figures 4.2-1 and 4.2-2a. The loss in clarity is produced by points dropping from the body of
the arch towards the abscissa. This change in arch structure is consistent with the concept that clouds,
when broken, populate adjacent 1 km x 1 km scale pixels incoherently. Because of this incoherence and
the relative lack of sensitivity of the derived cloud-free and overcast radiances to the size of the array
used, there appears to be some advantage to using large arrays of small pixels when possible rather than
2 x 2 arrays as has been used traditionally.

4.2.2.4.2. Frame scale, 250 km x 250 km. Like the size of the array used to calculate the local vari-
ance, the size of the region for which the spatial-coherence analysis is performed is not critical. The
scale is arbitrarily chosen using the following guidelines. The region must be sufficiently large that
cloud-free and overcast pixels occur relatively frequently. Furthermore, the spatial-coherence method
uses a clustering method to distinguish between low local variances in the emitted radiances that
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Figure 4.2-1. Loca means and standard deviations for 250 km x 250 km region of the North Atlantic. Each point in the figure
represents a4 x 4 array of pixels constructed from 1-km AVHRR data. Each point represents a 4 km x 4 km portion of the
250 km x 250 km region. There are approximately 1000 points in the figure. These points were obtained by skipping every
other 4 x 4 pixel array.

indicate cloud-free or overcast pixels from those that occur when pixels contain a repetitious pattern of
broken clouds. Consequently, the region must be sufficiently large that it contains a substantial number
of pixel arrays, i.e. ~1000 pixel arrays. It must be large enough that simple tests can be constructed to
identify clustering within relatively narrow ranges of the emitted radiances against the null hypothesis
that the radiances were randomly and uniformly distributed among the partly cloudy pixels. At the same
time the region cannot be too large because variations of the radiances associated with cloud-free and
overcast portions of the regions must remain small compared with the variability caused by variationsin
cloud cover and cloud optical properties. Experience with the spatial-coherence method has indicated
that the 250 km x 250 km scale seems to satisfy these conditions. The 250 km x 250 km regions are
termed framesin this analysis.
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Figure 4.2-2a. Same as figure 1, but each point represents an 8 x 8 array of 1-km pixels, thereby representing an 8 km x 8 km
portion of the 250 km x 250 km region. There are approximately 1000 pointsin the image. All 8 x 8 pixel arrays were used.
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Figure 4.2-2b. Same as Figure 2a, but each point represents an 2 x 2 array of 4-km pixels.
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4.2.2.4.3. Subframe scale, 50 km x 50 km. Once pixels within a 250 km x 250 km frame have been
identified as being overcast or cloud-free, they are mapped to smaller subframes of ~50 km x 50 km that
constitute the larger frame. The size of the smaller subframe is again immaterial. It is chosen to be suffi-
ciently large to contain a relatively large number of pixels (~10°) so that percentiles can be relied upon
to be stable estimators of the range of radiances encountered in the subframes. Mapping the pixelsto the
subframes allows the construction of geographic gradients in the cloud-free background and overcast-
opague cloud radiative properties within the 250 km x 250 km frames. It also helps to isolate single-
layered systems, for which simple plane-parallel theory applies, from more complex systems, for which
suitable theories have yet to be devel oped.

4.2.2.5. Mathematics of Spatial Coherence Cluster Analysis

4.2.2.5.1. 250 km x 250 km frame scale analysis. This section addresses the problem of identifying
which points in the arch diagram are associated with the feet of the arches (i.e. which are associated
with cloud-free radiances); which are associated with overcast radiances for opague, layered clouds; and
which are associated with the body of the arch and thus with pixels that are either partly cloud covered
or may be overcast with semitransparent clouds. The observations shown in Figure 4.2-3 will be used to
illustrate the method for identifying the points that belong to the feet. The observations are for a 250 km
x 250 km frame over the Atlantic Ocean. Like those in Figure 4.2-1, they were taken during the 1992
ASTEX experiment. Each point in the figure represents a 4 km x 4 km portion of the 250 km x 250 km
scale frame. The observations indicate that the frame contains low-level and upper-level cloud layers.
Because there are few pixelsin the body of the arches associated with these layers, most of the pixelsin
this case are filled by either low-level or upper-level overcast cloud layers, or the pixels are cloud-free.
Cases in which few pixels contain what appear to be broken clouds are rare (cf. Fig. 4.2-1).

It should be noted at the outset that the procedures presented here are somewhat arbitrary. The pro-
cedures are clearly not optimal in that they do not make use of any statistical description of how cloud
systems actually populate imager pixels. Such a description would, for example, explain the different
appearances of the arches shown in Figure 4.2-2. How broken cloud systems popul ate imager-scal e pix-
els remains a subject of investigation. Nevertheless, while not optimal, the procedures presented here
were designed with numerical efficiency and effectivenessin mind.

The identification of cloud-free and overcast fields of view involves the identification of pixel
arrays exhibiting uniform emission. The first step is to decide on the magnitude of variability that will
be allowed before a pixel array will be identified as containing broken clouds. There is, of course, a
small but finite probability that pixel arrays containing broken cloud will also exhibit low spatial vari-
ability in emitted radiances. Subframes that are cloud-free or overcast by opaque clouds from a single
layer cannot avoid exhibiting locally uniform emission. The locally uniform emission that isto be iden-
tified with a cloud layer or with cloud-free frames must exhibit emission within a narrow range of radi-
ances, and the range over which the radiances are to be clustered must be defined.

The determination of the maximum standard deviation allowed for pointsin the feet of the arch and
also for the range of radiances over which the pointsin asingle foot are allowed to span is made by con-
sidering the effect of the variability in the radiances on the uncertainty in the cloud cover estimated from
the spatial-coherence method. For a single-layered system of opague clouds, (4.2-1) becomes

| = (1-C)l (+Clyq (4.2-3)

The cloud cover is obtained by inverting (4.2-3). The uncertainty in the estimated cloud cover is thus
given by

(4.2-4)

so - [T,
(Ics_lcld)
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Figure 4.2-3. Same as Figure 1, but for atwo-layered system.

The standard deviations of the radiances, Al for the cloud-free and Al 4 for the overcast pixels, are
taken to estimate the uncertainties in these radiances. Whether for overcast frames, (C = 1) or for cloud-
free frames (C = 0), the uncertainty in the cloud cover associated with an array of pixelsis given by

AC = —2 (4.2-5)

I(:s_lcld

where ¢ is the standard deviation of the radiances for the array. If  is taken to be an upper limit to the
uncertainty in cloud cover to be tolerated, then in order for an array to be part of an arch foot, its stan-
dard deviation must satisfy

6 <x(os—gg) (4.2-6)

Of course, there is no prior knowledge of (I — Iqq). Examination of spatial-coherence results for
oceans spanning the globe and differences between ninetieth and tenth percentiles of the emitted
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radiances observed for ~250 km x 250 km frames over the globe suggests that (15 — I4g) is the value
associated with low-level marine stratocumulus. For 11-um radiances this value (Is — log 1on-level)
appears to be about 20 mWm 2 lcm. Dueto the larger variability of the cloud-free background, over
land (Ies— lgid 1ow-leve) ~ 60 mWm 2srLcm is used. The smallest value of the cutoff istaken to be

Ocutoff <xd cs_lcld Iow-IeveI) (4.2-7)

where ¢ isthe smallest value of the cutoff and the acceptable uncertainty in the cloud cover is taken to
be y = 0.03. As discussed below, the results of spatial-coherence analysis are insensitive to the actual
choice of G¢yoft-

The cutoff given in (4.2-7) is used for identifying pixels that are either cloud-free or overcast by
low-level clouds. Obviously, for mid- and upper-level clouds the same equation applies with suitable
values of Igg mid-1evel @d leig upper-level "8P1ACING I gig 1ow-lever- FOr CONstant uncertainty in the fractional
cloud cover, x, these changes indicate that the allowable cutoff in the standard deviation can grow as
(Ies— 1gg) grows. This growth in oo 1S implemented as follows: because | 5 is generally not known
and is to be produced by the retrieval, the algorithm begins by replacing 1.5 with the go™ percentile of
the 11-um radiances (I1og) for the frame of interest. The cutoff associated with a particular value of the
array mean intensity | is assumed to be

lgo—|
ocutoffu)smeEGER( 9°y ) (4.2-8)

wherey = (s = lgd low-level)» Which istaken to be 20 mWm s cm over oceans and 60 mWm s cm
over land and INTEGER(X) is the integer value of x with the condition that INTEGER(X) > 1.

In order to determine whether the points that survive the cutoff are clustered, as they appear to bein
afoot, some method of measuring the number of points per unit radiance interval is required. The sim-
plest measure is that given by the number of pixels per unit radiance interval. The intervals into which
the radiances are divided are given by (4.2-8), i.e.

o —|
Al :xINTEGER( goy ) (4.2-9)

Figure 4.2-4a shows the distribution of radiances for the pixel arrays shown in Figure 4.2-3 and
Figure 4.2-4b shows the distribution of radiances for the arrays that survive the standard deviation cut-
off given by (4.2-8) for the radiance intervals given by (4.2-9). Note the following: first, the presence of
the layersis revealed by peaks in the distribution of 11-um radiances. Such peaks are uncommon. The
norm is that the magjority of pixels are partly cloud covered and so the radiances are randomly distrib-
uted over their range (Chang and Coakley, 1993). Second, note the shift in the width of the radiance
intervalsused in Figs. 4.2-4aand 4.2-4b. Theintervalsin Figure 4.2-4b at low values of the 11-um radi-
ance are larger than those used in Figure 4.2-4a. The shift is given by (4.2-9).

Clearly, the interval width used to determine the density of pixel-scale radiances will ultimately
influence the uncertainty in the estimated cloud cover. The choice of the interval width is arbitrary. The
interval width must be large enough that the number of pixels with radiances that fall within any given
interval, were the radiances to be distributed uniformly over the range of radiances, is expected to be
sufficiently large, i.e. 10. At the same time the interval must be sufficiently small that the distribution of
radiances within a scene is approximated sufficiently well by the numbers of pixels in the various radi-
anceintervals. That is, theintervals should be sufficiently small that afoot representing either the cloud-
free background or an overcast layer is represented by arrays spanning several adjacent intervals.

In Figure 4.2-4b, each point that survived the cutoff was given equal weight. Clearly, points with
smaller standard deviations are likely to have less cloud contamination for the cloud-free foot, or fewer
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Figure 4.2-4a. Distribution of radiances for the observations shown in Figure 4.2-3.
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Figure 4.2-4b. Distribution of radiances for pixel arrays satisfying the cutoff in standard deviation given by Equation 4.2-8 for
the radiance intervals given by Equation 4.2-9.

93



Volumellll

breaks in the clouds for the overcast foot than do points with larger standard deviations. Points with
smaller standard deviations thus deserve more weight than those with larger standard deviations when
estimating the radiance to be associated with the foot of an arch. By taking the radiances associated with
each array to be uniformly distributed a new distribution function is created, p(l), in which the contribu-
tion from apixel array is approximately given by
MAI

where Al isthe width of the interval associated with radiance, | isthe mean radiance of the array, M is
the number of pixelsin the pixel array, ¢ isthe standard deviation of the radiances for the array, and 3¢
approximates the relationship between the standard deviation of a uniform distribution and its domain.
The allocation of contributions in each intensity interval are made symmetrically about the interval
associated with the mean intensity, i.e. the interval itself, i, its nearest neighbor intervals, i + 1andi — 1,
and its next nearest neighbor intervals, i + 2 and i — 2, etc. within the range of the intensities associated
with the pixel array. The new distribution p(l) obtained by summing the contributions for all arraysin
each of theradiance intervalsisillustrated in Figure 4.2-5. The peaks of the distribution are clearly asso-
ciated with the feet of the archesin Figure 4.2-3.

The next step involves determining the location and width of the peaks. The distribution is searched
for local maxima. Once a maximum is found, the points in the interval and those on either side of the
peak are used to calculate a mean and standard deviation of the radiances associated with the peak. The
calculations are begun using the interval containing the peak, i, and the intervals on either side, i + 1 and
i —1. A second standard deviation of the radiances is calculated using the two adjacent intervals, i + 2
and i — 2, on either side of the original three-interval group. If the second estimate of the standard devi-
ation is within 20% of the first, i.e. 6, > 0.80,, then the width of the peak is taken to be given by the
three intervals of the original group. For comparison, a Gaussian distribution gives ¢, > 0.74c, where
0, isthe estimate of the standard deviation using the domain within one standard deviation of the mean
and o5, is the estimate of the standard deviation using the domain within two standard deviations of the
mean. If the condition is not met by the two estimates of the standard deviation, then the interval is
expanded to the five-interval group and the next two adjacent intervals are added and a new standard
deviation for the seven interval group is calculated and compared with that of the five interval group.
This process is repeated until either the standard deviations for the two ranges agree within 20%, or in
expanding the interval a peak in the p(l) distribution is encountered that has a higher density of points,
i.e. larger p(1)/Al than that of the original group. If the latter case is true, the original peak is dropped
from further consideration and the test is transferred to the new, denser peak. In Figure 4.2-5 the peaks
of p(I) and their associated widths are indicated by dashed lines.

Once the peaks are located and their widths determined, neighboring peaks are examined to deter-
mine whether they overlap each other. The domain of apeak istaken to be the radiance intervalsthat lie
within three standard deviations of the mean radiance associated with arrays forming the peak. If the
domains of two peaks overlap, then the peaks are combined and the mean radiance and new standard
deviation associated with the combined peak are calculated based on the arrays with mean radiances
falling within the two standard deviation test intervals for the two separate peaks.

Once overlapping peaks are combined, they are tested for a minimum number of pixels. As as can
be seen in Figure 4.2-4b, some pixel arrays exhibit locally uniform emission, like that exhibited by the
points in the feet of the arch, but are not themselves part of a foot. Experience has shown that such
points are eliminated by demanding that the foot of the arch must contain at least 20 pixels. Asis shown
in the Appendix, this minimum number of pixels can be explained through manipulation of an analog
model in which the criterion is that the points associated with the foot of an arch must exhibit atightly
clustered distribution of radiances. Arrays that appear to satisfy the local uniformity condition but are
not in the foot of an arch are randomly scattered over the range of emitted radiances observed for the
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Figure 4.2-5. p(l) distribution for observations shown in Figure 3. The dashed lines indicate the radiance domains associated
with the two layers and the cloud-free background.

frame. They fail to cluster around a specific radiance value as happens in the case of afoot. Experience
with the spatial-coherence method indicates that employing this minimum number of pixels proved to
be sufficient to eliminate the points that survived the uniformity cutoff but were not part of an arch foot
in all but afew percent of the cases analyzed. In Figure 4.2-6, pixel arrays that were identified as being
in the feet of the arches in Figure 4.2-3 are indicated by large dots; those that do not belong to afoot are
indicated by small dots. Figure 4.2-6a shows the effect of the variable cutoff. The cutoff in the standard
deviation is larger for the upper-level cloud deck (lower 11-um emission). The figure also shows that
the random pixel arrays exhibiting standard deviations similar in value to those in the feet have been
eliminated. Figure 4.2-6b shows a scatter plot of 0.63-um reflectivities and 11-um radiances. Not sur-
prisingly, the pixels identified as being cloud-free and overcast have bispectral properties that would be
expected of cloud-free and overcast pixels. As discussed below, multispectral consistency checks might
be developed to confirm the results obtained through spatial coherence analysis.
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Figure 4.2-6a. Same as Figure 3, but pixel arrays identified as being cloud-free or overcast by clouds in a well-defined layer
areindicated by large dots. Pixel arrays with broken or semitransparent clouds are indicated by small dots.
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Figure 4.2-6b. 0.63- and 11-um radiances for the observations shown in Figure 6a.
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The variables used in the identification of pixels exhibiting locally uniform emission were
1. The difference between the radiances expected for cloud-free and overcast fields of view,

Y= (s - leid 1ow-level):
2. The 90 percentile of the emitted radiances, which was used in place of the cloud-free radiance
to obtain oo

3. The two-standard-deviation test used to determine the width of a peak in the p(l) distribution
4. The use of three standard deviations to represent the domain of an isolated peak

Clearly, the choices for these parameters, while not without reason, were arbitrary. Fortunately, numer-
ous arch feet obtained for 250 km x 250 km scale frames contain contributions from many pixel arrays
and these arrays are often tightly clustered in the radiance domain. The outcome of the foot identifica-
tion, namely the mean and standard deviation of the radiances for the pixels associated with the foot, |s
relatively insensitive to the variables chosen. The results differ little if y is halved or doubled, if the o5!h

or 851" percentileis used in place of the oo™, i or if three standard deviations rather than two are used to
determine the width of ap(l) distribution peak and two standard deviations used to represent its domain.

4.2.2.5.2. 50 km x 50 km subframe scale analysis. As noted above, once identified on the 250 km x
250 km scale, the locations of the pixel arrays identified as being overcast and cloud-free are mapped to
smaller regions of ~50 km x 50 km, or subframes. This mapping retains information on gradientsin the
radiative properties of cloud-free and overcast pixels across the 250 km x 250 km frame and better iso-
lates, when possible, single-layered systems. Often on this smaller scale, however, no pixels are found
to be either overcast or cloud-free. So, even though a single-layer system may span a 250 km x 250 km
frame, it cannot be clearly identified as a single-layered system on the basis of the spatial structure of
the 11-um radiances found in some of the 50 km x 50 km scale subframes that make up the larger
frame. This problem isillustrated in Figures 4.2-7 through 4.2-9. The figures show that although over-
cast pixels for a given cloud layer may not reside in a particular 250 km x 250 km frame, they often
reside in surrounding frames. The finding suggests that when evidence for a layer is missing in one
frame, surrounding frames should be examined for the missing evidence. While the exampl e uses obser-
vations for the 250 km x 250 km scale, but clearly inferences made based on observations over a
domain become more reliable as the size of the domain decreases.

Figure 4.2-7 shows means and standard deviations of 11-um radiances and figure 4.2-8 shows the
relationship of 0.63-um reflectivities and 11-um radiances for a 250 km x 250 km frame that, on the
basis of the 0.63- and 11-um scatter plot, contains two distinct layers. The spatial-coherence analysisin
this case fails to identify either of the layers. Figures 4.2-8 and 4.2-9 show observations for the 250 km
x 250 km scale frame shown in Figure 4.2-7 as well as for the surrounding 250 km x 250 km scale
frames. The incipient layered structures not found in Figure 4.2-7 are now revealed in the surrounding
frames. Coakley and Baldwin (1984) proposed analyzing the properties in mesoscale-sized regions
called “subframes.” They used 16 x 16 arrays of 4 km x 4 km AVHRR pixels, or a ~64 km x 64 km
region for a subframe. If the subframe contained overcast pixels, or if the nearest neighbor subframes
contained overcast pixels that explained the range of the emitted radiances, as defined by the 10" and
90" percentiles of the 11- um radiances in the subframe of interest, then the subframe was taken to con-
tain the layer. “Explaining” the range of radiances meant satisfying the following conditions:

and

where |44 and Al yq are the means and standard deviations associated with the overcast pixels in the
frame surrounding the subframe in question. Values of the radiances are geographically interpolated to
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form estimates of the mean and standard deviation that would be achieved by overcast pixelsin the sub-
frame of interest were overcast pixels present.

Coakley and Baldwin (1984) followed a two-step procedure in implementing this search and inter-
polation of overcast radiances. First, all overcast pixels in aregion containing the frame and the sur-
rounding subframes (see Fig. 4.2-10) were classified into layers. The classification routine follows the
same algorithm as that used to determine the feet of the arch with the exception that the range of 11-um
radiances was divided into equal intervals, Al, as opposed to variable-width intervals following (4.2-9).
Up to three cloud layers were allowed. If more layers appeared to be present in the frame, then the lay-
ersthat were nearest each other, |1, 41 — 14| = Minimum value, were combined into one layer with the
properties of the layer calculated to be the average of the properties for the contributing layers. In the
averaging, each layer in each subframe was given equal weight. Once the layers in the frame were clas-
sified, the range of radiancesin a particular subframe was examined to determine whether layers identi-
fied in the frame but not in the subframe were needed to explain the range. If so, the nearest neighbor
subframes were searched for the overcast pixels associated with the appropriate layers. If overcast pix-
elswere found in the surrounding subframes, then the radiances associated with the overcast pixelswere
geographically interpolated to the subframe of interest as discussed in Coakley and Baldwin (1984).

SATELLITE ORBIT DIRECTION

FRAME AND SURROUNDING SUBFRAMES

IMAGER SCAN DIRECTION

Figure 4.2-10. 50-km scale subframes and 250-km scale frames used in spatial coherence analysis. Each subframe represents
the imager pixels mapped into a CERES footprint. Overcast and cloud-free 11-um radiances for all subframesin aframe and
its surrounding subframes are classified (as described in the text) to determine the layered structure of clouds for the sub-
frames constituting the frame.

101



Volumellll

The extent to which thisinterpolation strategy would have to be implemented is unclear. Experience
with the spatial-coherence method indicates that a substantial portion (somewhere between 30 and 60%)
of all layers on the subframe scale are interpolated, even though the search for missing layersis limited
to nearest neighbor 50 km x 50 km subframes. How far the search for missing layers can be extended,
whether 50 or 100 km or further, has not been explored.

4.2.2.6. Uncertainties

This section discusses the uncertainties in the properties of the overcast pixels identified as being
part of awell-defined cloud layer. In the following section, uncertainties arising through errorsin layer
identification, e.g. identifying a layer that doesn’t exist or failing to identify alayer that does exist, are
discussed.

The uncertainties associated with an identified layer are defined in terms of the standard deviations
of the 11-um radiances, Al 4 obtained for the pixels identified as being overcast by opaque cloud. The
standard deviation is used as a measure of the uncertainty in the retrieved layer properties. Included in
this measure would be effects caused by gradients within the frame. Of course, because the probability
islow that pixels overcast by opaque cloud will uniformly distribute themselves over aframe that is not
itself overcast, the probability is likewise low that the standard deviation of radiances for the overcast
pixels represents the range of layer properties within the frame.

Aswas noted in the introduction, awell-defined layer is by definition one for which the uncertainty
in the properties, asindicated by the standard deviation of the 11-um radiances for the overcast pixels, is
small compared with the variability in the radiances that would result from variationsin fractional cloud
cover. Thus a well-defined layer has the property that Al 4 «I.s—14- Clearly, this condition can be
satisfied within rather arbitrary limits. The application of arbitrarily strict criteria will, of course, arbi-
trarily limit the population of well-defined layers. The degree to which various criteria affect the popu-
lation of layers identified as being well-defined remains to be established. As arule of thumb, however,
requiring that the parameter given by

Al2_+Al2
g=dcs “ddogg (4.2-13)
Ics_lcld

would provide reasonably well-defined layers.

Asdiscussed in the next section, cases exist in which layers may be identified as being present when
in fact they are not. For example, the cloudsin alayer congregate in regular arrays so that the observed
emission satisfies the condition of low, local standard deviation, but the pixels are only partly cloud
covered. Such occurrences appear to be rare. Nevertheless, they can probably be largely eliminated by
demanding that the number of pixelsidentified as overcast and part of awell-defined layer must exceed
a certain fraction of the area viewed, say 10%. This criteriais meant to apply only to those ~50 km X
50 km subframes that contain overcast pixels, not those for which layer information must be interpo-
lated as described in Section 4.2.2.5.2. Interpolated properties are presumed to have the quality of the
properties from which the interpolated values were obtained. Clouds can form regular arrays, but these
arrays are fostered by mesoscale circulations which by their nature break down on the 100- to 200-km
scale. The extent to which limiting the identification of well-defined layers by such a criteria and the
likely dependence of such acriteria on spatia scales has not been explored.

4.2.2.7. Practical Considerations

Not al cloud systems are layered. Some layered cloud systems, like cirrus, rarely achieve optical
depths that allow them to be detected as a layer by the spatial-coherence method. Systems of opaque
layered clouds can also be everywhere broken so that nowhere do they extend to form overcast clouds
over several imager pixels, thereby avoiding identification by the spatial-coherence method. Coastlines
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and background heterogeneity over land areas may mask the presence of layers. This section outlines
the limitations inherent in the spatial-coherence method and suggests strategies for dealing with them.

4.2.2.7.1 Limitationsin Applying Spatial Coherence.

4.2.2.7.1.a. Errors caused by incorrect identification of cloud layers. Clouds don't always form
opague layers that span several imager pixels. Even if the clouds were in such a layered system, they
would not give rise to the local uniformity in the emitted radiances that would allow detection by the
spatial-coherence method. The variance in emitted radiances, as given by (4.2-2) for a single-layered
system, could berelatively high. In the case of cirrus, even when the layer is extensive so that numerous
pixels are overcast, the pixel-to-pixel variation in emissivity and transmissivity givesrise to large local
variances in emitted radiances. Opague, low-level clouds may form a layer in which the clouds are
nowhere extensive enough to cover several adjacent imager pixels. An example of such a situation was
shown in Figure 4.2-7.

There are three strategies for dealing with situations like those shown in Figure 4.2-7. Thefirt, pro-
posed by Coakley and Baldwin (1984), is to seek evidence for the presence of a well-defined layer in
neighboring frames. That approach was discussed in Section 4.2.2.5.2. The second is to use relation-
ships among various wavelengths. It constitutes an alternative to the spatial coherence method and is
discussed in the subsequent section. The third is to use two-dimensional texture analyses to detect the
presence of the separate systems. That approach likewise represents an alternative.

4.2.2.7.1.b. Errors caused by heterogeneous backgrounds. Land is a more heterogeneous background
than oceans. As noted earlier, the identification of layers over land uses a cutoff in the standard devia-
tion of the pixel arrays for land scenes that is three times the value used for ocean scenes. The increase
in background heterogeneity over land, of course, diminishes the ability to identify well-defined layers.
Nevertheless, experience with retrievals performed for the 1992 FIRE Il IFO over the central U.S. indi-
cates that the use of the higher cutoff provides satisfactory results (Lin and Coakley, 1993).

Contrasts between land and water at coastlines, of course, must be dealt with by separating the anal-
ysis for the land and water portions of the scene. Pixel arrays that include the coastline should not be
used in the identification of the layer. Indeed, as the results in Figures 4.2-1 and 4.2-2 indicate, limited
sampling over a 250 km x 250 km frame appears to provide overcast and cloud-free identifications that
are indistinguishable from those obtained using all pixel arrays. Consequently, a perimeter of arrays
bracketing coastlines can be safely ignored in the identification of cloud layers. Such a strategy, how-
ever, has yet to be implemented.

4.2.2.8. Proposal for Validation

Well-defined layers seemed to be readily identified by eye, but obtaining the properties of well-
defined layers, even from instrumented surface sites and aircraft is difficult and not a well-posed prob-
lem. Consequently, finding evidence that a particular remote sensing technique produces a useful char-
acterization of cloud systemsis likewise difficult.

Two strategies for validation have already been proposed. Perhaps the best approach would be to
use active aircraft or space-borne lidars to identify layers simultaneously with the information being
retrieved from imagery data. The vertical sounding of the atmosphere with lidars often reveals layered
structures. When clouds are thin and diffuse, it is difficult to assign a height to the layer; nevertheless,
for optically thick clouds, the soundings produce what appear to be layers with reasonably well-defined
altitudes.

A weakness of lidar retrievals is that they are typically limited to the nadir track of the aircraft or
orbiting platform. The flight path will occasionally miss layered structures that are revealed through the
two-dimensional sampling available to imagers. Consequently, comparisons between lidar cloud
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boundaries and imager inferences of layered structure must be made on the basis of representative
ensembles of cases, as opposed to a case-by-case basis. An opportunity for such comparisons is forth-
coming with the LITE mission in September 1994 (McCormick et al., 1993).

The second strategy for validation proposed earlier was to demand that inferences of layered struc-
ture based on the spatial-coherence method be verified by independent inferences based on the relation-
ships between radiances at various wavelengths. For example, Figure 4.2-6a clearly shows a two-
layered structure as deduced from spatial-coherence analysis, and the visible-IR relationship shown in
Figure 4.2-6b produces a consistent multiwavelength interpretation. Of course, such confirmation is
bound to work for simple, layered cloud systems, i.e. when there is little overlap between the two sys-
temsin the frame of interest. When there is overlap, as may be the case in frame [2,1] of Figures 4.2-11
and 4.2-12, visible-IR observations will not necessarily provide the desired confirmation. Use of other
multiwavel ength emissions may alleviate some of the problems. Emission at 8 and 13 um might reveal
the branches associated with two-layered systems not revealed in the visible-IR scatter plots. Neverthe-
less, observations of thermal emission will capture only the highest and lowest layers present and not
detected by the spatial coherence method, and they will miss intervening layers. As with lidar observa-
tions, the multispectral observations can be used to provide confirmation in a certain fraction of the
cases, but not all cases.

Surveys with the spatial-coherence method suggest that single-layered cloud systems can be iso-
lated on the ~50 km x 50 km scale approximately 50% of the time. Of the remaining 50%, many of
these systems are two-layered systems that should be amenable to confirmation through multispectral
approaches and lidar soundings. Complex cloud systems, i.e. those that defy description in terms of lay-
ered structure, appear to constitute only 15 to 25% of the observations at the 50 km x 50 km scale.

4.2.2.9. Quality Control

Aswas noted in an earlier section, arbitrary levels of quality control may be applied to the spatial-
coherence identification of layered cloud systems. The quality of the layer indentifications may be mea-
sured in terms of the confidence limits with which the radiances associated with the layer might be spec-
ified. The rule-of-thumb criteria noted earlier, as given by (4.2-11) and (4.2-12), combined with the
demand that a reasonable number of overcast pixels reside in the frame, say at least 10%, produces an
acceptable number of layered systems when layers interpolated from adjacent subframe layers are
counted. A requirement is that the adjacent subframe layers satisfy the conditions of (4.2-11) and
(4.2-12). As noted earlier, tradeoffs between numbers of samples and uncertainties in layer definitions
have not been studied.

The second approach to quality control is to demand that the layers identified through spatial-
coherence analysis also be reveded in the relationships among various wavelengths. Perhaps the
most revealing set of wavelengths for such confirmation would be 8 and 13 um. Again, methods for
identifying multiple layer structure on the basis of the relationships between various wavelengths have
yet to be devel oped.

4.2.2.10. Numerical and Programming Considerations

The application of the spatial-coherence method for identifying layered structure places several
reguirements on the structure of the imager data stream. First, as was noted in Section 4.2.2.5.1, the
identification of overcast pixelsis performed on 250 km x 250 km scale frames. Second, because 50 km
x 50 km subframes may lack overcast pixels for any of the layers present, some means are required for
interpolating layer properties from one subframe to the next. I nterpolation among nearest neighbor sub-
frames each of order 50 km x 50 km scale was suggested. This frame and subframe scale analysis sug-
gests a nested structure for the data stream asillustrated in Figure 4.2-10.
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The spatial coherence identification of layers would be undertaken as follows:
1. Overcast and cloud-free pixels would be identified in each 250 km x 250 km scale frame.

2. Overcast pixels within a frame and its surrounding 50 km x 50 km scale subframes would be
classified to identify the overcast pixels with the various well-defined layers and assign the over-
cast pixelsto specific layers.

3. Layers within the subframes constituting a frame would be determined on the basis of the layer
identification of the overcast pixels within the subframe and its surrounding subframes.

These steps dictate the following structure. Spatial-coherence analysis is performed on imager scan
lines sufficient to form a 250 km x 250 km scale frame. The analysis is performed for al 250 km x
250 km scale frames across the scan. Pixel radiances and layer identifications is retained in memory for
aset of imager scan lines sufficient to form two adjacent sets of frames, i.e. 500 km x 500 km along the
orbital track. In addition, 50 km x 50 km subframe scale layer properties are retained from the analysis
of scan lines analyzed just prior to those currently in memory. Once the frame scale analysis is com-
plete, the subframe scale analysis can begin with the first subframe of the scan lines residing in memory
and end with the set of subframes that complete the first 250 km x 250 km scal e frames spanned by the
scan lines residing in memory. The results of the analysis for the subframes making up these 250 km x
250 km scale frames can be scrolled out of memory with the last set retained for the subsequent analysis
of the subframes constituting the next 250 km x 250 km block of scan lines. New scan lines are read
into memory forming a new 250 km x 250 km scale block and the spatial coherence analysisis applied
to these new scan lines. The process is repeated.

Numerical efficiency has, to some extent, been addressed in the design proposed for the analysis.
The design uses a uniform distribution to characterize the distribution of radiances within a spatial-
coherence pixel array. This choice wasintentional. It reduces numerical burdensincurred by using other
distributions, such as Gaussian. It aso is easier to implement than using the actual distribution of the
pixel scale radiances. There is no point in resorting to the actua distribution of the pixel radiances,
because, in order to identify clustering, the density of pixel-scale radiances must be measured and the
measure used is somewhat arbitrary. Fortunately, as was noted earlier, the natural clustering of points
about awell-defined range of emitted radiances forms a robust feature that can be readily characterized
by any number of methods. The outcome, namely the means and standard deviations of the radiances
associated with overcast pixels, will be relatively insensitive to the method used to identify clusters of
locally uniform emitted radiances. The strategy proposed here is thought to be a ssimple, efficient, and
effective means of seeking those results.

4.2.3. Multispectral Approaches

A second strategy for identifying layers missed by spatial-coherence analysisis to use multispectral
histogram methods. Figure 4.2-7 clearly showed branches in the visible-infrared scatter plots associated
with distinct layers, both of which were missed by the spatial-coherence method. Similar branches are
observed at night for emission at 3.7 and 11 um (Coakley, 1983). Fitting procedures, like those devel-
oped by Lin and Coakley (1993) for the multispectral analysis of single-layered systems might be
generalized to identify branches associated with distinct layers. Alternatively, a variation of the hybrid
bispectral threshold method (HBTM) of Minnis and Harrison (1984) and Minnis et al. (1987) or the lay-
ered bispectral threshold method (LBTM; Minniset a., 1993) could be used to analyze such systems. A
second set of multiregion, multilayer observations are shown in Figures 4.2-11 and 4.2-12. Here the
upper-level system is clearly defined in frame [2,1], but there is no indication of lower-level systems
that are prevaent nearby in frames[1,2] and [3,2]. Without additional logic, the HBTM or LBTM may
divide the system shown in [2,1] into three distinct layers with predefined properties: high, middle and
low. Thus, this multispectral approach may place multiple layers where only single layers exist. Some
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simple modifications to the LBTM, however, can eliminate much of the ambiguity associated with sin-
gle and overlapping layers.

4.2.3.1. Daytime Methodol ogy

The LBTM is similar to the ISCCP algorithm in that it compares the 11-um temperature T and
reflectance p for each pixel to simple thresholds to determine if a pixel is cloudy or not. Instead of
retrieving a visible optical depth t and cloud temperature T4 for each cloudy pixel, the LBTM groups
some pixels together before deriving Tyq and t. The LBTM nominally divides a visible-infrared histo-
gram into three layers defined by hypothetical cloud temperatures at 2 and 6 km. Low clouds are those
below 2 km, mid-level clouds are between 2 and 6 km, and high clouds are those above 6 km. When no
- and T 4-solutions are possible for anominal pixel grouping (discussed below), the LBTM attemptsto
reach a solution for agroup of pixels by adding other pixelsto the group until asolution is obtained. The
LBTM also computes the mean layer cloud temperature T, and optical depth 1) as well as their respec-
tive standard deviations o and oy where k =1, 3 from low to high. Other differences between the two
methods include ice-crystal reflectance models for high clouds, bidirectional reflectance models for
clear scenes, and a parameterization of the Earth-atmosphere system reflectance.

The reflectance is parameterized in terms of T, the cloud atitude, clear-sky reflectance p., the
cloud particle size, the solar zenith angle 8, the viewing zenith angle 6, and the relative azimuth angle
y. The 11-um emittance is afunction of t, u (= cos0), and the difference between the clear-sky temper-
ature T and the cloud temperature T 4. For liquid water clouds, it is assumed that the cloud consists of
spherical droplets having an effective radius of 10 um. Ice clouds are assumed to be composed of ran-
domly oriented hexagonal ice crystals representing a cirrostratus size distribution (Takano and Liou,
1989). The ice model is used for Ty < 253K and the water-droplet model is applied for warmer cloud
temperatures. The parameterizations of reflectance and emittance are detailed in section 4.3.

Given the relationships between cloud reflectance and emittance, it is possible to define the varia-
tion of p and T for agiven value of Tyq4. The variation in brightness temperature for agiven value of t or

pis
T, = Te(p, Tog) = BHe(p)B(Ty ) + [1-e(p)IB(T )} (4.2-14)

where T, is a model-defined emittance-dependent brightness temperature and B is the Planck function.
The emittance € and p are computed from the emittance and reflectance parameterizations at various
values of t. Thus, avalue of T, corresponding to acloud having T4 can be defined for any given reflec-
tance and microphysical model.

Figure 4.2-13 shows an AVHRR visible-infrared histogram for an area over the southwestern tropi-
cal Pacific. The numbers plotted in the histogram represent the number of occurrences of the particular
T-p pair. The AVHRR 11-um sensor is channel 4, so the brightness temperatures are indicated with the
subscript 4. As currently formulated, the LBTM histogram is divided into five areas: clear, low cloud,
middle cloud, high cloud, and dark pixel or stratospheric cloud. The clear area incorporates all pixels
having T >T_.—AT and p <p, where p; is the reflectance threshold value and the cloud threshold dif-
ference AT hasvalues of 6 K over land and 3 K over water. The clear-sky visible threshold reflectanceis
pt as defined by Minnis et al. (1987). All other pixels are assumed to be overcast. Low-cloud pixels are
all those having values of p > p; and T > T(p,T1,). The temperature T, corresponds to an altitude of
2 km. Similarly, the high-cloud pixels are those having T < T, (p, T,3) , where T,3 corresponds to 6-km
height. All nonclear pixels with temperatures and reflectances between the low- and high-cloud pixels
are middle-cloud pixels. An upper boundary, T¢(p,Tp), is computed to correspond to the tropopauise
temperature T, minus 2 K. The 2K subtraction accounts for uncertainty in the tropopause temperature.
These cloud-layer boundaries are shown as the solid curves in Figure 4.2-13 and labeled as P15, Pos,
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Figure 4.2-13. AVHRR VIS-IR histogram over 17.4°S at 153.3°E at 5.9 UTC, January 18, 1993.

and Py, Pixels that are darker and colder than the respective reflectances and temperatures defining P,
are designated dark cloud pixels. These pixels are treated in a special manner described below.

The number of pixelsin ascene assigned to agiven layer, Ny, is
N = Yn(Tp)) (4.2-15)
ij

Here, n is the number of pixels having T; and p; and the limitsi and j are defined only for layer k. The
temperaturesin agiven layer are averaged for each visible reflectance. Thus, for p;,

B(T)N(T., p.
Ty = B‘{E ( I)':(kj .,p,)} (4.2-16)
|
where
Ny = 2n(T;p)) (4.2-17)
i
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The emittance, g = &(p;) is computed for each reflectance. The value of Ty is substituted for T in
(4.2-14) and used with the emittance to solve for T 4(kj). The pressure in the middle of the layer is used
in the reflectance parameterization to compute Rayleigh scattering for al cloudsin the layer.

If pj isin the dark-pixel area of the histogram, ¢ is indeterminate. It is assumed that dark pixels
result from shadowing effects, other finite cloud effects, variations in pg, and inadequacies in the
microphysical scattering models. When dark pixels are encountered, high-cloud pixels having greater
reflectances are included in the calculation of Ty; to raise the mean, combined reflectance to a value of
p > pes SO that € can be computed. If there are no low- or middle-cloud pixels having t > 1, then high-
or middle-layer pixels having the same temperature as the dark pixels are included in the summation.
The summation continues with the next greatest visible reflectance until the mean reflectance is greater
than p... Pixels having temperatures lower than the coldest dim pixels are included in the summation
only if the mean value of p remains in the dark-pixel area of the histogram. If the summation process
does not result in anondark mean value of p, it isassumed that the dark pixels are clear, but shadowed.

If theinitial value of T 4(kj) for any kj islessthan Ty, then the summation process used for the dark
pixelsisinvoked until T (kj) > Tp . If this condition cannot be satisfied for the data, then it is assumed
that the cloud is located at the tropopause. The mean emittance and optical depths are then adjusted to
force this solution. Finally, the average temperature for layer kis

BIT¢q(kD TN
BT a1 )1y "J} (4.2-18)

Tk = B_l{z Nk

J

where T; is the mean temperature for each p;. The standard deviation o is computed in the standard
fashion using the values of T;. In the exceptions noted above, the index and values of p; are adjusted to
reflect the change in summation. No pixel values are ever used twice.

The LBTM cloud-layer definitions, used to associate altitude with the cloud classifications given by
surface observers, provide a convenient way to vertically slice up the troposphere. Clouds do not neces-
sarily fall exactly into those atitude ranges, so a cloud deck may straddle the layer boundaries giving
the appearance of two layers. Furthermore, high and low layers may overlap and produce radiance pairs
that appear to be in the middle layer. To minimize misdetection and to find distinct layers, the following
modifications are applied to the LBTM. This procedure is applicable to scenes with horizontal dimen-
sions of 50 km or greater.

To find distinct layers, it is assumed that there is an envelope of temperatures and reflectances that
bound the pixels belonging to a given layer. This envelope must account for the variations in both the
clear-sky radiances in the scene and the cloud height within the layer. The variationsin T and p.g can
be represented by the extreme values. The clear-sky extremes are defined as the coldest and warmest
clear temperatures, Tegyin and T, , respectively, and the smallest and greatest clear-sky reflectances,
Pesmin @Nd Pesmaxe FeSpPectively. The respective temperature and reflectance for the brightest pixel in a
given layer are Tgu and pmaxk- The histogram is searched for layers beginning with the highest layer
containing an observation. Pixel values falling to the cold and dim side of the line defined by (Tegyax:
Pesmax) AN (Thaxa: Praxa) €an be explained by cloudsin the high layer. If no pixels are observed on the
warm and bright side of thisline, then it may be concluded that there is probably only one distinct layer
present. Thislayer is defined by Ty g and oy

If there are pixels on the warm, bright side then the same process is repeated for the next level
down. For midlevel clouds, the line would be given by (Tegmax: Pesmax) @A (Thaxes Praxe)- | there are
low clouds derived from the LBTM and there are pixels warmer and brighter than this new line, then it
is concluded that thereis adistinct layer of low clouds. These low clouds may be scattered cumulus or a
deck of stratus or stratocumulus. If no pixels are observed to the warm, bright side of this line, it is
likely that there is a distinct midlevel deck in the scene.
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This agorithm is based on the dependence of reflectance and emittance on cloud optical depth.
Emittance increases toward unity at agreater rate than reflectance approaches its asymptotic value. This
feature produces the curvature seen in the coldest, dimmest pixels in Figures 4.2-8, 4.2-9, and 4.2-12.
For a given cloud deck, there will be a spread in the observed temperature for a given reflectance
because of the variations in T, Tg, and the particle sizes in the cloud. Pixels between the dimmest,
coldest curve and the straight line defined above can also be explained by pixels that are partialy filled
with the upper cloud or by overlap between some lower cloud and the upper cloud. It is necessary to
have lower clouds to obtain pixels on the warm, bright side of that line. In other words, the high cloud
cannot be that reflective and still be that warm.

To distinguish overlapped pixels from those belonging to a single deck, asimilar analysisis applied
using lines between the extreme cloud values. Given the presence of both low and high clouds and pix-
elsthat fall in the middle layer, it is possible to determine if some of the midlevel pixels are actually
overlapped or represent a distinct layer. A line is drawn between (Tyaxz: Pmax3) 8d (Tmaxts Pmaxy)- |
there are midlevel pixelsto the cold, bright side of thisline, thenit is highly probable that thereisadis-
tinct midlevel deck. Otherwise, the midlevel clouds are probably overlapped high and low clouds.

This processisillustrated in Figure 4.2-13 for data similar to that seen in Figure 4.2-9b. The LBTM
found three cloud layers in this histogram. The line extending from (Tegmin, Pesmin) t0 (T = 259K, p =
0.28) indicates that there must be clouds lower than the high-cloud deck. Similarly, the line from (T
max: Pesmax) 10 (T = 284K, p = 0.66) indicates adistinct low layer. The lack of pixels brighter than those
defined by the line (T = 259K, p = 0.28) — (T = 284K, p = 0.66) suggests that the pixels in the middle
layer do not form a distinct layer. Instead, they are formed by the overlap of the high and low layers.

If there are two layers in adjacent levels or if there is only one distinct layer k, but there are some
pixelsin layer k-1, then the cloud temperatures are compared to determine if they are part of the same
cloud deck. Asin the spatial coherence method, the cloud deck is allowed to have a finite thickness or
altitude range. This permitted layer range AT,qq varies with height because, in a given system, high
cloud tops tend to vary over a greater vertical range than low clouds and retrieved high cloud atitudes
are subject to more error than low clouds. Marine boundary layer cloud heights, for example, can be
determined to within a few hundred meters (e.g., Minnis et a., 1992), while the typical instantaneous
error in the derived thin cirrus heightsis ~+1km (e.g., Minnis et a., 1993). For low clouds, i.e., Tgq >
280K, ATqq = 2 K. For high clouds, i.e., Tyq< 220 K, AT 4 = 6 K. In between these extremes,

AT|qq = 2+0.67(280- T,y (4.2-19)

The allowed temperature range bounds the layer values. Thus, if 261> AT,qq, then the layer is too dif-
fuse to be designated as a distinct layer. If, however, 261 and 2017 are both lessthan AT,qq, then it
may be possible to combine the layers. The layers are combined if Ty_; < Ty + 2o or if T > Ty —
2071 and the resulting standard deviation is less than 0.5AT, 4.

Application of this processto the scatter plotsin Figure 4.2-8 would yield single low-level decksfor
[1,1] and [2,1], and low and high decks with overlapped pixelsfor the remaining plots. In Figure 4.2-12,
the technique would identify alow and a high deck for [1,1], amid and high deck for [1,2], alow deck
for [1,3], amid and high deck for [2,10] a high deck for [2,2], and possibly a high deck for [2,3]. The
high layersin [1,3], [2,2], and [2,3], the midlayersin [2,2] and [2,3] and the low layer in [2,3] may be
too diffuse to pass the layer bounds test athough they would pass the simple linear tests. Some layering
of the high cloudsin [1,3], [2,2], and [3,3] may be detectable with a greater vertical resolution of layers
rather than the three used here. However, these scenes may contain convective clouds in various stages
of development so that no extensive layers exist. Figure 4.2-14 shows an example of a diffuse situation
over the tropical Pacific. The low-mid, mid-high, tropopause, and clear boundaries are drawn to illus-
trate how the histogram is dliced for a convective case. Application of the technique would yield only
one distinct cloud layer in the middle levels with T, = 278.6 K. The high layer would not satisfy the
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Figure 4.2-14. AVHRR VIS-IR histogram over 10.7°S at 143.2°E at 5.9 UTC, January 18, 1993.
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temperature range rules. Some low-cloud pixels near the clear boundary would not constitute a layer
because they fall to the cold, dim side of the mid-cloud ppy line.

For scenes containing more than one layer, it is possible to estimate which pixels are overlapped
and which belong to a single layer. Given Ty and o for layer k, the pixels that belong to the layer are
those enveloped by the two curves defined by the model calculations of T and p for arange of optical
depths. The computations use (T , Pesmax) for the clear conditions and Ty + 201y as the cloud tem-
perature to determine the curve for the warm side of the cloud deck and (Tegmin, Pcsmin) fOr the clear
conditions and Ty — 207 as the cloud temperature to determine the cold curve. Pixels having valuesof T
and p between those two curves are assigned to the layer. Figure 4.2-15 shows an example of a three-
layer case. The boundary lines are shown as before with a crude approximation of the envelopes for
each layer. The envelope overlap near the clear boundariesis typical, but will be somewhat diminished
when the actual calculations are applied. The T and p for each pixel in the envelope overlap are com-
pared to the central curve of the envelopes. This central curve is defined by T, and (T, peg). The pixel
is assigned to the layer for which the difference between T and Ty(p) is minimal. The pixels that fall
between the envel opes are considered to be overlapped pixels.
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Figure 4.2-15. AVHRR VIS-IR histogram over 13.3°S at 149.4°E at 5.9 UTC, January 18, 1993.

This approach to cloud layering can detect more cloud layers than the spatial -coherence technique.
It cannot detect three layers unless the reflectance of the middle layer exceeds that of either the low or
high layer. The increased detectability may raise the level of uncertainty in the cloud layer properties.
This bispectral approach is currently under development and will be altered to accommodate additional
layers. The allowed layer temperature range, interpretation of the overlapped pixels, and techniques for
defining the range in clear-sky temperature and reflectance are among the issues that are being
examined.

4.2.3.2. Nighttime Layer Pressure Retrieval

At night, a different approach is needed. Figure 4.2-16a shows T, and the AVHRR channel 3
(3.7 um) brightness temperatures T3 for alayer of atostratus clouds over an areain the tropical Pacific.
Thevalue of Ty, is~293K. The brightness temperature differences BTD3 4 for channels 3 and 4, plotted

113



Volumellll

against T, in Figure 4.2-16b, are more informative. For a given value of T4, BTD3 4 increases as the
optical depth increases up to avalue of 1~ 4. Ast continuesto increase, BTD3_, decreases rapidly until
itislessthan the clear-sky value. Thus, whenever BTD 4 for cloudy pixelsislessthan the clear value, a
nearly opague cloud isindicated. The variationin BTD3 4 arises from variationsin T, Tqq, @nd particle
size. If thereis acluster of nearly opaque pixels around a given value of Ty, it is highly probable that a
layer exists at T,. The methods for determining these layers are the same as prescribed for the day-
time case. The low, middle, and high boundaries are established for an optically thick cloud (e.g., T15 =
T[z= 2 km] for al values of T3). The values of T, and o are computed using only the pixels having
BTD3 4 less than the clear-sky value. The same criteria applied during the daytime are used at night for
defining a layer and combining adjacent layers. In the case of Figure 4.2-16b, a layer would be deter-
mined at ~258K.
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Figure 4.2-16a. AVHRR NIR-IR histogram over 5.9°S at 133.6°E at 18.8 UTC, January 26, 1993.
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Figure 4.2-16b. AVHRR BTD-IR histogram over 5.9°S at 133.6°E at 18.8 UTC, January 26, 1993.

A
H
'—F

e

HO N NN B B e

NN N NN

N e = T S
e

Iy = = S SN
H

GV = =
I .S T e

P ~NWN=

e e
o
(SIS
R ERNR R
U=
O
NS
= O
H

1
!
P12

A layer analysis of the histogram in Figure 4.2-17 would yield alayer near 221 K. The solid linein
Figure 4.2-17 corresponds to a parameterization calculation of BTD3_4 using a cirrostratus microphysi-
cal model, Tgy = 293.5K, and T4 = 221K (see section 4.3 for details). The model fit is consistent with
a single layer of clouds having relatively uniform particle sizes. The more complex histogram in
Figure 4.2-18 is typical of atwo- or three-layer system. The clear portion of the scene is at approxi-
mately 291 K; adistinct middle layer isfound at 273 K, and adiffuse high layer isfound near 228 K. An
additional low layer may be at ~288 K. This combination of clear, single-layer, and overlapping layers
would probably only yield asingle layer at ~273 K. The high-cloud layer would be too diffuse to pass
the temperature range tests using T as the background temperature. Because most of the high-cloud
pixels are probably overlapping middle-cloud pixels, the background temperature should be the middle-
cloud temperature. The result would be ahigh cloud at ~228 K.
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Figure 4.2-17. AVHRR BTD-IR histogram over 7.1°Sat 171.3°E at 16.3 UTC, January 30, 1993.

The examples shown here suggest that layers can be identified at night using a bispectral histogram
approach. This method is currently under development. Issues that are being addressed include the
detection of overlapped pixels, the determination of the appropriate background temperature, prescrip-
tion of layer envel opes based on assumptions about particle size, detection of layers with no opague pix-
s, and the determination of layersin overlapped conditions.

4.2.3.3. Practical Considerations

For CERES, the LBTM histogram will be divided into six areas: clear, low (surface to 700 hPa),
lower middle (700-500 hPa), upper middie (500-300 hPa), and high (<300 hPa), and the dark pixel
area. The CERES LBTM will require the input variables: clear-sky radiances and their standard devia-
tions for each channel, vertical profiles of temperature, surface type, pixel radiances, surface elevation,
and ozone optical depth at 0.65 um. The output comprises the number of distinct layers, the means and
standard deviations for ) and Ty, and an index indicating whether it is overlapped or not. The methodol-
ogies described in this section will be validated using several different approaches. The layer cloud
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Figure 4.2-18. AVHRR BTD-IR histogram over 4.3°S at 134.7°E at 18.8 UTC, January 26, 1993.

propertieswill be compared to those derived from the other satellite-retrieval methods to determine how
much additional information can be gained by applying this methodology. Aircraft and surface lidar and
radar datawill be used to verify the detection of layers and their altitude determination. These validation
efforts will use historical FIRE and ECLIPS datasets as well as active remote sensing data from ARM
and future FIRE observations. Such field data taken over awide variety of cloud types are essential for
verification and devel opment of these layer-detection techniques.

4.2.4, The CO, Slicing Method

4.2.4.1. Introduction

The CO, dicing methods (e.g., McCleese and Wilson, 1976; Smith and Platt, 1978; Chahine, 1974)
have been shown to provide an accurate means of inferring cirrus cloud altitude from passive infrared
radiance measurements. The methods take advantage of the fact that each of the sounding channels
within the 15-um CO, band have varying opacity to CO,, thereby causing each channel to be sensitive
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to a different layer in the atmosphere. The techniques have been shown to be effective for single-
layered, nonblack, mid- to high-level clouds such as cirrus, but are generally applied operationally to
any given cloud occurrence. The algorithms are most accurate for clouds that occur in a single, well-
defined layer, or for multilayered cloud cases in which the uppermost cloud layer is nearly black. The
derived cloud pressure is expected to be near cloud center for optically thin clouds (those with extinc-
tion optical depths less than 1). The cloud pressure is expected to decrease to cloud top for more nearly
opague cloud when the extinction optical depth is greater than 1.

This agorithm calculates cloud top pressure, pyq, and effective cloud amount, eC (emittance ¢
times cloud fraction C), given one or more pairs of 15-um narrowband radiances. The method relies
upon having significant pressure level differences between the peaks of the weighting functions for a
given pair of channels. The algorithm specification includes suggested strategies for handling:

1. Temperature inversions (ambiguity in pyq)

2. Lack of sensitivity in the weighting functions

3. Consistency in multichannel retrievals

4. Various problems relating to instrument noise, transmission function errors, and input data errors

This agorithm has been applied to data from the High Resolution Infrared Radiation Sounder
(HIRS/2, henceforth HIRS for simplicity) (Wylie and Menzel, 1989; Menzel et a., 1992; Wylie et al.,
1994), the Geostationary Operational Environmental Satellite (GOES) VISSR (Visible Infrared Spin
Scan Radiometer) Atmospheric Sounder (VAS) (e.g. Menzdl et al., 1983), and most recently to the High
Resolution Interferometer Sounder (HIS) (Smith and Frey, 1990). The Moderate Resolution Imaging
Spectroradiometer (MODIS) (King et a., 1992) under development for the Earth Observing System
(EOS) has four channels in the 15-um region that are similar to the HIRS channels. The central wave-
numbers and other characteristics of the appropriate channels for the HIRS and MODI S instruments are
provided in Table 1. Error analyses based upon the CO, slicing method have been reported by Wielicki
and Coakley (1981), Menzel et al. (1992), and Baum and Wielicki (1994). Sources of error for thisalgo-
rithm will be discussed in greater detail later in this document. Retrieval errors will arise from instru-
ment noise, errors in temperature and humidity profiles, errors in the clear-sky radiance, geometrically
thick but optically thin clouds, radiative transfer cal culation assumptions, and the presence of more than
one cloud layer in the field-of-view (FOV).

4.2.4.2. Basic Equations and Derivations

The clear-sky spectral radiance Ics(vi, po) for ablack surface (surface emissivity, sé =1, iischannel
number) is given by

los(Vis Pg) = BV, TOt(v, |os>+jdt(V Dpyyi, T(p)1dinp (4.2-20)
P

S

where B(V',T) is the Planck radiance at temperature T, V' is the wavenumber of channel i, t(v', p) isthe
transmission from atmospheric pressure level p to the satellite a p = O, and the subscripts s and cs
denote surface and clear-sky, respectively. If the cloud is opaque (cloud emissivity, ejq = 1) at
wavenumber v' and completely fills the FOV, the radiance for an overcast black cloud (ob) at pressure
level pyqisgiven by

lop(V: Para) = BOVL Ta)t(vE pyyg) + j A-Dlgiyi, T(p)1dinp (4:2-21)

Pcia
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Table 4.2-1. HIRS and Anticipated MODI S Channels, Central Wavelengths, Principal Absorbing
Components, and Approximate Pressure Level Corresponding to the Peak in the Individual
Channel Weighting Functions; Central Wavelengths and Weighting Function Peaks
May Change Slightly for Each Instrument.

Central Principal Approxi mate
Channel , peak in
I nstrument wavelength, absorbing o
number m component weighting
H P function, hPa
HIRS 4 14.21 CO, 300
HIRS 5 13.95 CO, 500
HIRS 6 13.66 CO,; H,O 750
HIRS 7 13.34 CO,; H,0 900
HIRS 8 11.10 H,0 Surface
MODIS 31 11.03 H,O Surface
MODIS 32 12.02 H,O Surface
MODIS 33 13.335 CO,; H,0O 900
MODIS 34 13.635 CO,; H,O 750
MODIS 35 13.935 CO, 500
MODIS 36 14.235 CO, 300

The theoretical upwelling radiance | for a partially cloud-filled FOV isgiven by

I (vi> pc|d7 8Ic|d(:) = Ics(vi’ ps) + 8I(:|dC:[| Ob(vi7 pc) =1 Cs(vi? ps)] (42_22)

In this formulation, the cloud emittance eicl q Of channel i is multiplied by the cloud fractional coverage
C, and the quantity e, ,C isreferred to asthe effective cloud amount or effective cloud emittancein the
literature.

4.2.4.2.1. Transmittance functions. The calculation of the transmission functions used to generate
the theoretical upwelling radiances are based on a model developed by McMillin and Fleming (1976)
and used by Weinreb et al. (1981) for HIRS transmittance calculations. Eyre and Woolf (1988) devel-
oped a newer model primarily for work with microwave channels. When the Eyre and Woolf (1988)
model was tested on HIRS channels, it was found to have poor accuracy for channels with strong water
vapor absorption. This shortcoming was addressed in the model reported by Eyre (1991), which
improvesthe treatment of water vapor and has the added benefit of providing code that is much easier to
vectorize than the model used by Weinreb et al. (1981). The model currently used is based on Eyre
(2991) with code developed initially by Woolf (personal communication, 1993).

For HIRS analysis, the transmittance model is evaluated at 40 discrete pressure levels (0.1, 0.2, 0.5,
1,15, 2, 3,4,5, 7,10, 15, 20, 25, 30, 50, 60, 70, 85, 100, 115, 135, 150, 200, 250, 300, 350, 400, 430,
475, 500, 470, 620, 670, 700, 780, 850, 920, 950, and 1000 hPa). For a midlatitude spring/fall tempera-
ture profile shown in Figure 4.2-19a, transmittance profiles for HIRS 15-um channels 4 through 7 are
shown in Figure 4.2-19b. Channels 4 and 5 have extremely low transmittances at the surface, showing
that these channels are relatively insensitive to errors in clear-sky temperature. Channels 6 and 7 have
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transmittances greater than 10% near the surface and are more sensitive to surface temperature than
channels 4 or 5. Weighting functions for HIRS channels 4 through 8 are shown in Figure 4.2-20.

For MODIS 15-um radiometric data analysis, it is anticipated that the transmission model will be
discretized at 50-hPa increments in the troposphere, and have an additional surface term for casesin
which the surface pressure is greater than 1000 hPa. There has been some discussion as to whether
25-hPa pressure increments will be necessary.

4.2.4.3. Radiance Ratio Method

Cloud-top pressure may be determined using the radiance ratio method, as discussed in Smith and
Platt (1978), Wylie and Menzd (1989), Smith and Frey (1990), Menzel et al. (1983), and Widlicki and
Coakley (1981). The change in radiance at a particular wavenumber caused by the presence of cloud is
called the cloud signal. In the radiance-ratio method, aratio is taken of the cloud signals for two chan-
nels spaced closely in wavenumber. For two spectral channels at wavenumbers v' and V! that are looking
at the same FOV, theratio for asingle cloud layer is derived as

Imeas(vi)_lcs(vi) - Iob(Vi’ pcld)_lcs(vi’ pcs)

G(Pgg) = - - - -
cld Imeas(vj)_lcs(vj) Iob(VJ’ pcld)_lcs(vl’ pcs)

(4.2-23)

where G is the ratio of cloud signa for two different channels and I s (V) and | eq5 (V) denote the
measured radiance of channelsi and j. We make the assumption that the emittances are the same for
both channels. The function G is independent of both cloud opacity and effective cloud amount. How-
ever, G is dependent on the weighting function of the two channels, the cloud height, and the atmo-
spheric temperature profile.

4.2.4.4. Root-mean-square (RMS) Method

The implementation of the rms method requires a knowledge of temperature and humidity profiles.
The rms radiance difference I, for N channels (Chahine, 1974; Wielicki and Coakley, 1981) is deter-
mined from

N 1/2
't ms(Pelgs gicldc) = {z[lrineas (vh =1, Perar Sic|dc)]2} (4.2-24)
1

where |, s isthe rms radiance and I'(v', pgg, €c1d C) is determined from (4.2-22). For multilayer cloudi-
ness, the retrieved cloud pressure errors will be the result of using a clear-sky radiance instead of the
radiance of a lower cloud layer to compute the theoretical upwelling radiances when more than one
cloud layer is present in an FOV. The atmosphere between 200 and 950 hPa is divided into 25-hPa
intervals for the rms calculations. Thus, the derived cloud pressure will correspond to the rms minimum
at a predefined interval.

The rms method, as stated in (4.2-25), has no provision for weighting the cloud signal from the var-
ious channels. The cloud signal for any particular channel increases with surface transmission so that
the largest cloud signal will be recorded for the channel whose weighting function peaks closest to the
surface, and the smallest cloud signal for the channel whose weighting function peaks farthest from the
surface. The rms method as currently applied tends to weight the results toward the channels with
greater transmittance.
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Figure 4.2-19. Temperature and transmittance profiles.
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Figure 4.2-20. NOAA-11 HIRS weighting function dt/d In P for channels 4, 5, 6, and 7 for nadir viewing conditions.

4.2.4.5. Calculation of Effective Emittance

Once a cloud height has been determined, an effective cloud amount (also referred to as effective
emittance) can be evaluated from the infrared window channel data (usually 11 um). For asingle-level
cirrus layer, the effective emittance is derived by rearranging (4.2-23):

i _ i
C = I(v ,'pc) QY ’ Ps) (4.2-25)
| Ob(vl y pc) -1 CS(VI ’ ps)

When the effective emittance is less than unity, the sensor may be observing broken cloud (C < 1; egq =
1), overcast transmissive cloud (C = 1; gqq < 1), or broken transmissive cloud (C < 1; e4q < 1). With a
HIRS FOV of ~18 km at nadir, it is not reasonable to assume that the cloud completely coversthe field
of view except for large scale synoptic regimes. For the MODIS 1 km x 1 km pixel size, we can assume
that high clouds fill the field of view (C = 1) so that we obtain a direct estimate of € using (4.2-30)
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or (4.2-31). For the large HIRS footprint, C is determined from AVHRR higher resolution data, assum-
ing C = 1 for the AVHRR pixel.

4.2.4.6. Estimation of Clear-Sky Radiance

To calculate the G function for the single cloud-layer case, an estimate must be determined for the
representative clear-sky radiance appropriate for the FOV. Clear-sky radiance/brightness temperature
estimates are to be used from the CRH ancillary data set.

4.2.4.7. Error Estimates for Cloud Property Retrieval

Retrieval errorswill arise from instrument noise, errorsin temperature and humidity profiles, errors
in the clear-sky radiance, geometrically thick but optically thin clouds, radiative transfer calculation
assumptions, and the presence of more than one cloud layer in the FOV. Because all of these issues have
been reported in the literature, a brief summary will be presented here.

4.2.4.7.1. Errors associated with the assumption of constant emissivity. Spectrally close channels are
used to minimize differences in the real and imaginary parts of the index of refraction for ice crystals
and water droplets. Calculations by Jacobowitz (1970) indicate that negligible errors occur for the CO,
channels between 13.3 and 14.2 um for water and/or ice cloud determinations. This phenomenon is not
deemed to be an error source in the CO, dicing algorithm.

4.2.4.7.2. Errors associated with the assumption of a thin cloud layer. The CO, slicing algorithm
assumes that all of the radiative effects of the cloud occur as if the cloud were a thin layer at a single
temperature. This makes the mathematics tractable. If the methodology to calculate radiative properties
of anonopague cloud were to include a cloud term where the cloud has finite depth, then knowledge of
the vertical structure of the cloud would be required. There are an infinite variety of combinations of
cloud depths and vertical combinations that could produce the same integrated radiative signature; a
unigue solution is not possible. Any initial assumption of cloud structure biases the cloud top and bot-
tom solution derived in the radiative transfer formulation.

Wielicki and Coakley (1981) discussed the consequences of the thin-layer cloud approximation.
They concluded that the algorithm solution for cloud-top pressure would be near the center of the cloud
for thin clouds and near the top of the cloud for opague clouds. For an optically thick cloud, the equation
would yield the correct cloud-top pressure. For an optically thin cloud, however, the radiative effects of
the cloud are forced into one layer. Thisis similar to a center of mass concept. The algorithm solution
will be close to the radiative center of the cloud. Theretrieved cloud-top pressure is somewhere between
the cloud top and its center, varying with the density of the cloud.

Cirrus height errors are also discussed in Wylie and Menzel (1989), where comparisons were made
to cloud tops measured by lidars and by the stereo parallax observed from the images of two satellites at
two different viewing angles. In the lidar comparison, the VAS-inferred cloud-top pressure over an
observation area was compared to the highest lidar observation in the same area. The clouds had to be
radiatively thin for the lidars to see through to the tops without complete signal attenuation. Definition
of asingle cloud top was often difficult within a cloud layer; the lidar heights varied considerably (by
more than 50 hPa) from one cloud element to another in the same cloud layer. On the average, the VAS
P Was found to be approximately 70 hPalarger (lower cloud altitude) than the lidar-derived cloud-top
heights. The CO, slicing algorithm was sensing the mean height; the VAS heights were comparable to
thelidar cloud-top heights to within half the cloud thickness. In the comparisons to stereo parallax mea-
surements for thin transmissive clouds, the VAS heights showed little bias. It was often difficult to mea-
sure parallax for thin transmissive clouds, as they appeared fuzzy with poorly defined boundariesin the
images. Because the image of the clouds is more indicative of the center of the diffuse cloud mass than
its outer boundaries, the parallax method is sensitive to the radiative center of mass rather than the

123



Volumellll

physical tops of these clouds. Thus, in these intercomparisons of actual measurements, the retrieved P4
values were found to be within the accuracy suggested by theoretical considerations.

4.2.4.7.3. Errors associated with the assumption of a lower cloud layer. McCleese and Wilson
(1976) have shown that the retrieved cloud height for the case of multiple cloud layers is a weighted
average of the cloud heights actually present. They performed numerical simulations of cloud configu-
rations for the Nimbus-5 sounding channels. However, no quantitative information was provided to aid
in estimating the errorsin cloud pressure retrieval one should expect for common multilevel cloud situ-
ations, like cirrus over stratus. Menzel et al. (1992) presented an error analysis performed for the GOES
VAS. The errors in high-cloud pressure retrieval associated with the presence of a lower cloud layer
were found to result in a maximum error in retrieved upper-cloud pressure of approximately 100 hPa.
The GOES VAS has three CO, sounding channels that are similar to those of HIRS, but HIRS has more
sounding channels.

Baum and Wielicki (1994) presented multilevel cloud-retrieval errors for the HIRS instrument. The
effect of opague lower-cloud contamination at 850 mb on cloud pressure retrieval for a HIRS FOV is
shown in Figure 4.2-21 for four two-channel combinations implementing the ratio method. Calculations
are performed for arange of P, where the subscript uc represents the upper cloud layer, ranging from
250 to 850 mb and arange of €,.C,. between 0.1 and 1.0. The implementation of either the rms or the
ratio methods will result in a single derived cloud pressure for a chosen FOV and channel combination.
For the case in which a FOV has two distinct cloud layers, the difference in retrieved minus actual cloud
pressure is positive in all cases. A positive difference means that the retrieved upper-cloud height is
lower than the actual upper-cloud height. An error in retrieved cloud pressure results in an error in the
calculation of €,.C,.. For the pressure errors presented in Figure 4.2-21, corresponding €,.C . errors
are shown in Figure 4.2-22 for the same conditions. The retrieved €,.C,,. are calculated by using the
lowest sounding channel of the pair of channels chosen for the ratio method. The error in €, .Cyc is
defined to be the retrieved value minus the true value. Because this quantity is positive, the retrieved
value will be too high for casesin which there islower-cloud contamination in aHIRS FOV.

The conclusions from these studies are as follows. The position of the lower cloud layer affects the
accuracy of the height estimate of the upper cloud layer. Opague clouds located near the surface under-
neath high cirrus have little effect on the retrieved cirrus P 4. As the low-level opague cloud increases
in height above the surface, and thus has a colder cloud-top temperature, the errors in upper-cloud
retrieved P4 increase. The errorsin cloud pressure and effective cloud amount caused by the presence
of alower overcast, black cloud layer are greatest for the CO, slicing techniques that use the lowest
sounding channel and least for those channels whose weighting functions peak higher in the atmo-
sphere. Baum and Wielicki (1994) also found that the errors depend upon the temperature lapse rate
between the low-level cloud top and the surface. The retrieved upper-cloud pressure bias increases with
increased lapse rate between the low cloud and the surface. The choice of the optimal channel selection
depends on the type of study being performed. While the HIRS channels whose weighting functions
peak between 700 and 1000 hPa minimize random errors, the use of the sounding channels whose
weighting functions peak at 300 to 500 hPaminimize bias errors. For acloud climatology the bias errors
are most critical.

4.2.4.7.4. Errors associated with instrument noise. Instrument noise produces two types of error into
the cloud-top pressure retrieval. Random instrument noise leads to an rms error and a bias error. The
rmserror isavariation of retrieved cloud pressure about the retrieved mean cloud pressure, whereas the
bias errors were caused by differences between actual mean and retrieved mean cloud pressures. The
primary source of biasis limiting effective cloud amount to the range (0,1) and cloud-top pressure to the
range between the surface and the tropopause.
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Figure 4.2-21. Multilevel cloud pressure retrieval bias errors (mb) for several €,,.C,c as afunction of the pressure of the upper

transmissive cloud layer. Results are presented for the HIRS 4/5, 5/6, 6/7, and 5/7 channel ratio combinations. The opaque
lower cloud-top pressureis held constant at 850 mb.

Widlicki and Coakley (1981) examined the rms and bias errors in cloud-top pressure retrieval for
single-level clouds. In their study, the instrument noise was assumed to be Gaussian with zero mean and
a standard deviation of 0.22 mWm2sr1cm for the HIRS 15-um channels. It is anticipated that the
instrument noise should be significantly lower (by more than a factor of 2) for the MODIS instrument.

Th? VAS instrument, by comparison, has a much higher instrument noise of approximately 1.0 mwWm2
scm.

The CO, dicing technique cannot measure the properties of clouds where the contrast of radiation
from cloud-free and cloud-obscured observations is too small for reliable discrimination in the satellite
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Figure 4.2-22. Upper-cloud effective cloud amount retrieval bias errors for several €,.C, as afunction of the pressure of the
upper transmissive cloud layer. These results, derived from the pressure biases presented in Figure 4.2-21 are presented for
the HIRS 4/5, 5/6, 6/7, and 5/7 channel ratio combinations. The opague lower cloud-top pressure is held constant at 850 mb.

CO,, spectral radiances. One could assign athreshold of perhaps 5 or 10 times the instrument noise as a
threshold for further calculations, so that if the cloud signa falls below this threshold, the pixe is
assumed clear (no clouds are retrievable). This threshold will not allow detection of very thin cirrus,
such as subvisual cirrus, or low clouds below approximately 700 hPa.

4.2.4.75. Errors caused by uncertainties in temperature profiles and water vapor profiles. For single-
level mid- to high-level clouds, the retrieval methods under study must first specify both clear-sky radi-
ances, | 5, and overcast black radiances, | ,,(Pgq), before cloud properties can be retrieved. Temperature
errors affect the Planck functions B(T) and to a lesser extent the weighting functions dt/d In P. Water
vapor errors affect only the weighting functions dt/d In P. Wielicki and Coakley (1981) evaluated errors
caused by profile uncertainties by assuming the errors were Gaussian with zero mean. Errors were spec-
ified independently for each pressure level. Water vapor errors were specified as a percent of the correct
mixing ratio at any level. Temperature error was found to dominate the retrieval error. Errors caused by
uncertainties in temperature profiles and water vapor profiles dominated errors caused by instrument
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noise for temperature rms errors of greater than or equal to 1.5 K for the HIRS 6/7 channel combination,
for example. The errors were similar for al channel combinations. Retrieval errors were linearly pro-
portional to temperature error and were inversely proportional to the cloud signal. For instrument noise,
the lowest sounding channels (HIRS 6/7) give the smallest errors (Wielicki and Coakley, 1981).

4.2.4.8. Practical Considerations

4.2.4.8.1. Data dependencies of CO, dicing algorithm. The CO, slicing algorithm requires cali-
brated, navigated, co-registered radiances from the channels listed in Table 1. Navigation implies
knowledge of the surface terrain, which will be available from other sources such as the Defense Map-
ping Agency’s Digital Chart of the World. Characteristics required of the surface include surface eleva-
tion, land/water percentage, and vegetation type. These data sets are described more fully in section 4.1.
The MODIS, GOES, or HIRS viewing angles must be known. The NMC global model estimates of sur-
face temperature, pressure, and profiles of temperature and moisture will be used in the calculation of
the upper cloud-top height and effective emittance.

4.2.4.9. Strategic Concerns

There are several concerns (or assumptions) in the CO, dlicing cloud-retrieval method. First, the
temperature and humidity estimates will be obtained from the NMC operational product on a fairly
coarse horizontal grid (probably about 100 km) at fixed time intervals of 6 or 12 hours. Second, we
assume that the frame is likely to have clouds with relatively stable cloud top altitudes, with at least
some possibilities of seeing the ground nearby. Under these assumptions, both the clear-sky and cloudy-
sky radiance profiles may be precomputed for each 1.25° grid cell once the temperature and humidity
data are received and quality checked. This procedure may be performed for each of the potential chan-
nels and for the range of viewing zenith angles. If data are available from a simultaneous satellite swath
of temperature and humidity retrievals, such as from AIRSAMSU, then these computations could be
performed at more frequent space and time points. Even with AIRS, the temperature and humidity
points will be widely spaced with respect to the high-resolution imager data available for cloud
retrieval.

We can list anumber of sources of difficulty with this algorithm:
1. Temperature inversions induce an ambiguity in pyq.

2. Height of cloud should not be far below the peak of the upper channel weighting function for the
ratio method.

3. Algorithm does not work when signal/noise ratio becomes too small (asignal less than 10 times
the signal noiseis areasonableinitia estimate of this threshold).

4. Multichannel retrievals may not produce consistent values of pgq or sci|d C.
5. Multilevel cloudsin agiven FOV are not included in the assumptions of this method.

6. Presence of nonuniform cloud in FOV (e.g., some black clouds mixed with thin, low-emittance
cloud) will cause ambiguitiesin pyq and g4 C.

7. Algorithm assumes cloud isin athin layer, so that the retrieval of cloud-top pressure is problem-
atic for an opticaly thin cloud that has alarge geometric thickness.

8. Instrument calibration errors cause some systematic shiftsin cloud property retrievals.
9. Instrument spectral bandpass shifts will create errors.

10. Algorithm assumes that the emittances of clouds in any two closely spaced channelsin the ratio
method have nearly equal values.
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11. Algorithm assumes clouds do not scatter in the IR.

12. Weighting functions depend on the input temperature and humidity profiles and upon the
assumed mixing ratios of trace gases.

13. The accuracy of the retrieved cloud pressure depends on accuracy of the clear-sky radiance.

These potential error sources have been discussed in previous sections and, although it is important to
understand and minimize them, they are generally well-known and accepted in the field of study. The
implementation of the algorithm will have exception-handling logic to handle potential problems.

4.2.5. Other Strategiesfor Detection and Analysis of Multilayered Clouds

4.2.5.1. Overview

Most of the current validation studies being performed from FIRE, ASTEX, TOGA-COARE, etc.
are mainly concerned with analyzing clouds that appear in a single layer. Unfortunately, the analysis of
overlapping cloud layers remains largely unexplored. Surface observations and satellite imagery show
that multilayered cloud systems are commonly found in frontal areas where cirrus overlaps altostratus
or stratus cloud. A summary of 12 years (1965-1976) of ship-reported synoptic observations (Hahn
et al., 1982), over the North Atlantic Ocean shows that cirrus clouds have a frequency of occurrence
between 20% and 45%, depending on season and location. The frequency of stratus co-occurrence with
cirrus is often greater than 50% between 30°N and 60°N, also depending upon season and location. In
the same latitude band, the probability of finding cirrus over ocean with no other cloud present is usu-
aly less than 20%.These findings are supported by Tian and Curry (1989) in a study of cloud overlap
statistics performed using Air Force three-dimensional nephanalysis during January 1979 over the
North Atlantic Ocean. Given the relatively high probability of finding cirrus with other cloud types and
the low probability of finding cirrus alone, we must develop methodologies to infer the vertical cloud
structure prevalent over both land and oceans. This work has been initiated using data from the HIRS
and AVHRR instruments aboard the National Oceanic and Atmospheric Administration (NOAA) oper-
ational satellite platforms (Kidwell 1991).

Another approach we will use for the Version 1 CERES cloud retrieval algorithm is to apply auto-
mated feature recognition techniques as described in Subsystem 4.1. Automated artificial intelligence
techniques, principally the fuzzy logic cloud classifier, will be applied to the imager data to place the
cloudsin alarger context than would be gained from application of the algorithms described previously
in this document. Another approach to classifying certain cloud types is provided by Phase Il of the
CLAVR agorithm. CLAVR-II will have some logic designed to type clouds as belonging to low stra-
tus, thin cirrus, deep convective, or middle mixed. The middle mixed category iswhere cloud types will
be placed that do not belong to the low stratus, thin cirrus, or deep convective categories. As new tech-
niques are developed, they will be tested along with the other typing approaches to determine the
strengths and weaknesses of each approach.

4.2.5.2. Midlatitude Multiple Layer Cloud Classification

Preliminary work has been initiated on classifying cloud scenes that contain overlapping cloud lay-
ersusing afuzzy logic classification system. Data used for the study (Baum et al. 1995) were taken from
the First ISCCP Regional Experiment (FIRE) experiment held in Kansas during the fall of 1991. The
daytime midlatitude scene classification system currently separates pixel subarrays into the following
classes:

1. Water
2. Land

3. Low cloud
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4. Mid-level cloud
5. High cloud
6. Multiple cloud layers

Snow is currently not included in this scheme. The training of the classifier was performed using 1-km
resolution AVHRR data and has not been modified yet for the lower 4-km resolution GAC data. Future
work will concentrate on developing the classification methodology for nighttime imagery, snow/ice
covered surfaces and classification over desert regions. Present work concentrates on determining
whether the broad cloud classes can be broken into more classes. For instance, we need to determine
whether the low cloud class can be split into uniform stratus and stratocumulus classes; whether the
mid-level cloud class may be split into altostratus and altocumulus classes, etc. It may also be useful to
determine whether a cloud type is deeply convective or precipitating. The textural and spectral features
used in Baum et al. (1995) for midlatitude cloud classification are shown in Table 4.1-2.

A description of the features may be found in Volume 4.1, section 4.1.3. This set of features was devel-
oped using data collected during the First ISCCP Regional Experiment held in Kansas in the fall of
1991. There was an extensive set of surface observations, rawinsondes, and other ancillary datato aid in
scene analysis. This classification system has been applied to clouds embedded in air masses ranging
from tropical to subpolar, but has yet to be modified and tested thoroughly to determine how robust the
technique isfor cloud layers occurring at other locations and during other seasons.

4.2.5.3. Determination of Cloud Height for Overlapping Cloud Layers

Imager pixels are identified as cloudy and clear as per Section 4.1. Uniform cloud layer properties
such as temperature, pressure, and height are derived using such techniques as spatial coherence and
CO,, dlicing. Imager data swath analysis occurs on several spatial scales. For example, the spatial coher-
ence scheme discussed in Section 4.3 first operates on approximately a 250 km x 250 km scale, then on
asmaller 50 km x 50 km scale. The HBTM scheme typically operates on groups of pixels on the 64 km
x 64 km scale. The CO, slicing technique as used with the HIRS 15-um data typically operates on each
FOV, or about every 40 km (accounting for the distance between individual FOVs). In this section, we
discuss a method to assign a cloud pressure for each of up to two cloud layers in each imager pixel from
the analysis performed with these varying spatial scales.

When the cloud in an imager pixel is opaque, only one cloud layer is assigned to that pixel. The dif-
ficulties arise when cloud layers are transmissive, such as cirrus. Once the well-defined cloud layers
have been identified using the methodol ogies outlined in the previous sections, the task is now to assign
cloud pressures for the pixels that have more than one layer of cloud or in which the cloud layer is not
opague. Recall that textural classification occursfor 32 x 32 or 16 x 16 pixel arrays, and that the classi-
fication suggested by Stowe et al. (1991) operates on 2 x 2 arrays. In neither case is classification per-
formed on the scale of an individual pixel. If, however, the classification procedures indicate the
possibility of there being more than one cloud layer, each pixel within the classification subarray will be
tagged as containing overlapping cloud layers. The upper and lower layer cloud-top pressures assigned
to each pixel will be derived over a scale ranging from 40 km to 250 km, depending on the algorithm.

Baum et al. (1992) describe a multispectral, multiresolution (MSMR) methodology for analyzing
collocated AVHRR and HIRS data. The CO, dicing technique called the ratio method (Smith and Platt
1978; Wielicki and Coakley 1981; Menzel et al. 1992) was applied to HIRS 15-um radiometric data to
infer mid- to high-level cirrus cloud pressure and effective emittances, €C. In a subseguent case study
analysis of nighttime cirrus overlying a stratus layer over the mid-Atlantic Ocean, Baum et al. (1994)
incorporated a spatial coherence technique (Coakley and Bretherton 1982; Coakley 1983) into the
MSMR method for the retrieval of stratus cloud-top heights. Further detailed description of the CO,
slicing and spatial coherence techniques are provided in sections 4.2.2 and 4.2.4 of this document.
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Table 4.2-2. Spectral and Textural Features Chosen for Daytime Classification of NOAA-11 and
NOAA-12 1-km Radiometric Data (Baum et al. 1995); Descriptions of Features are
Provided in Text; for Channel 3, Further Specification is Made Between
Measured Radiances (Converted to Brightness Temperature Tgz) and

Reflectances (p3) Determined by Subtracting Thermal Emission.

Feature Type
Contrast Py Textural
Contrast p, Textural
Contrast T3 Textural
Contrast p3 Textural
Homogeneity p, Textura
Mean p3 Textural
Band difference [p1 — P2l Spectral
Band difference [Tgz — Tgal Spectral
Band difference [P, — Pg] Spectral
Ratio [p1/pP2] Spectral
Ratio [Tgs/Tgal Spectral
Ratio [Tgy/Tgs] Spectral
Ratio [P1/Tg4] Spectral
Overlay {P1, Tgz, Tgdl Spectral
Low p3 Spectral
High p3 Spectral
Spetial coherence p, Spectral
Spatial coherence Tgy Spectral

A schematic of the MSMR processing method is shown in Figure 4.2-23. There are three input data
streams consisting of satellite data, temperature and relative humidity profiles, and a global geomap as
described in Subsystem 4.1, section 4.1.4.1. The geomap provides surface elevation and land/water per-
centage at 10-minute resolution (approximately 18 km in the midlatitudes). To reduce the remote sens-
ing errors, two modules have been incorporated into the MSMR method. The first module provides
meteorological analysis based upon rawinsonde data and/or gridded NMC model analyses. The second
module is an automated cloud classification method. The cloud classification process provides addi-
tional insight as to whether one or more cloud layers are present in a 32 x 32 AVHRR array. For the
multilayered cloud case study reported in Baum et al. (1995), the cloud heights cal culated from applica-
tion of the MSMR methodology agreed reasonably well with coincident lidar, radar, and aircraft data.
For those 32 x 32 AVHRR arrays that are tagged as containing more than one cloud class, each of the
pixels will be tagged as belonging possibly to an overlapping cloud layer. Further resolution of the
degree or nature of the overlapping clouds will be resolved by comparing the measured radiances with
theoretical calculations as outlined in Subsystem 4.3. This work is in its beginning stages, and much
more progress is anticipated between now and the TRMM launch.
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Appendix

Analog Model for Pixel Clustering

The minimum number of points required in a peak of the p(l) distribution for the set of pointsto be
characterized as being clustered is established as follows. A Gaussian distribution is taken to be an
example of adistribution that is sharply peaked and clearly nonuniform. The null hypothesis is that the
points distributed according to a Gaussian distribution are indistinguishable from those distributed
according to a uniform distribution. The interval over which the test is applied is divided into three
equal parts. For adistribution of points to be classified as being nonuniform or highly concentrated, the
number of points within the center interval must satisfy the condition given by

N> % + . J2M (AL)

where M is the number of points within the three intervals. In (A1), N is greater than three times the
number of points that would be expected in the central interval were the points to be uniformly distrib-
uted over the three intervals. If the points are distributed according to a gaussian distribution so that the
central interval spanned one standard deviation on either side of the mean and the outer intervals
spanned an additional two standard deviations, then the above criteria would be satisfied when

erf(y)> %erf(:%y) + /% (A2

where

1

= — =03%4 A3
y =3 5 (A3)
The condition is satisfied when M > 18.03. Thus, there must be ~20 pixels within three standard
deviations on either side of a peak for the peak to satisfy the condition. If there are fewer pixels within
theinterval, then the number within one standard deviation of the mean, as given by a gaussian distribu-
tion, would not be more than three standard deviations above the number expected from a uniform
distribution.
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