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ABSTRACT

The International Satellite Cloud Climatotogy Project (ISCCP) began in 1983 to collect and analyze weather
satellite radiance datasets to produce a new global cloud climatology as part of the World Climate Research
Programme. This paper, the first of three, describes the cloud detection part of the ISCCP analysis. Key features
of the cloud detection algorithm are 1) use of space and time radiance variation tests over several different space
and time domains to account for the global variety of cloudy and clear characteristics, 2) estimation of clear
radiance values for every time and place, and 3) use of radiance thresholds that vary with type of surface and
climate regime. Design of the detection algorithm was supported by global, multiyear surveys of the statistical
behavior of satellite-measured infrared and visible radiances to determirie those characteristics that differentiate
cloudy and clear scenes and how these characteristics vary among climate regimes. A summary of these statistical
results is presented to illustrate how the cloud detection method works in a variety of circumstances. The
sensitivity of the results to changing test parameter values is determined to provide a first estimate of the
uncertainty of ISCCP cloud amounts. These test results (which exclude polar regions) suggest detection uncer-
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tainties of about 10% with possible negative biases of 5% (especially at night).

1. Introduction

The International Satellite Cloud Climatology Proj-
ect (ISCCP) was established in 1982 as the first project
of the World Climate Research Programme (WCRP)
to collect and analyze a globally uniform satellite ra-
diance dataset to produce a new cloud climatology
(Schiffer and Rossow 1983). Clouds are central phe-
nomena in and provide one link between the two key
energy exchange processes that determine earth’s cli-
mate, namely, solar and terrestrial radiation exchanges
and water exchanges. The exchange of radiation at the
top of the atmosphere establishes the fundamental
constraint on the climate (Lorenz 1967; Hartmann et
al. 1986; Peixoto and Oort 1992). Surface observations
of cloudiness over the past 20-40 years have served as
the primary source of information about clouds [ War-
ren et al. (1986, 1988); see Hughes (1984) for a sum-
mary of earlier datasets]. Early estimates of the radia-
tive effects of clouds were based on these surface ob-
servations [e.g., London (1957); Manabe and Strickler
(1964); see House et al. (1986) for a review ], but these
early datasets really did not provide enough informa-
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tion about cloud optical properties. Study of cloud mi-
crophysics and dynamics has been extensive (e.g., Ma-
son 1971; Hobbs 1974; Twomey 1977; Pruppacher and
Klett 1980; Cotton and Anthes 1989) at the scale of
individual cloud elements ( 1-50 km), but this knowl-
edge has yet to be extended to a global description at
larger weather system scales that can be used as the
basis of simulating clouds in weather and climate gen-
eral circulation models (GCM). Measurement of cloud
properties from satellites can supplement surface ob-
servations and in situ studies by extending their results
to larger space and time scales and to the whole globe
and by obtaining more direct information about cloud
radiative properties. Both of these are objectives of
ISCCP.

The fundamental measurement made by most sat-
ellite instruments is of the intensity of radiation coming
from earth with varying spectral discrimination. In-
struments on weather satellites have measured radia-
tion in a number of discrete, ‘“narrow” spectral bands
to provide imagery of cloud motions and to measure
temperature and humidity profiles for use in weather
forecasting. To attain the ISCCP objectives, the cloud
climatology had to be produced from a satellite dataset
that is relatively uniform over the whole globe and over
many years, has sufficient time resolution to resolve
diurnal variations, has sufficient spatial resolution to
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resolve the most important dynamical scales in the at-
mosphere, and provides information about the most
important cloud radiative properties. In 1982 these
criteria were matched most closely by the visible (VIS
= (.65 % 0.15-um wavelength) and “window” infrared
(IR = 11 *+ 1-um wavelength) imagery from an inter-
national suite of weather satellites, both geostationary
and polar orbiting. This is still the best match today.
The ISCCP collection of a sampled and calibrated ver-
sion of these data is called the Stage B3 dataset (Schiffer
and Rossow 1985).

The design of the cloud analysis for ISCCP is pred-
icated on the desire to obtain enough information about
clouds to study how their variations affect the radiation
balance and what causes these variations. The limita-
tions of the available satellite data preclude measuring
all important properties of clouds, but it is assumed
that the most important cloud properties affecting the
total radiation balance are also the same properties that
are most important in affecting the satellite-measured
radiances, namely, cloud amount, cloud-top temper-
ature, and optical thickness (Rossow et al. 1989b). The
latter two properties can be related to cloud-top pres-
sure and water content, respectively. To maintain
physical consistency, a radiative transfer model is used
to relate the satellite radiances to these properties of
clouds in the same way that they are related to the
complete radiation balance. Isolating the effects of the
cloud parameters on the satellite measurements also
requires determining and removing the effects of the
atmosphere and surface with the same model, so ad-
ditional sources of information about the atmosphere
and surface with compatible coverage and resolution
are needed. By combining the data describing the at-
mosphere and surface with the satellite cloud analysis
into one physically consistent model, enough infor-
mation is made available (Rossow and Schiffer 1991)
to calculate the separate effects of clouds, atmosphere,
and surface on the radiation balance and to examine
the relations of cloud property variations to standard
meteorological information (cf. Rossow and Lacis
1990).

The subject of this paper is the method by which
the ISCCP satellite observations are separated into
“clear” and “cloudy” categories, commonly called
“cloud detection” (Rossow 1989). Key objectives are
to examine the statistical variations of observed radi-
ances to understand the meaning of ‘“clear” and
“cloudy” and the significance of variations in the
number of locations that are “cloudy.” Section 2 of
this paper describes the data analyzed, while section 3
describes the steps in the cloud detection algorithm.
Section 4 presents the radiance statistics that were used
to test the selection of particular algorithm steps and
illustrates the sensitivity of the results to the selected
test parameter values. The most important “new” fea-
ture of the ISCCP analysis is testing for time variations
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[see Séze and Rossow (1991a) for a more extensive
treatment]. Section 5 summarizes the paper.

Two companion papers present results from exten-
sive validation studies. Since clouds are identified by
radiances that differ from values representing clear
conditions, validation of cloud detections is provided
by confirming the accuracy of the clear radiance values
(cf. Rossow et al. 1989b). Since the atmosphere is
nearly transparent at VIS and IR wavelengths, clear
radiances are determined primarily by the properties
of the surface (visible reflectance and brightness tem-
perature, respectively) for which several other inde-
pendent or related measurements exist. The accuracies
of the ISCCP values of surface reflectance and tem-
perature are assessed in the first companion paper
(Rossow and Garder 1993). Having determined the
presence or absence of clouds at each location and time,
we can define a cloud amount that can be validated
by comparison with other measurements of similar
quantities (Rossow et al. 1993). Also presented in the
second companion paper is a comparison of the ISCCP
cloud amount climatology with three other cloud cli-
matologies, two from satellite and one from surface
observations. :

2. Data

The primary measurements are of the time/space
distributions and variations of reflected visible (VIS)
and emitted infrared (IR) radiation from earth ob-
served by a suite of satellite-borne imaging radiometers.
Since many parts of the earth atmosphere-surface sys-
tem affect these radiances, the ISCCP analysis combines
these satellite radiances with other data that describe
some of the properties of the atmosphere and surface
to isolate the contributions of clouds. In effect, the
analysis finds the combination of cloud, atmosphere,
and surface properties that, when used in a radiative
transfer model, matches the satellite measurements.

a. ISCCP stage B3 data

The satellite radiance data come from operational
weather satellites: the geostationary satellites provide
high time-resolution images of lower latitudes over a
limited longitude range and the polar orbiters provide
global coverage with lower time resolution. The sat-
ellites that have provided data from 1 July 1983 to date
are 1) Meteosat-2, Meteosat-3, Meteosat-4, and Me-
teosat-5, operated by the European Space Agency; 2)
GMS-1, GMS-2, GMS-3, and GMS-4, operated by the
Japan Meteorological Agency; 3) GOES-5, GOES-6,
and GOES-7, operated by the U.S. National Oceanic
and Atmospheric Administration (NOAA), and 4).
NOAA-7, NOAA-8, NOAA-9, NOAA-10, NOAA-11,
and NOAA-12, operated by NOAA. Each geostationary
satellite covers about 120° of longitude for about £60°
of latitude: Meteosat covers 60°W to 60°E, GMS cov-
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ers 80°E to 160°W, GOES-West covers 165°E to
75°W, and GOES-East covers 135°W to 15°W. The
polar-orbiting satellites each observe all lower latitudes
twice daily and provide coverage of the regions pole-
ward of about 50° at somewhat higher frequency.

These radiance data are collected by sector process-
ing centers (SPC—listed in appendix A ). Data volume
is reduced in three steps: time sampling, reduction of
the resolution of the VIS data to match the IR data (if
necessary), and spatial sampling. The geostationary
observations, taken as frequently as every 30 min, are
sampled once every 3 h; the polar orbiter data are not
sampled in time. Most satellites have smaller instru-
ment fields of view (FOV ) for measurements made at
solar wavelengths than at thermal infrared wavelengths;
for these satellites the solar radiances are averaged to
match the infrared spatial resolution, producing a spa-
tial resolution of 4-7 km. Finally, the measurements
in individual FOVs (called pixels) are sampled to a
spacing of about 24-30 km.

The precision of the radiance measurements, ex-
pressed as the number of binary digits (bits) used to
represent the measurement, ranges from 6-10 for VIS
and 8-10 for IR; however, the averaging of some VIS
data to reduce its spatial resolution improves its pre-
cision somewhat, whereas noise levels in some instru-
ments limit precision. Thus, all radiances are repre-
sented by 8 bits, a precision of about 0.4%.

These radiance data are collected at the Global Pro-
cessing Center (Appendix), quality inspected, cali-
brated, navigated and reformatted to produce the
ISCCP stage B3 dataset (Schiffer and Rossow 1985;
Rossow et al. 1987). The radiance calibration proce-
dure consists of four steps: 1) application of the nom-
inal calibration supplied by the satellite operator, 2)
comparison of all geostationary radiometers to the un-
derflying polar orbiter to normalize all radiances to the
current polar orbiter (Desormeaux et al. 1993), 3) cor-
rection of short-term calibration anomalies (Desor-
meaux et al. 1993), and 4) normalization of all polar
orbiters to a single reference (NOAA-7) and correction
of polar orbiter calibrations for instrument drift ( Brest
and Rossow 1992).

Subsequent to the processing of the stage B3 data, a
much better absolute calibration was obtained for the
VIS channels on the polar orbiters (Whitlock et al.
1990), requiring the following correction of all VIS
radiance values on stage B3 data tapes:

multiply B3-VIS by 1.2.

We process one month of data from an individual
satellite at one time. In the ISCCP detection algorithm,
the effects of diurnal variations (as well as of varying
satellite viewing and solar illumination geometries) are
minimized by comparing radiance variations in time
at constant diurnal phases. For geosynchronous sat-
ellites and high-latitude polar orbiter data, this is ac-
complished by sorting the images according to one of
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eight nominal UTC (0000, 0300, 0600 . . .). Since ob-
servations from a sun-synchronous polar orbiter have
nearly constant diurnal phases at lower latitudes, these
data are composited into one ‘“daytime” and one
“nighttime” image for each day.

To compare the time variations of radiance values
at each location, individual image pixels must be earth
located. Since the earth location of each image pixel
varies with time (due to relative motions of the satellite
and earth), the spatial sampling used to select the
ISCCP B3 radiance data limits the precision with which
they can be collocated. Moreover, the accuracy of the
available navigation is also limited (Rossow et al.
1987). Although the satellite FOVs represent areas on
the surface of earth ranging in size from 4 to 7 km, we
map the ISCCP B3 pixels to a grid with a spatial res-
olution of about 25 km and treat the radiances as rep-
resentative of conditions in this larger-sized area.
(Henceforth, “scene” refers to these map cells, which
have constant locations.) This approach produces some
additional variation of the radiances under clear con-
ditions, since the properties of surface are not constant
with location, but Séze and Rossow ( 1991a) show that
the magnitude of the variations at scales less than 50—
100 km is very small compared with the time varia-
tions.

The effects on the radiances of small variations of
satellite viewing and solar illumination geometries are
reduced during the mapping step by application of ap-
proximate (reversible) corrections for their angular
dependence. All IR radiances are corrected to an ap-
proximate nadir view by using a satellite zenith angle
dependence calculated with the same radiative transfer
model used to analyze the data, together with zonal,
monthly mean atmospheric conditions taken from the
TOVS data.! All VIS radiances are converted to re-
flectances by dividing by the cosine of solar zenith an-
gle. Once clear VIS and IR values are selected, the re-
verse corrections are applied to reconstruct the appro-
priate angular dependence for each scene and time.

b. NAVY/NOAA ice/snow data

The cloud detection analysis is aided by additional
information identifying the presence of sea ice and
snow cover in the scene. This information is obtained
from two operational data products, the U.S. Navy/
NOAA Sea Ice Product and the NOAA Snow Data
Product [see appendix B in Rossow et al. (1991)]. The
former provides weekly reports of fractional sea ice
coverage at a spatial resolution of about 18 km. The
latter provides weekly reports of snow presence or ab-
sence (if a grid cell is judged to be more than 50%

! NOAA TIROS Operational Vertical Sounder data products con-
tain profiles of atmospheric temperature and precipitable water vapor
amount, plus total ozone abundances [see appendix A in Rossow et
al. (1991)].
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covered, then snow is reported) at a spatial resolution
of about 150-200 km. These two datasets are combined
into a common dataset with a resolution of about 100
km and a 5-day time interval for use in the analysis.

¢. Other ancillary data

Three other datasets are used to classify each location
on earth by surface type. Each latitude~longitude is
identified as land, water, or coast (mixture of land and
water) at 0.25° resolution, based on a dataset derived
from Masaki (1976). The mean surface topographic
altitude and “roughness” are determined from a to-
pography dataset distributed by the National Geo-
physical Data Center in Boulder, Colorado. These data
have a resolution of at least 10’ latitude-longitude
(about 20 km), which is reduced to 0.25° resolution.
The “roughness” is determined by the range of topog-
raphy reported within a 400 X 400 km region sur-
rounding each 0.25° map cell. The land/water and
topography datasets have been edited to eliminate
contradictions (e.g., mountains on water, some asso-
ciated with small islands, some representing errors);
the land/water data have also been compared to the
snow/ice data to eliminate contradictions (snow on
water and sea ice on land). Finally, each land area is
classified according to the type of vegetative cover using
the data of Matthews (1983, 1984).

These datasets, together with the sea ice/snow da-
tasets, divide the surface into the following categories.
For IR properties the categories are open water, water
near coasts or covered by sea ice, low-lying land, and
land with rough terrain, high topography, or permanent
ice cover. For VIS properties the categories are open
water or dense vegetation (all forests, woodlands),
sparse vegetation types, deserts, or high topography,
and sea ice—covered water, or snow-covered land.

3. Description of algorithm
a. Overview

Selection of an algorithm for ISCCP began in 1982
with a comparison of several methods, including simple
and complex threshold methods and several statistical
methods, all applied to the same dataset (Rossow et
al. 1985). All methods produced similar results for total
cloud amount: the spatial correlations between meth-
ods were >0.7, the biases between methods were typ-
ically <10%-15%, and the scatter of results was about
15%-20% rms. Closer examination of the comparison
results (Rossow et al. 1985) suggested four key con-
clusions. 1) About two-thirds of the clouds produced
such large and rapid variations of IR and VIS radiances
that they were successfully detected by all methods. 2)
The largest differences between the methods occurred
in areas where the surface properties varied rapidly in
time (e.g., snow-covered land), or over small spatial
scales [e.g., coastlines—see Saunders (1986), Séze and
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Desbois (1987)], or in areas where a significant portion
of the clouds were either very low level and broken
[e.g., fair weather or trade-wind cumulus—Coakley
and Baldwin (1984)] or optically very thin (e.g., cir-
rus). 3) If ways could be found to increase the accuracy
of the clear radiances, then all of the algorithms could
be made more sensitive to the presence of clouds in
low-contrast situations. 4) The diversity of conditions
encountered on earth precludes the use of any one
method everywhere. A successful global cloud algo-
rithm must be situation dependent and employ a series
of tests to retain flexibility (cf. Coakley and Baldwin
1984; Rossow et al. 1985; Saunders 1986; Saunders
and Kriebel 1988; Rossow et al. 1989b; Key and Barry
1989). This approach is a departure from earlier, con-
text-independent methods, which are closer to classical
pattern recognition techniques.

In the comparison tests, use of the statistics of spatial
variability to detect clouds in single images did not
seem effective in complex regions, such as coastlines
(cf. Desbois and Séze 1984; Saunders 1986). Subse-
quent research has focused on use of time variations
to identify clear conditions (Coakley and Baldwin
1984; Desbois and Séze 1984; Gutman et al. 1987; Séze
and Desbois 1987; Rossow et al. 1989b; Séze and Ros-
sow 1991a).

Casual visual examination of radiance images shows
numerous cloud features that appear to be quite distinct
from the cloud-free portions of the image. However,
this impression is produced by the common practice
of enhancing photographic contrast. In fact, the fre-
quency distribution of image radiances, when displayed
in the form of one- or two-dimensional histograms,
forms a continuum from “clear” values to “cloudy”
values. This continuity is observed at all space and
time scales (cf. Kuo et al. 1988; Welch et al. 1988;
Rossow 1989; Séze and Rossow 1991a; Wielicki and
Parker 1992). Thus, cloud detection requires dividing
the radiance data into a group of image pixels with a
high probability of being cloud affected and a group
that is either totally cloud-free or “barely” cloud af-
fected (Rossow 1989). This decision can be expressed
as a threshold statement: a pixel is termed cloudy only
if at least one radiance value is distinct from the inferred
clear value at a given place/time by an amount larger
than the uncertainty in that clear value caused by mea-
surement errors and the natural variability of clear
conditions. This approach minimizes false cloud de-
tections, but can still miss clouds that resemble clear
conditions at all available wavelengths.

The design of the ISCCP cloud algorithm is governed
by the primary scientific goal of the project, which is
to determine the role of cloud-radiation interactions
in the climate ( Schiffer and Rossow 1983). Since low-
level and cirrus clouds may play crucial roles in deter-
mining global cloud radiative feedbacks, the detection
sensitivity of the cloud algorithm must be maximized.
The key to the success of threshold methods lies in
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how accurately the reference (clear sky) value is se-
lected, so most of the algorithm is devoted to this task.
If clear radiance values are obtained from another
source, the cloud detection can be simple, as is the case
with the method used by Stowe et al. (1988), for ex-
ample. However, it is misleading to think of the ISCCP
method as simply a “constant threshold test” because

1) Space contrast test (applied to individual IR images)
2) Time contrast test (three consecutive IR images at constant

diurnal phase)

3) Cumulation of space/time statistics (both IR and VIS

images)

4) Construction of clear-sky composites (both IR and VIS once

every S days at each diurnal phase and location)
5) Radiance thresholds (both IR and VIS images)

b. Pixel classifications
1) SPACE CONTRAST TEST

Examination of spatial variations of IR and VIS ra-
diances at one instant of time reveals four sources of
variation, in order of decreasing magnitude (cf. Séze
and Rossow 1991a): 1) mixtures of cloudy and clear
areas, 2) changes of cloud properties with location in
a completely overcast area, 3) changes of surface prop-
erties with location in a uniformly clear area, and 4)
changes of atmospheric properties with location. This
ranking is not universal, although at the particular
wavelengths we use, atmospheric changes generally
have the smallest effect. Examples where the change
of surface properties are the largest source of variation
are the Sahara desert and its coastline in VIS. An ex-
ample where the change of cloud properties is the larg-
est source of variation is marine stratus clouds in VIS
(cf. Séze and Rossow 1991a,b).

A number of studies have illustrated the generally
lower spatial variability associated with clear conditions
and have used spatial variability of infrared and/or
visible radiances as a way to detect clouds. Examples
are the spatial variance method (Coakley and Breth-
erton 1982; Coakley and Baldwin 1984) and radiance
histogram “clustering” techniques (Simmer et al. 1982;
Desbois and Séze 1984; Arking and Childs 1985). In
the first ISCCP algorithm step, a spatial variability test
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of the situation dependence of the radiance analysis.
The validity of the cloud detection must be judged pri-
marily by the accuracy of the clear radiances (see Ros-
sow and Garder 1993). The ISCCP cloud-detection
algorithm consists of five steps (Rossow et al. 1991).
A guide to the algorithm steps and their description is
as follows.

part bl  equation (1) Table 1 —

part b2 equation (2) Tables1 Fig. la
and 2

part ¢ — — _

part d — Table 3  Fig. 2

part e equation (3) Table 4 Fig. 3

is applied only to IR radiances (since these are ex-
pressed as brightness temperatures, we will refer to
them as temperatures, 7°) in the original image coor-
dinates. The tendency for cloudy conditions to be
colder than clear conditions and to exhibit more spatial
variability is tested for by selecting the largest IR
brightness temperature, 7yvax, in a small region and
comparing this value to those in all neighboring pixels,
T;:

cloudy: T; < (Twax — DELTAL)

undecided: T; > (Tmax — DELTAL), (1)

where DELTAL is the contrast threshold (Table 1).
In order for this simple test to work with sufficient
reliability, several factors must be carefully controlled.
1) The land/water class of all pixels within a region
must be identical, otherwise the inherent contrast be-
tween land and ocean surface radiances would domi-
nate the results. All coastal regions with mixed land
and water pixels are excluded from the spatial contrast
test. 2) The size of the regions must be properly chosen.
If a region is too small, the probability of large contrast
indicating cloud-affected pixels is much smaller; if a
region is too large, there is an increased likelihood of
false detections due to larger spatial variations of the
surface conditions. 3) The shape of the selected regions
is also important, since there are stronger meridional
than zonal gradients in surface temperature. Moreover,

TABLE 1. Numerical values used in the IR space and time contrast tests.

Surface type

Spatial domain DELTAI Time domain DELTA2 DELTA3
Ocean 15 X 15 3.5K 1 day 1.1 K 35K
(450 km X 450 km)
Ice-covered water 3X3 6.5K I day 25K 80K
(90 km X 90 km)
Land 3x3 65K 1 day 25K 8.0K

(90 km X 90 km)
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the meridional gradients are larger at higher latitudes,
an effect that is exacerbated by viewing zenith angle
variations in geostationary satellite images. To reduce
the magnitude of these effects, we construct an ocean
grid by defining subregions in the original, sampled
image coordinates with varying dimensions, from 15
pixels by 15 scan lines near the equator to 25 pixels by
9 scan lines near the earth’s limb in geostationary sat-
ellite images and at higher latitudes in polar orbiter
views. The land grid is small enough, 3 pixels by 3 scan
lines, that this effect can be neglected. 4) The size of
the contrast threshold, DELTA1, must be larger than
the magnitude of natural variations associated with the
surface and clear atmosphere and smaller than that
caused by clouds. Too low values of DELTA1 cause
an increased likelihood of misidentification due to the
natural variability of surfaces, leaving too few clear
values for meaningful statistics. Too high values of
DELTAI cause the number of cloud detections to de-
crease and increases the likelihood of contamination
of the clear values. These two criteria can conflict (i.e.,
cloud variability may be as low as surface variability),
but our objective is to identify clear conditions reliably,
so we select small values of DELTA1 to minimize cloud
contamination of clear radiances. The fact that the pixel
with T; = Twuax 18 labeled undecided in Eq. (1) is what
makes this primarily a test for spatial variability, since
for a single image we do not know whether the warmest
pixel is clear. The values used in the spatial contrast
test are given in Table 1 and are different for land and
ocean because of the differences in the variability of

both cloudy and clear conditions encountered ( see sec--

tion 4).

2) TIME CONTRAST TEST

Examination of time records of IR and VIS radiances
at individual locations reveals four kinds of variation,
in decreasing order of magnitude (cf. Séze and Rossow
1991a): 1) variations due to formation /dissipation of
clouds or to movement of clouds into or out of an area,
2) quasi-periodic variations associated with the diurnal
heating and cooling cycle (IR) or with changes in the
solar illumination (VIS), 3) variations of surface con-
ditions at synoptic and seasonal time scales, and 4)
variations caused by changes in atmospheric condi-
tions. This ranking is nearly universal, but there are
important exceptions. The daily variation of solar il-
lumination usually causes larger changes in VIS than
caused by the occurrence of cloud. The diurnal vari-
ation of land surface temperatures in the tropics can
be larger than the effect of boundary-layer cloudiness
on IR radiances.

A number of studies have shown that the temporal
variability of radiances caused by clouds is generally
larger than the spatial variability, particularly at solar
wavelengths, and have developed simple tests for cloud
detection (Shenk and Curran 1973; Reynolds and
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Vonder Haar 1977; Minnis and Harrison 1984; Gut-
man et al. 1987; Séze and Desbois 1987; Rossow et al.
1989b). The key difficulty in separating cloudy and
clear situations using the time variations of the radi-
ances is that the diurnal variation of solar illumination
and of surface temperature, particularly on land, can
be large enough to preclude a sensitive test. Minnis
and Harrison (1984) resolved this problem by mod-
eling the effects of varying solar illumination and of
the full diurnal cycle of surface temperatures anchored
on the clear values identified in daytime tests of VIS
data. The ISCCP analysis examines time variations at
constant diurnal phase to minimize the influence of
diurnal variations.

The time contrast test involves three time-consec-
utive images (labeled “yesterday” = —1, “today” = 0,
and “tomorrow” = +1) at a given UTC. Every image
in a time sequence is tested as the “today” image (the
first and last image in each month have only one time
test result). The IR brightness temperature in a scene,
T;, is compared to the value in the same scene on the
previous day, 7;_;, and following day, 7}.,. Each scene
is labeled by the magnitude of the radiance difference
in three ranges (also for T; — Tj,4):

|Tj— T;-1| < DELTA2
undecided: DELTA2 < |T; — T}.,| < DELTA3

|T;— T)—1} > DELTA3 and T; < Tj

(2)
where DELTA2 < DELTA3 are contrast thresholds
(Table 1). The combined logic table for the “yesterday”
and “tomorrow” tests is shown in Fig. la.

In order for this simple test to work with sufficient
reliability, several factors must be considered. 1) If the
smaller threshold (DELTAZ2) is smaller than the nat-
ural variability of the surface, then the number of clear
radiance values identified will be too few for meaningful
statistical tests. 2) If the smaller threshold is too large,
low-level broken cloudiness, which does not alter the
IR radiances very much, will be mistaken for clear
conditions (this sometimes happens anyway, see sec-
tion 4). 3) If the larger threshold (DELTA3) is too
small, the number of scenes identified as clear is also
reduced because more disagreements between the
“yesterday” and “tomorrow” test will occur. Moreover,
rarer events associated with large storms that involve
larger changes of the surface temperature can be mis-
taken for cloudy situations, which would bias the sta-
tistics of the natural variation of clear conditions. Nu-
merical values used in the time contrast test are given
in Table 1 and are different for land and ocean because
of the differences in the variability of both cloudy and
clear conditions encountered (see section 4).

clear:

cloudy:

3) JOINT CLASSIFICATION

The first two steps of the ISCCP cloud detection al-
gorithm are combined to classify IR radiances into one
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TIME TEST LOGIC
YESTERDAY'S TEST
UNDECIDED

CLOUDY CLEAR

cLoupy cLouDy cLoupy MIXED

UNDECIDED cLouny UNDECIDED CLEAR

TOMORROW'S TEST

CLEAR MIXED CLEAR CLEAR

ROSSOW AND GARDER

COMBINED SPACE-TIME TESTS LOGIC

SPACE TEST
cLouDy UNDECIDED

CLOUDY CLOUDY CLOuDY

UNDECIDED CcLouDY UNDECIDED

TIME TEST

MIXED MIXED MIXED

CLEAR MIXED CLEAR

FI1G. 1. Logic tables (a) to combine the results of the time contrast
test comparing the “today” image with the “yesterday” and “to-
morrow”’ images and (b) to combine the results of the space contrast
test and the time contrast test. Undecided means that no decision
(cloudy or clear) is made for a particular scene. Mixed indicates
contradictory decisions by different tests. All comparisons are per-
formed separately for each diurnal phase.

of four classes: probably cloudy, probably clear, inde-
terminate, and mixed. The last two classes contain
scenes that were ambiguous in all tests or had strongly
contradictory results, respectively. The logic is illus-
trated in Fig. 1b.

The classification steps are designed to obtain “high
quality” statistics about clear radiances. Thus, the tests
for the presence of cloud are made so strict that some
values that might represent clear conditions are dis-
carded to be sure of eliminating all of the significant
cloud effects, as one might do in a “cloud clearing”
algorithm for surface studies [cf. discussions in Pinty
and Szejwach (1985); Saunders ( 1986 ); Saunders and
Kriebel (1988); Rossow et al. (1989b)]. Cloud amount
determined from these results would be overestimated.
However, the tests cannot be so strict that the statistics
will be insufficiently numerous, biased, or both. No
matter how strict the tests are made, some cloud con-
tamination still occurs. In section 4, we present evi-

dence to support the particular numerical values in
Table 1.
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¢. Cumulation of space/time statistics

The third ISCCP algorithm step accumulates IR and
VIS radiance statistics over various space and time
scales. These statistics are used to estimate the clear
radiance values by accounting for geographic and time
variations of the frequency of occurrence of clear con-
ditions and by providing cross-checks to detect cloud
contamination. To obtain a better statistical estimate
of clear-sky properties (cf. Rossow et al. 1989b), we
seek to increase the number of clear-sky observations
over that obtained from a single image. To determine
the mode value of the clear-sky radiance distribution,
where several observations are possible in a time period
that is short compared with the time scale of significant
changes in the surface, we attempt to collect observa-
tions from several days. To correct those observations
mistakenly identified as clear in the first two classifi-
cation steps, we look for characteristic variations of
clear conditions over larger spatial domains or longer
time periods (cf. Coakley and Baldwin 1984). To
maintain an adequate statistical sample, each 5-day
period must contain at least three images at each UTC
and each month must have statistics from at least three
5-day periods at each UTC. If too many images are
missing for a particular UTC, whole 5-day or month-
long periods may have no results.

By comparing these statistics we try to account for
the fact that the space-time scales that best separate
cloudy and clear radiances vary with location and time
of day and year (see section 4). In other words, we
must balance between the higher probability of ob-
serving clear conditions at larger scales and encoun-
tering larger clear variations as the scales increase. Our
goal is to choose for each location a space and time
domain of observation within which the natural clear-
sky variability does not exceed, and perhaps is some-
what smaller than, the chosen radiance threshold in
step 5. Thus, the key to this approach is classification
of each location by the magnitude of its characteristic
space/time variability under clear conditions.

Each image scene is classified by its surface properties
into one of the following classes for clear IR radiances
(Table 2): 1) open oceans, 2) near-coastal oceans and
lakes, 3) polar and other ice-covered water, 4) low and
relatively flat land, 5) high and rough topography land,
and 6) ice- or snow-covered land. The classifications
for clear VIS radiances are (Table 2) 1) open ocean,
2) lakes, 3) open water in polar seas, 4) ice-covered
water, 5) densely vegetated land surfaces (forests,
woodlands, shrublands), 6) sparsely vegetated (grass-
lands, tundra), or 7) arid vegetation and unvegetated
(desert) land surfaces, 8) polar (snow free) land areas,
and 9) ice- or snow-covered land. Each of these classes
has an associated “short term” and “long term” time
interval for collection of variability statistics (Table 2).
The magnitudes of clear radiance variability are also
assumed to vary with surface type and to increase with
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TABLE 2. Time scales of variability for different surface types.

IR classes Short term Long term
Open ocean 15 days 30 days
Near-coastal ocean and lakes 5 days 15 days
Polar seas and ice covered water 5 days 15 days
Land 5 days 15 days
High and rough topography land S days 15 days
Ice- or snow-covered land 5 days 15 days

VIS classes Short term Long term
Ocean —_ 30 days
Lakes — 15 days
Polar ocean (open water) — 15 days
Ice-covered water 5 days —
Forests, woodlands, shrublands —_ 30 days
Grasslands, tundra — 30 days
Arid vegetation, deserts — 30 days
Polar land (snow free) — 15 days
Snow- or ice-covered land 5 days —

the length of the time interval. For clear IR radiances,
the short-term period is selected to approximate the
natural time scale for significant variability of the local
surface temperature compared with the magnitude of
the variability tests applied in the classification steps.
The long-term period is selected to encompass varia-
tions of more persistent cloud cover. For clear VIS ra-
diances only one time period is needed (cf. S€ze and
Rossow 1991a).

For IR we collect time statistics over a small spatial
domain, 3 X 3 scenes, centered on each scene. Statistics
collected over the short term (ST) and long term (LT)
for each location are the number of observations
labeled as clear by the first two algorithm steps
(NCLEAR-ST and NCLEAR-LT), the average IR radiance
for these clear scenes ( Tavg.st and Tavg.rt ), and the
maximum IR radiance observed without regard to
classification ( Tyaxst and Tyvax.Lt ). In addition the
mode of the distribution of differences between two
15-day values of Tyax for each 10° latitude zone (land
and water separately ) is determined to correct for sea-
sonal trends in surface temperatures. For VIS we collect
only the minimum reflectance values (Rmn.sT OF
Ryin.Lt as specified in Table 2).

d. Construction of clear-sky composites

Estimates of the clear-sky IR and VIS radiances are
made in the fourth ISCCP algorithm step. The goal is
to obtain values for each location once every 5 days.
Since the values obtained at each location can come
from a range of time (and space) scales, we refer to
the resulting map, which resembles an image, as a
composite.

1) IR CLEAR-SKY COMPOSITE

We require a means to decide for each location and
5-day period whether the location is clear to moderately
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cloudy or whether the location is highly to persistently
cloudy. In the former case, we use the short-term sta-
tistics to estimate the clear radiances, whereas in the
latter case we use the long-term statistics. In other
words, as the amount of cloudiness increases, we are
compelled to use progressively less accurate estimates
of the clear radiances obtained from observations over
larger space-time domains. The tests performed to de-
cide which statistics to use for IR are illustrated in
Fig. 2a.

In section 4 we present evidence for the two key
statistical tests: 1) whenever the number of clear de-
tections from steps | and 2 over any given period is
low, it is a reliable indicator of widespread and persis-
tent cloudiness and 2) whenever cloudiness is frequent,
it produces broader IR radiance distributions than

IR CLEAR SKY COMPOSITE LOGIC

GOLLECT STATISTICS
[1s TMAX-LT/TMAX-ST oKk?| NO
vssl ALTERNATE LOGIC

NO_[is TMAX-ST 2 TMAX-LT-DEL17 - YES

NO

1S NCLEAR-LT > MIN? IS NCLEAR-ST > MIN?
YES

1S TAVG-LT 2 TMAX-LT- DELj {rs TAVG-ST2 TMAX- ST-DELZ?J

TCLR=TMAX-LT-DEL3 TCLR=TAVG-LT TCLR TMAX-ST-DEL2 | | TCLR=TAVG-ST

VIS CLEAR SKY COMPOSITE LOGIC

| COLLECT sTATISTICS |

—YES ['15 SURFACE TOO VARIABLE 7 |

NO
NO
«———ISUFFICIENT ZONAL STATISTICS ?|
YES

["1s MIN=RMODE - DEL1? W—NQJ

YES | RCLR=RMODE - DEL1 |
[ 1S RMIN<RMODE +DEL1? NO

YES [ RCLR ~RMODE+DEL1 |
RCLR=RMIN +DEL2 |

1

FIG. 2. Logic for determining (a) clear IR radiance values and (b)
clear VIS radiance values for each scene at each time. Terms are
defined in the text; values of test parameters (e.g., DEL1) are given
in Table 3. All comparisons are performed separately for each diurnal
phase.
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TABLE 3. Test values used in IR and VIS clear-sky composite logic.
Infrared values are in kelvins and VIS values in percent scaled
radiances.
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TABLE 4. Cloud detection radiance thresholds used for different
surface types. Infrared thresholds are given in kelvins and VIS
thresholds are given in percent scaled radiances.

IR surface types DELLl DEL2 DEL3 DEL4 IR threshold VIS threshold
Open ocean 2.0 20 2.5 4.0 Open ocean 2.5 3.0
Near-coastal ocean and lakes 3.0 3.0 4.0 6.0 Near-coastal ocean, lakes 4.0 3.0
Polar seas and ice-covered water 3.0 3.0 4.0 6.0 Ice-covered water 4.0 12.0
Land 6.0 5.0 8.0 8.0 Land 6.0 6.0
High or rough topography land 9.0 7.0 11.0 10.0 High or rough topography 8.0 6.0
Ice- or snow-covered land 9.0 7.0 11.0 10.0 Snow-covered land 6.0 12.0

VIS surface types
Ocean - 30 LS —  — [ s similar to the variations of the surface in case 5 or
Lakes 30 1.5 - —  the cloud cover is complete over the region for 30 days
Polar ocean (open water) 3.0 1.5 — — . N .. L .
Ice-covered water 50 _ _ with little variation of cloudy radiances. If the scene is

Forests, woodlands, shrublands 6.0 3:5 —_ —

Grasslands, tundra — 3.5 — -
Arid vegetation, deserts —_ 3.5 — —
Polar land (snow free) — 35 — —
Snow- or ice-covered land — 5.0 — —

mostly clear conditions (Séze and Rossow 1991a). In
section 4 we show that these two effects are also strongly
correlated.

The IR clear-sky composite logic assumes that there
is a characteristic shape of the warmer part of the IR
radiance distribution that is a function of surface type
(section 4, Séze and Rossow 1991a). The composite
logic tests the shape of the distribution of IR radiances
by the differences in the values of Tavgst, TAVG-LT»
Tmaxst, and Tyax.ir. If differences among these
quantities exceed their specified magnitudes (see Table
3), this is interpreted to indicate cloud contamination
of the shorter-term statistics. An additional use of this
shape assumption is to estimate the value of 7Tyyg for
the actual clear IR radiance distribution from Tyax by
subtracting a specified amount.

Five situations arise when comparing the magnitudes
of cloud-clear radiance contrast and cloudy radiance
variability with the variability of the surface. 1) The
scene is either partially covered by very low-level clouds
that differ little in temperature from clear conditions
or completely covered by clouds that are so uniform
(in space and time) that they appear statistically similar
to clear conditions. This situation is evidenced by nar-
row IR radiance distributions indicating little space or
time variability. 2) The scene is either mostly cloudy
with a cloud-clear contrast that is only slightly larger
than the clear variability or the cloudiness is very per-
sistent or extensive, but not completely overcast at all
times. 3) The scene is mostly cloudy but the cloudy
radiances exhibit large space or time variability. 4) The
scene is partially cloudy or totally cloudy only occa-
sionally and the cloud-clear contrast is large. 5) The
scene is relatively clear.

The first and last cases resemble each other in that
the magnitude of the cloudy radiance variations in case

actually clear, then Tavg.st Will accurately represent
clear radiances. If the scene is actually cloudy, but the
radiances do not vary very much, the clouds cannot
be detected. Two alternative schemes to improve de-
tection in the latter case have been tried with little suc-
cess: use of comparisons between widely separated re-
gions (large spatial scales > 1000 km) to detect the
presence of clouds (cf. Coakley and Baldwin 1984)
and use of conventional surface observations of tem-
perature to determine clear IR radiances (cf. Stowe et
al. 1988). Neither of these schemes provided sufficient
improvement in the accuracy of clear radiance values

ISCCP RADIANCE THRESHOLD CLASSIFICATION
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FI1G. 3. Schematic of radiance classification of each scene by the
radiance threshold tests. Each interval along the axes is equal to the
radiance thresholds ( Table 4, except for open intervals 1 and 5. VIS
class = 0 indicates nighttime.
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F1G. 4. Special study regions in the view of (a) Meteosat and (b)
GOES-East. Regions with hatching slanting to the upper right include
scenes from the land areas only, while regions with opposite hatching
include water areas only.

to detect the most difficult examples of such clouds
(see section 4). The first and last cases (see Table
3) are indicated by TMAX—ST = (TMAX—LT - DELI),
Nciearst = MIN, and Tavgst = (Tmax.st — DEL2),
so that TCLR = TAVG-ST-

The remaining cases depend on whether or not con-
ditions are nearly overcast all the time and on the mag-

VOLUME 6

nitude of the contrast between clear and cloudy radi-
ances. In case 2, either the radiance variations caused
by clouds are relatively small or almost no clear ob-
servations are available. This situation is usually re-
vealed by Tmax.st < (Tmax-Lt — DEL1) and Tavg.r
< (Tmax-LT DEL3), in which case Tcir
= (Tmax.t — DEL3). The value of Tyax.t IS cor-
rected for any seasonal trends for the particular 5-day
period. This test is more useful over oceans, where clear
radiances are nearly constant but may be very rare;
however, the larger variability of land temperatures
makes this test less useful, since DEL1 must be large
enough to avoid spurious detections.

In case 3, the cloud-clear radiance contrast is suf-
ficiently large compared to the variability of the surface
that the space/time contrast tests correctly detect all
of the clouds. However, since the scene is mostly
cloudy, too few clear observations are found to estimate
the clear radiances reliably. This is indicated by a value
of Nciear < MIN, MIN = 3. If the condition occurs
only on the short term, then usually Tci g = Tavg.rT
if the condition occurs on the long term as well, then
Tcir = (Tmaxat — DEL3). For both cases 2 and
3, when long-term information is used for Tc¢ig,
consistency is maintained by requiring that T¢pr
= (Tuvax.st — DEL2).

In case 4, while there are enough clear values avail-
able on the short term, there is still too much cloud
contamination of Tavgsr. This is indicated by
TAVG-ST < (TMAX-ST - DEL2) [a similar condition
may occur on the long term as evidenced by Tavg.LT
< (TMAX-LT — DEL3)]. In this case TCLR = (TMAX-ST
- DELZ) (or TCLR = TMAX-LT - DELB)

Since the composite tests rely on relationships in-
volving Tmax.LT and Tyax.st, SOme protection is re-
quired to avoid false results caused by spuriously large
IR radiance values occasionally produced by telemetry
or data processing errors. This protection is provided
by comparing the value of Tyax. T for each scene
against a regional distribution of Tyax.Lt values: if the
particular value is both larger than the tenth-percentile
value in the regional distribution by more than DEL4
and larger than its associated Thvg. t value by more
than DEL4, then it is replaced by the tenth percentile
value from the regional distribution (“‘alternate logic”
in Fig. 2a). Any value of Tyyax.st that is too close
(within DEL1) to a replaced Tyax.Lt value is not used
in the clear-sky logic.

A final spatial test is applied to ocean regions about
250 km in size to smooth out the effects of radiometer
noise over the oceans and to reduce the effects of any
remaining spuriously large values. If any region is found
to have a range of T r values such that [maximum
(Tcr) — minimum ( T r)] > DEL3, then all values
above the midpoint of the range are replaced by the
midpoint value.

One important attribute of the IR compositing pro-
cess is that the most extreme value of T r that can
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FIG. 5. Frequency distributions of IR radiance values (brightness temperatures in kelvins) for Meteosat region 5 (see Fig. 4a) collected
(a) over the whole target at all times of day, (b) over the whole target at 0000 UTC (about one hour after local midnight), (c) over the
whole target at 1200 UTC (about one hour after local noon), (d) for one scene (area about 625 km?) over all times of day, (e) for a nine-
pixel target (area about 50, 625 km?) at 0000 UTC, and (f) for a nine-pixel target at 1200 UTC. All frequencies are normalized, except the
lower panels are relative to the frequency for a nine-pixel target over all times of day.

be obtained is Tyax..t — DEL3. This ensures that the
cloud detection algorithm cannot produce a clear ra-
diance value that is outside the observed long-term dis-
tribution of actual values; however, it also means that
the clear IR radiance may be cloud contaminated and
the cloud amount slightly underestimated in areas with
complete and persistent (month long) overcast.

2) VIS CLEAR-SKY COMPOSITE

The procedure used to estimate the clear VIS reflec-
tances (Rcrr) is illustrated in Fig. 2b. Unlike the IR,
the variations of the VIS clear reflectances are usually
smaller in time than space, especially over land; con-
sequently radiance statistics are collected for single
scenes. The generally small variations of surface VIS
reflectances and their tendency to be smaller than cloud
reflectances produce a characteristic shape of the darker
part of the VIS radiance distribution that depends only
weakly on surface type (section 4, Séze and Rossow
1991a). The relatively simple behavior of VIS radiances
(cf. Reynolds and Vonder Haar 1977) allows use of a

simple statistic, the minimum value, to estimate clear
values; however, direct use of the minimum introduces
some bias (Matthews and Rossow 1987; Rossow et al.
1989a). As we show in section 4, a characteristic cor-
rection to the minimum value can be inferred from
the shape of the VIS reflectance distribution associated
with different surface types.

The surface is classified into nine types, depending
on the time scale of VIS reflectance variation and its
magnitude ( Tables 2 and 3). The clear reflectances for
the most rapidly varying land and ocean regions (ice
and snow covered) are estimated using a short-term
determination of Ryn and a larger correction value:
Rcoir = (Rvinst + DEL2).

The remaining types of land have Rq g values that
do not vary very much in time, but differ in the mag-
nitude of their spatial variability. The more arid climate
regimes are sparsely vegetated and generally exhibit
more spatial variability (cf. Matthews and Rossow
1987), but are generally less cloudy; thus, Rcir
= (Rmivar + DEL2) without further adjustment.
Vegetated land areas exhibit less small-scale spatial
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variability and are more uniform from one geographic
location to another. Hence after calculating Rcpg

VIS RADIANCE (PERCENT)

IR BRIGHTNESS TEMPERATURE (K)

F1G. 11. Frequency distribution of clear VIS and IR radiances for GOES-East region 2
for January 1984 at 1800 UTC, corresponding to the analysis illustrated in Fig. 10.

latitude zone are compared to the distribution of all
Rcir values for the same vegetation cover types and

= (Rmin.ut + DEL2), individual values within each are required to be within £DELI1 of the distribution
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FIG. 12. VIS/IR radiance statistics from the whole GOES-East region ( Fig. 4b) for January 1984:{a) maximum IR radiances (brightness
temperature) for each ocean scene collected over a 5-day period (dotted line), a 15-day period (dashed line), and a 30-day period (solid
line), (b) differences between S-day and 30-day Tyax values (dashed) and between 15-day and 30-day Tyax values (solid) for each ocean
scene, (¢) minimum VIS radiances (reflectances) for each ocean scene collected over 5-, 15-, and 30-day periods, (d) differences between
5- and 30-day and between 15- and 30-day Ry values for each ocean scene, and (e)-(h) corresponding distributions for land scenes.
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TABLE 5. Changes in clear-sky composite IR radiances, associated values of clear VIS radiances, and cloud amount caused by decreasing
the DEL1, DEL2, and DEL3 values by a factor of two. The IR clear fraction (in percent) is the fraction of daytime clear scenes determined
to be clear using the IR threshold only; the associated average value of R (in percent) is shown as Rcir (IR-only). The difference between
results with one-half the standard values and the results with the standard values are shown. Values in parentheses give the standard results.

The standard value of Ty is given in kelvins and cloud amount and Reyr are in percent. Regions are indicated in Fig. 4a.

Meteosat region

number Ter Reir IR clear fraction Reir (IR-only) Cloud amount
I Mediterranean 0.7 (292.8) 0.0 (6.3) —-3(73) -0.1 (6.5) 0.9 (54.6)
2 W. Europe 0.1 (296.6) 0.0 (22.9) —4 (68) -0.5 (22.8) 0.7 (55.0)
3 E. Europe 0.2 (291.0) 0.0(22.2) -1(30) —0.1 (24.3) 0.0 (90.0)
4 Northwest Africa 0.4 (321.8) 0.0 35.1) —1(78) 0.1 (34.3) 0.5 (35.3)
5 Libya 0.3 (320.0) 0.0 (37.0) 0(95) 0.0 (36.3) 0.1 (30.7)
6 ITCZ-water 0.1 (292.9) 0.0 (5.6) 0 (46) 0.0 (7.9) 0.0 (86.3)
7 Guinea 0.0 (291.7) 0.0 (23.0) 0 (100) 0.0 (35.3) 0.0 (77.6)
8 ITCZ-land 0.2 (298.0) 0.0 21.0) —1(20) ~0.1 22.1) 0.5 (88.5)
9 Red Sea 0.0 (292.8) 0.0 (9.8) 0(59) 0.0 (10.7) 0.3 (92.1)
10 Brazil 0.0 (291.8) 0.0 (14.0) 0(93) 0.0 (15.6) 0.0 (48.8)
11 Trade cumulus 0.0 (293.2) 0.0 (5.4) 0 (56) 0.0 (7.5) 0.0 (73.2)
12 Atlantic coast 0.1(292.9) 0.0 (18.1) 0 (88) 0.0 (29.5) 0.0 (75.6)
13 Congo 0.0 (290.9) 0.0 (18.1) 0(99) 0.0 (31.4) 0.0 (71.0)
14 Stratus 0.2 (289.1) 0.0 (5.7) —1 (40) 0.0 (22.4) 0.0 (99.3)
15 S. Africa 0.6 (302.7) 0.0 (16.0) -2(67) 0.0 (16.3) 0.5 (60.0)
16 S. Atlantic 0.1 (280.6) 0.0 (5.2) 0(11) 0.0 (7.3) 0.1 (94.6)

mode value, Ryvope. If a particular value of Ry Vvi-
olates this condition, it is replaced by Ryope = DELL,
whichever is closer in value.

The reflectance of open water is strongly dependent
on illumination/viewing geometry; in certain geom-
etries the glint reflectance can be very large and very
sensitive to the roughening effect of surface winds.
Thus, although we calculate RCLR = (RMIN-LT + DELZ)
for water surfaces, this value is not allowed to be
brighter than values predicted from a reflectance model
by more than DELI1 nor darker than these values. This
reflectance model is a refinement of the model devel-
oped by Minnis and Harrison ( 1984) with the results
extended to a larger range of geometries with a repre-
sentation of glint reflectances that has larger peak
values.

3) CLEAR RADIANCES

Estimates of T r and Rer for each scene, once
every 5 days, are assembled into the clear-sky com-
posites. Inverse corrections for satellite viewing ge-
ometry variations are then applied to simulate the angle
dependence of clear radiances for each individual image
scene. We call these clear radiances ICLR and VCLR.
We show in section 4 and in a companion paper (Ros-
sow and Garder 1993) that the space/time variations
of these clear radiances represent the actual variations
of surface properties to good accuracy.

e. Radiance thresholds

The final step of the cloud detection is a comparison
of each observed radiance value against its correspond-
ing clear-sky composite value [Eq. (3)]. This final

classification of the image scenes into cloudy and clear
categories is done without regard to any previous clas-
sification (although statistics on conflicts are kept to
monitor the quality of the analysis). Note particularly
that this step does not use VIS reflectances, rather it
uses VIS radiances:

clear: (ICLR — IR) <IRTHR and
(VIS — VCLR) < VISTHR
cloudy: ICLR — IR)>IRTHR or

(VIS — VCLR) > VISTHR  (3)

where the values of IRTHR and VISTHR are given in
Table 4. At night when there is no VIS, only the IR
conditions in (3) are used. During daytime, application
of both conditions in (3) is referred to as the VIS/IR
result; the results from the first conditions, called the
IR result, are also reported during daytime. Each image
scene is classified in more detail by the relative position
of its radiances, IR and VIS, with respect to ICLR and
VCLR (Fig. 3). In particular, marginally cloudy scenes
(a subset of cloudy) are identified as scenes with ra-
diances that differ from the clear values by more than
the threshold amount, but by less than twice the
threshold amount.

There are three specific exceptions to (3) applied in
particular situations. Because of the large and unpre-
dictable variations of ocean VCLR in glint geometry
and near snow and sea ice margins, the VIS data are
not used for detections of clouds in these locations.
Because of the larger uncertainty in VCLR over snow
and sea ice, the magnitude of the VIS threshold is dou-
bled to 12%. Because occasional errors in the earth
location information can shift the position of the



DECEMBER 1993

15
x
(L)
>
>
>
=]
= ~
MIN NCLEAR €~— DEL2
i \ LAND
L <—DEL2
L [MNNCLEAR  WATER WATER
0
80:
6ok «—WATER
g a0f A
= 20} oo
= FEE
e 10T |
o [
: R“jmu@«\v
o - eanan
5t DEL2
r \'\'\«\ :LAND
«DEL2
Ol e WATER
0 5 10 15 20 20 30 40 50
NCLEAR
FI1G. 13. Average values of Tyax minus Tavg (upper panel) from
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text for definitions). The minimum of Ncpear used in the clear-sky
compositing step is indicated by a solid arrow; the dashed arrow
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detection. The value of DEL2 (cf. Fig. 2a and Table 3) is used to
compare Tyax and Tavg in the clear-sky compositing step. Results
are a combination from the Meteosat and GOES-East regions for
July 1983 and January 1984.

coastlines in a particular image relative to its assumed
position, the daytime contrast in ICLR and VCLR be-
tween the land and ocean can produce spurious cloud
detections. This is inhibited by requiring confirmation
of marginal IR detections (see Fig. 3) near the coast
by the VIS channel in daytime conditions.
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Since the clear radiances are estimates, their values
are uncertain. Clouds are identified to be present only
when they alter the observed radiances by more than
the uncertainty in the clear radiance values. The mag-
nitudes of the uncertainties in ICLR and VCLR depend
on the surface type (Table 4). In other words, the
threshold for cloud detection is the estimated magni-
tude of the uncertainty in the clear radiance estimates.
Note that many authors refer to the clear radiance value
itself as the threshold. The ISCCP method can be de-
scribed as a ““‘constant threshold” method only when
“threshold” refers to the difference between the clear
and observed radiances.

4. Supporting statistics and sensitivity test results

In this section we illustrate the situation dependence
of the algorithm tests and show evidence supporting
the choices of particular test parameter values. Séze
and Rossow (1991a) identified several types of radiance
behavior by the shapes of the radiance histograms.
Guided by these results, we select several specific re-
gions (Fig. 4) to illustrate the detailed behavior of the
cloud detection algorithm and to demonstrate the per-
formance of the algorithm in some particularly difficult
situations. Finally, we estimate the uncertainty in the
cloud detection from the sensitivity of the results to
small changes in test parameter values.

a. Radiance variations

We reduce the magnitude of time variations of clear
radiances by analyzing the data at constant diurnal
phase. Using a nearly cloud-free desert (region 5 in
Fig. 4a) as an extreme example of diurnal temperature
variability, we contrast the diurnal and day-to-day
variations of surface temperature with their spatial
variability in Fig. 5. The distribution of 7 (IR brightness
temperatures) over the whole area for one week at all
times of day is quite broad, including the effects of
infrequent cirrus clouds (Fig. 5a). Even when individ-
ual scenes are considered, the dispersion is nearly as
large (Fig. 5d). That the major source of this dispersion
is the diurnal variation of surface temperature is shown
by the much narrower distribution found when obser-
vations are collected over the whole week but only at

TABLE 6. Relative populations of scenes classified using short-term and long-term statistics and the effect of changing the minimum Ng gar from
2 to 9. Number of scenes is shown as percentage of total, 7¢rx is given in kelvins, and cloud amount (CA) is given in percent.

#~ ST #—LT Teir IR-only CA CA
Ocean
minimum Nepgag = 2 85.9 14.1 284.7 58.8 67.6
minimum Neigag = 9 66.9 33.1 284.5 56.9 67.1
Land
minimum Ngpgag = 2 82.6 17.4 302.2 339
minimum Ncgag = 9 57.6 42.4 302.1 33.6
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TaBLE 7. Effect on cloud amount of substituting T, from 5-, 15-, and 30-day periods in place of T g in IR threshold test.
All quantities are shown as percent of total number of scenes.

Fraction Fraction new clouds Fraction Net
Surface Tmax changed changed change
type period CLR to CLD CLR by VIS CLD by VIS CLD to CLR cld amt
Ocean 5 4.7 2.7 2.0 9.1 —4.4
15 10.7 6.9 38 1.6 +9.1
30 15.0 10.0 5.0 0.4 +14.6
Land 5 6.7 5.6 1.1 39 -2.8
15 17.7 14.9 2.8 0.8 +16.9
30 25.8 21.6 42 0.5 +25.3

one time of day (Figs. 5b and 5c¢). The spatial variations
over the whole region produce less variation than that
associated with the diurnal cycle (compare Figs. 5b
with 5¢ and 5c¢, and 5f with 5a and 5b).

A similar result is obtained for R (VIS reflectances),
where the largest effect is changing illumination as the
sun rises and sets (not shown ). When diurnal variations
of illumination are removed, the remaining anisotropy
effects are about as large as spatial variations. All sub-
sequent discussions of time variations in this paper,
unless explicitly noted, assume constant diurnal phase.

Séze and Rossow (1991a) summarize the general
characteristics of VIS/IR radiance distributions col-
lected over both space and time in terms of two different
populations: one relatively dark/warm population that
does not vary much in space or time (clear scenes or
the surface) and one relatively bright/cold population
that varies more in space and time (clouds). The clear
population is associated with the modal value of the
distribution since the atmosphere is nearly transparent
at these particular wavelengths, producing little radi-
ance variability, and the surface properties do not vary
much. Consequently, the minimum VIS and maxi-
mum IR values are usually similar to their respective
mode values. Time variations at a point are generally
larger than the spatial variations on scales of only a
few hundred kilometers (Séze and Rossow 1991a). If
we collect the time distribution of radiances at each
image scene and identify its modal value and then look
at the distribution in space of these modal values [e.g.,
Fig. 12c and 124 in Séze and Rossow (1991a)], we
find that the variation is generally very small, except
when near a coastline or an area with persistent cloud-
iness. Likewise, if we collect the spatial distribution of
radiances at one time and identify its mode value and
then look at the time distribution of these modal values
[Fig. 8 in Séze and Rossow (1991a)], we again find
that the variation is small. For the total radiance dis-
tribution the range of values encountered generally in-
creases as the size of the time period or spatial domain
grows. These results serve as the basis of the ISCCP
cloud detection algorithm design.

b. Space/time classification tests

To illustrate the behavior of the IR space/time con-
trast test results (Fig. 1), we show how the total VIS/

IR radiance distributions in some of the test regions
are divided into cloudy, undecided, and clear categories
(the mixed category is usually very rare and is not
shown in the figures). Figures 6—10 show several ex-
amples, some where this portion of the algorithm is
successful and some where it is not. Since the inde-
pendent VIS analysis is usually simpler and easier to
interpret, we use the VIS distribution and threshold
test results to evaluate the IR space/time contrast tests.

Figures 6a and 6f show the radiance histograms for
a region of southern midlatitude oceans (region 16 in
Fig. 4a) in July 1983, where the cloud amount is very
high (over 92%), but the clouds cause relatively large
variations in both the VIS and IR radiances (>20%
and >30 K, respectively) as illustrated by the broad
distribution shapes. Figures 6b and 6g show the VIS
and IR radiances separated by the IR space/time con-
trast tests into clear, undecided, and cloudy categories:
80% of the scenes are classified as cloudy with about
12% clear and about 2% undecided.? The very small
population of undecided indicates that the radiance
variability produced by clouds is large. The VIS radi-
ances show evidence that about 35% of the clear scenes
are clouds ( VIS radiances > 10%), as illustrated in Fig.
6¢, where the VIS threshold is applied to the VIS ra-
diances of the clear scenes®; however, Fig. 6h, which
shows the IR radiances associated with the clear scenes
separated by the VIS threshold, indicates that these
few scenes do not bias the regional average clear IR
value by very much. Figures 6d and 61, which show
the VIS and IR radiances for the clear scenes separated
by the IR threshold, indicate that about 25% of the
apparently clear VIS values are actually thin cirrus
clouds (detected by the IR threshold but not the VIS
threshold ) and that the clear-sky composite procedure
has removed enough of the contamination to allow the

2 All fractions mentioned in the following discussion are determined
from the numerical versions of the histograms illustrated in Figs. 6
10.

3 For Figs. 6-10, step 5 of the algorithm is applied to either VIS
or IR radiances that have been classified by steps 1 and 2 into cate-
gories of clear, undecided, and cloudy. Since steps 1 and 2 are per-
formed on IR radiances, the VIS threshold results provide an inde-
pendent consistency check.
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100

IR threshold analysis to detect almost all of the con-
taminating clouds (discussed in section 4c¢). Figures
6e and 6j show the final radiance threshold division of
the VIS and IR radiances for this region.

Figure 7 shows a similar case over eastern Europe
(region 3 in Fig. 4a) with a cloud amount of about
76%, but the more complex radiance distributions also
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illustrate that the mountainous land background can
be more confusing than the oceans (Figs. 7a and 7f).
Again the IR space/time contrast tests appear to sep-
arate the cloudy (56%) and clear (25%) portions of
the radiances well, although there are many more
(14%) undecided scenes than for the ocean case ( Figs.
7b and 7g), because the algorithm tests assume that
larger variations of clear radiances are possible. Figures
7c and 7h show that there is about 25% cloud contam-
ination of the clear scenes, but that this has little effect
on the average IR radiances. Figures 7d and 7i show
that the clear-sky compositing allows the IR threshold
to detect these contaminating clouds. Note in Fig. 7d
that there is more thin cirrus in the VIS radiance dis-
tribution than over the ocean (as indicated by the IR
threshold detections of scenes that have low VIS and
relatively high IR radiances—very thin cirrus transmit
enough radiation from below to appear relatively
warm).

Figure 8 shows a case with moderate, but broken,
cloud cover (about 60%) at low levels over the sub-
tropical Atlantic (region 11 in Fig. 4a). Despite the
low cloud tops, the IR radiance distribution (Fig. 8f)
shows a distinct cloud population, which is more ap-
parent in the VIS distribution (Fig. 8a). In this case,
the IR space/time contrast tests successfully separate
the cloudy from clear scenes; however, over 35% of
the scenes are labeled undecided (Figs. 8b and 8g).
Figure 8b shows that most of these undecided scenes
have VIS radiances that resemble the clear values. The
clear VIS radiances show little (17%) cloud contami-
nation (radiance values > 10% ) and little effect on the
IR radiances for the clear category (Figs. 8c and 8h),
but Figs. 8d and 8i show that this contamination is not
removed by the IR threshold. Although such clouds
are detected during the daytime by the VIS threshold,
they are missed at night. For this case, the underesti-

TABLE 8. Relative population of scenes in each IR space/time
category (cloudy, undecided, mixed, and clear) that are classified as
cloudy, marginally cloudy, and clear by the VIS/IR threshold test;
total shows the percent fraction of the total population classified into
each IR space/time category. Each entry shows the ocean value with
the land value in parentheses.

VIS/IR threshold Marginally
class: Clear cloudy Cloudy Total
Space/time class
for Jul 83 (MET)
Clear 70 (84) 10 (8) 20 (8) 29 (38)
Undecided 63 (78) 14 (15) 23(7) 26 (31)
Mixed 5(25) 9(27) 86 (48) 7(4)
Cloudy 2(4) 6 (17) 92(79) 38(27)
for Jan 84 (GOE)
Clear 87 (70) 8(17) 5(13) 24(13)
Undecided 69 (63) 16 (21) 15(16) 22 (30)
Mixed 6 (11) 15 (19) 79 (70) 5(5)
Cloudy 2(4) 7 (10) 91(86) 49 (52)




2362 JOURNAL OF CLIMATE VOLUME 6
100
A B C
OCEAN OCEAN OCEAN
IR=CLR IR=MARG IR=CLD
50.5% 13.5% 36.0%
>-
(&}
2
[
2
(]
ul )
14 ]
[TH [e] Lk sl 1 ] 1 { 1
w 100 D
2 LAND
= ReCLR
g 65.8%
ul
o4
o ) 1 1 A e s
(0] 20 40 60 80 100/0 60 100
VIS RADIANCE (%)
100
OCEAN A | ocean B (o}
VIS=CLR VIS= MARG
43.9% 95%
>
Q
z
]
=)
e
w
E 0 TR N | L ! L |
\ N
100
w LAND D [ Lano E |[cano F
2 VIS=CLR ViS= MARG
= 733% 2.9%
<
]
UJ m
o
fo) ) ) e _,-L, PR X ke I {15 35 A L i o
200 226 252 3307200 226 252 278 304 33072 226 252 278 304 330

BRIGHTNESS TEMPERATURE (K)




DECEMBER 1993

mate of the nighttime cloud amount would be about
3%-5%.

Figure 9 shows a much more difficult case of marine
stratus clouds in the South Atlantic (region 14 in Fig.
4a). The VIS radiance distribution indicates a larger
cloud amount and brighter clouds; however, the IR
radiance distribution shows no sign of distinct cloudy
and clear populations (Figs. 9a and 9f). Figures 9b and
9g show that the IR space/time contrast tests are only
partially successful in separating the cloudy and clear
scenes; the “confusion” is indicated by more than 40%
of the scenes being labeled undecided and by a much
larger population of mixed scenes (almost 20%, not
shown). Comparing Figs. 9b and 9g shows that even
though much of the brighter cloudiness is labeled un-
decided, these clouds have slightly larger IR radiance
values than the cloudy category. Figure 9c shows that
over 90% of the clear scenes are, in fact, clouds; how-
ever, Fig. 9h shows that this contamination only shifts
the IR radiance value associated with clear conditions
by about 5 K. Figures 9d and 9i show that the clear-
sky compositing step successfully shifts the clear IR
radiance value enough to allow the IR threshold to
detect about 45% of the contaminating clouds. How-
ever, at night when no VIS test is possible, cloud
amount would be underestimated by about 10%-15%
as opposed to an underestimate of 25%-30% without
the compositing step. Figures 9e and 9j show how dif-
ficult this case was: since the actual cloud amount is
about 95%, very little clear sky is available to determine
the clear radiance values. Even more extreme cases of
this type occur in some regions (e.g., region 13 in Fig.
4a—not shown) with complete overcast conditions
persisting for the whole month.

Figure 10 shows another difficult case, cloudiness
over a partially snow-covered area in central North
America (region 2 in Fig. 4b in January 1984). The
VIS radiance distribution (Fig. 10a) shows a bimodal
structure; there are both snow-covered and snow-free
areas present, so the radiances associated with the
clouds are not readily apparent (cf. Rossow et al. 1985).
The IR radiance distribution (Fig. 10f) shows hints of
three populations. The IR space/time contrast tests
separate the scenes into three roughly equal groups;
the undecided scenes have very similar VIS and IR
radiance distributions to the clear scenes, while the
cloudy scenes are concentrated at values slightly higher
in VIS and generally lower in IR (Figs. 10b and 10g).
The VIS threshold division of the clear scenes, if it is
trustworthy, indicates only a small amount (about
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25%) of cloud contamination that changes the average
IR radiance value only a little (Figs. 10c and 10h).
The IR threshold separation of the clear scenes (Figs.
10d and 10i) indicates the presence of significant
amounts of thin cirrus cloud over both the warmer and
colder parts of the region. Figure 11 shows the clear
radiances inferred in the clear-sky compositing step;
the bimodal VIS and IR distributions associated with
the snow-covered and snow-free parts of the region are
apparent. The final threshold results (Figs. 10e and
10j) show that the contrast of VIS and IR radiances
between cloudy and clear is not large in this winter
scene.

In summary, we find that in those regions where
clouds cause a relatively large variation of the radiances,
the combined IR space/time contrast tests successfully
separate the radiance distribution mostly into cloudy
and clear categories; the undecided category is much
lower in population than the other two categories and
has radiance distributions lying between the peaks of
the other two distributions. The stricter tests for clear
do miss some scenes that may represent clear condi-
tions, shifting them to the undecided category, but
some cloud contamination is also apparent. The re-
sulting IR radiances are not altered much by this con-
tamination on average. In more difficult circumstances,
where clouds either do not alter the IR radiances very
much or where cloudiness is unusually persistent, these
tests still separate the extremes of the radiance distri-
bution and indicate the “confusion” by much larger
populations of undecided and mixed categories. Even
in the very difficult marine stratus case (Fig. 9), the
clear radiances approximate the correct clear IR ra-
diances with only a small cold bias. More complex
situations over land, even in winter'with snow cover,
seem to be separated relatively well; however, com-
parisons to other measurements provide a better eval-
uation of the algorithm for these cases (Rossow and
Garder 1993).

¢. Clear-sky composites

The radiance compositing procedure is based on the
premise that the part of the IR and VIS radiance dis-
tributions produced by clear conditions (determined
primarily by surface variations at these wavelengths)
have characteristic shapes described by the difference
between the modal and extreme (maximum IR and
minimum VIS) radiance values (Séze and Rossow
1991a). The IR space/time contrast tests serve to

FIG. 15. Frequency distribution of (a) the separation by the VIS threshold test of VIS radiances into clear (solid), marginally cloudy
(dashed), and cloudy (dotted ), where the classifications by the IR threshold test are indicated by IR = CLR, IR = MARG, IR = CLD, and
(b) the separation by the IR threshold test of IR radiances into clear, marginally cloudy, and cloudy, where the VIS classifications are
indicated by VIS = CLR, VIS = MARG, VIS = CLD. Results are from the whole Meteosat region (Fig. 4a) for July 1983, separated into

land and ocean areas.
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eliminate the majority of cloudy scenes from the dis-
tribution, so that the average of the remaining values
will be close to the modal value, if the distribution is
narrow enough (Rossow et al. 1989b). The remaining
cloud contamination does not alter clear IR radiance
values too much, but further tests are made to detect
shifts of the average IR radiances caused by contami-
nation. The particular statistics used are, for IR (in
terms of brightness temperatures), the average of the
clear radiances from the IR space/time contrast tests
over a short and long time period, Tayg.st and
Tavg-iT, the maximum value for the same periods
(without regard to the results of the IR space/time
contrast tests), Tyax.st and Tyax.Lt, and the number
of clear scenes, Ncigar. For VIS (in terms of reflec-
tances), the statistics are simply Ryn.st and RyiniT;
however, here we use the behavior of Ravg (the average
reflectance of scenes labeled clear by the IR space/time
contrast tests) to evaluate cloud contamination. We
also use the quantities Tyax ( Rvin) and Rvin( Tmax )-
The former is the maximum of the T values in a small
area associated with the Ryn for each scene and the
latter has a corresponding meaning,.

1) IR CLEAR-SKY COMPOSITE

Figure 12 shows a survey of the distribution over
the GOES-EAST view (Fig. 4b) of Tmax and Rauun
collected over 5-, 15-, and 30-day periods. Note that
the variety of surface types and climates (e.g., moist-
dry) produces very broad distributions of radiance ex-
trema. Figures 12b, 12d, 12f, and 12h show the differ-
ences between the 30-day and shorter-term values,
which are remarkably narrow considering the width of
the distributions of T\sax and Ruyn (Figs. 12a, 12c,
12e, and 12g). The distributions of Twmax and Ry~
show a progressive warming and darkening, respec-
tively, as the accumulation period increases (cf. Séze
and Rossow 1991a). That the 30-day minus 5-day
Tmax distribution is very similar to the 30-day minus
15-day Tuax distribution, particularly over ocean (Figs.
12b and 12f), shows that the 5-day statistic already
captures a good measure of clear-sky conditions for
most locations; however, the Ryn difference distri-
butions show that some remaining contamination by
low clouds is eliminated by changing from 5 days to
15 days. The key fact illustrated by Fig. 12 is that the
differences among the Tyyax and Ry values are nearly
the same over the whole domain; essentially identical
results were obtained in a global survey. This and other
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TABLE 9. Summary of cloud detection error assessments.

Section Comments Error estimate

4a e Variations of temporal and spatial <5% bias
mode radiance values place limits
on variability of clear radiances:
should be less than threshold used
Number of mixed and undecided
results indicates how well
separated cloudy and clear
radiances are: maximum cloud
amount error
Average differences in Tavg and
Tmax, as well as in Tyax and
Ry~ values, suggest natural
variability of clear radiances:
should be smaller than thresholds
4d . e Sensitivity of results to factor of 2

changes in threshold magnitude

* Amount of extra cloudiness
detected by VIS channel (amount
missed at night)

4b

<10% random

4c

<5% random

+10% random

5%-10% negative
bias

results comparing the differences of Thvg and Ravg
with Tywax and Ry, respectively, demonstrate a nearly
constant shape of the clear-sky radiance distributions
(cf. Séze and Rossow 1991a). Thus, in the clear-
sky compositing procedure, the differences between
TMAX-LT and TMAX-ST and TMAX and TAVG are useful
for detecing cloud contamination. The increased de-
tection of marine stratus clouds by the final IR thresh-
old (Fig. 9) illustrates the success of this approach.

The assumed shape of the clear-sky IR radiance dis-
tribution is indicated by the magnitudes of the values
of DEL1, DEL2, and DEL3 (Table 3). Table 5 shows
the effects of reducing these values to half their standard
values. The stricter tests force the compositing proce-
dure to use Tmax.st and Tmax.LT more frequently, but
the main effect is that the smaller values of DEL2 and
DEL3 lead to slightly warmer values of T¢ r. The as-
sociated Rc g values hardly change and cloud amount
increases by less than one percent. Notice, however,
that the R r values for regions 7, 12, 13, and 14 (cf.
Fig. 4a), which are regions of persistent low-level
cloudiness, still indicate significant cloud contamina-
tion, even with the stricter tests.

The constancy of the (Tmax — Tavg) and (Ravg
— Rmin) histogram widths can be shown to be asso-
ciated with clear conditions by plotting the average
values of these differences against values of Ncpgar (Fig.
13), which are determined from the IR space/time
contrast tests. We expect cloud contamination to in-

FiG. 16. Frequency distribution of IR and VIS radiances over ocean and land areas in the Meteosat region (Fig. 4a) separated by the
VIS/IR radiance threshold tests using values that are one-half the standard values (a-d), the standard values (e-h), and twice the standard
values (i-1). The first two panels in each row show the separation of IR radiances over ocean and land and the second two show the
separation of VIS radiances over ocean and land. Clear radiances are indicated by the solid lines, marginally cloudy radiances by the dashed

lines, and cloudy radiances by the dotted lines.
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crease the width of the distributions in Figs. 12b, 12d,
12f, and 12h, thereby increasing the average values of
(TMAX - TAVG) and (-RAVG - RMIN)- Over land, the
value of (Tmax — Tavg) Increases gradually as Ncp gar
decreases until reaching a sharp change at Ncigar = 3-
5 (upper part of Fig. 13). The nearly constant value
of (Ravg — Rmin) (lower part of Fig. 13) shows, how-
ever, that this increase is not associated with decreasing
cloud contamination. Examination of the geographic
distribution of the differences shows that the increase
in (Tmax — Tavg) is due to increasing surface tem-
perature variability over particular land areas rather
than cloud contamination. As we go from large Ncpgar
to small NCLEAR’ the values Of(TMAx - TAVG) shift
from cloud-free desert regions to cloudier midlatitude
regions. Thus over land, we emphasize the test on the
value of Nciear over land to decide on the reliability
of the statistics obtained from the IR space/time con-
trast tests.

The value (Tyax — Tavg) Over oceans shows an
increase at Neiear = 2—4, but the behavior of (Ravg
— Ryin) indicates significant cloud contamination can
occur out to Nerear =~ 10. This problem is caused by
areas with very persistent low-level clouds, which do
not bias the value of T¢ g much but are difficult to
detect in IR. Thus, a test on N¢ gar 1S not as good an
indicator of cloud contamination over all ocean areas;
so over oceans we emphasize the test (Tmax.t
- TMAX-ST) < DELI1 (Cf Flg 23.)

A test of the sensitivity of the cloud detection results
to changing the value of minimum Nc¢pgar produces
an effect similar to use of smaller or larger DEL values
in that too strict a test (requiring much larger values
of minimum N¢igar) shifts too many scenes toward
long-term statistics; whereas elimination of the test
(requiring only one value) causes cloud contamination
of the clear radiances. Figure 13 shows that the mini-
mum values of N¢,gar needed to remove cloud con-
tamination are between 3 and 10; however, Table 6
shows that, although there are significant changes in
the branching ratio from short term to long term, the
actual effect on the value of T r and cloud amount
caused by varying the minimum N¢igar from 2 to 9
is quite small. We have found that the less strict test
that we use (Nciear = 3) still detects contamination,
even over ocean, as judged from VIS tests, and that
the stricter test, suggested by Fig. 13, does not improve
results significantly.

We summarize the advantages of the clear-sky com-
positing scheme by comparing the results obtained with
a simpler algorithm; namely, Tc g = Tmax. Table 7
shows that such an approach would not be beneficial
for global results. That the net effect of using 7T¢ g
= Tmax (5 days) is to decrease clouds, more over
oceans than land, demonstrates the negative effects as-
sociated with cloud cover persistence and the improve-
ment that is made by using long-term information.
However, simple substitution of Tyax values from
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longer time periods, while generally increasing the de-
tected cloud amount, produces more false than real
detections (here we have used the VIS threshold to
split the “new” clouds into clear and cloudy parts).
Our more complicated procedure attempts to deter-
mine the relative amount of cloudiness and only uses
clear-sky statistics from longer time periods as cloud-
iness increases. The success of this approach is shown
by the fraction of the time that long-term statistics are
used as a function of monthly mean cloud amount
(Fig. 14); the arrows indicate the values of monthly
mean cloud amount above which the probability is
high for a particular 15-day (ocean) or 5-day (land)
time subperiod to be mostly cloudy.

2) VIS CLEAR-SKY COMPOSITE

The stability of surface VIS reflectances over time,
as reflected in the generally narrow distributions of
Ravg — Ry~ shown in Fig. 12 (also see Séze and Ros-
sow 1991a), makes VIS clear-sky compositing simpler
(Fig. 2b). The primary issues are to avoid biases in use
of Ryin.Lt in regions where the time variations are
larger and to detect contamination by unusually per-
sistent clouds. Examples of the former are snow and
sea ice regions, where there are significant differences
between short-term and long-term Ry values. Al-
though the use of a 5-day Ryn over snow-covered land
may not guarantee that clear conditions are encoun-
tered, the histograms in Figs. 10 and 11 show that the
cloud effects on VIS radiances in such locations are
weak. Thus, even if the particular radiance value may
represent partially cloudy conditions, it is still a good
estimate of the actual clear radiance value. An example
of the latter situation occurs in the Congo, where per-
sistent hazes/fogs over the rain forest are only discern-
able by comparing its Ry values to those for other
rain forests.

d. Radiance threshold sensitivity

Table 8 shows how scenes in each category from the
space/time contrast tests are finally classified by the
radiance threshold tests. That a larger fraction of clear
scenes from the space/time contrast tests are classified
as cloudy over ocean indicates more frequent occur-
rences of very low-level clouds over ocean than over
land that are obvious to a VIS threshold test. Overall,
the undecided category is generally classified as clear
by the final threshold, confirming the supposition that
these scenes are generally similar to the clear scenes
from the space/time contrast tests (cf. Figs. 6-10).
Mixed scenes are gencrally classified as cloudy by the
threshold test.

To check the consistency of the independent thresh-
old classifications by VIS and IR, we show in Fig. 15a
the VIS radiance distributions, first classified as clear,
marginal, and cloudy by the IR threshold, and then
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classified by the VIS threshold. The complementary
results for the IR radiances are shown in Fig. 15b. Pan-
els A and D in Fig. 15a show that only a small amount
of low-level cloudiness is missed by the IR threshold,
whereas the same panels in Fig. 15b show somewhat
more, very thin cirrus missed by the VIS threshold over
land (primarily over the brighter deserts). The presence
of low-level cloudiness is suggested by the overlap of
IR radiance distributions for scenes classified as cloudy
by the VIS threshold and both cloudy and clear by the
IR threshold (panels C and F in Fig. 15b), particularly
over oceans. Likewise the presence of very thin cirrus
is indicated by overlapping VIS radiance distributions
for scenes classified as cloudy by the IR threshold and
both cloudy and clear by the VIS threshold (panels C
and F in Fig. 15a), particularly over land. Figure 15a
shows that clouds marginally detected by the IR
threshold (about 10%-15% of the cases) are a combi-
nation of thin cirrus missed by the VIS threshold and
low-level clouds more easily detected by the VIS
threshold. Likewise, Fig. 15b shows a similar mixture
for clouds marginally detected by the VIS threshold
(about 5%-10% of the cases). These results support
the conclusion that most of the marginally cloudy cat-
egory actually represents cloudy scenes.

We test the overall sensitivity of the cloud detection
results to the selected radiance threshold values (Table
4) by showing in Fig. 16 how the VIS/IR radiance
distributions in the Meteosat view (Fig. 4a) are divided
into cloudy, marginal, and clear categories using
threshold values one-half the standard, standard, and
twice the standard values. These results suggest that
the behavior of the algorithm is reasonable and plau-
sible, in that smaller thresholds appear to label as
cloudy more of the scenes with radiances similar to
the clear part of the distributions and larger thresholds
label as clear more of the scenes with radiances similar
to the cloudy part of the distribution. The key result
is that although the cloud amount changes by about
+10% with changing threshold magnitudes, the average
values of the clear and cloudy radiances do not change
very much. Thus, although cloud amount is sensitive
to the threshold selected, the inferred properties of
clouds and the surface are not very sensitive ( cf. Rossow
et al. 1989b).

5. Summary
The main points of this paper are as follows.

The primary assumption at the heart of the ISCCP
cloud detection algorithm is that cloudy and clear
scenes differ in the amount of radiance variability that
they exhibit in space and/or time. The variety of sit-
uations encountered has been illustrated in Figs. 6-10
(cf. Séze and Rossow 1991a) and the results of the
space/time contrast tests shown.

Although all situations cannot be separated equally
well by variability in the same wavelength (VIS or IR)
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or the same domain (space or time), the time variation
test is generally more successful because the variability
of the land and ocean surface properties generally pro-
duces less radiance variability than produced by clouds
(Fig. 12). Nevertheless, a global cloud detection al-
gorithm must employ tests for all wavelengths and do-
mains to account for all combinations of cloud and
surface types.

A secondary assumption used in the ISCCP cloud
detection algorithm is that the warm/dark end of the
IR / VIS radiance distributions is associated with clear
conditions (Figs. 12 and 13), so that statistical tests
over a range of space and time domains of the shape
of this part of the radiance distribution can be used to
improve the estimated clear radiance values (Figs. 6—
10). This assumption is violated more frequently in
polar regions, as discussed in Rossow and Garder
(1993).

The final radiance threshold test labels as cloudy
those scenes with radiance values that differ from the
inferred clear values by more than their uncertainty.
This is a “conservative” test in that clouds will be
missed more often than falsely detected if the threshold
magnitudes correctly represent the clear radiance un-
certainties, including biases (Fig. 16).

Allowing test parameter values to vary with location
(Tables 1-4) makes it possible to account for differ-
ences in the magnitude of radiance variations asso-
ciated with different surface and cloud types, to allow
changes in the relative importance of the different al-
gorithm tests, and to account for variations in the un-
certainty of the clear radiances determined by the nat-
ural variability of the surface and the contrast with
cloudy radiances.

Table 9 summarizes estimates of cloud detection er-
ror from the sensitivity tests of the ISCCP cloud de-
tection algorithm, showing the sections where they are
discussed. These results suggest random errors of no
more than 10% and regional bias errors of no more
than 5%. In regions with more persistent cloud cover
and in winter land areas and the polar regions, where
the radiance contrast between cloudy and clear con-
ditions is much smaller, cloud detection errors are
larger (see Rossow and Garder 1993).
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APPENDIX

ISCCP data processing has been accomplished by
the combined efforts of several institutions, which are
listed here along with their representatives (in chro-
nological order). The capture of original satellite da-
tasets, quality checking, and their reduction by sam-
pling are performed by the sector processing centers
(SPC). For NOAA polar orbiters, the SPC is the Na-
tional Oceanic and Atmospheric Administration (rep-
resented by G. Hunolt, H. Jacobowitz, H. Drahos, J.
Gibson, M. Mignono, and K. Kidwell). For Meteosat,
the SPC is the European Space Agency (ESA) (R.
Saunders, B. Mason). For GOES-East, the SPC was
the University of Wisconsin (R. Fox, D. Wylie) and
is now the Atmospheric Environment Service (AES)
of Canada (S. Woronko, S. Lapczak, F. Bowkett, D.
McKay, Y. Durocher). For GOES-West, the SPC is
Colorado State University (CSU) (G. G. Campbell).
The University of Wisconsin also serves as a backup
to AES and CSU and produces special datasets for re-
lated research. For GMS, the SPC is the Japan Mete-
orological Agency (JMA) (A. Kurosaki, I. Kubota, T.
Nuomi, K. Shuto). Normalization of geostationary
satellite radiances to those measured by the polar or-
biters is performed by the Satellite Calibration Center
(SCC) at the Centre de Meteorologie Spatiale in France
(N. Beriot, G. Therry, Y. Desormeaux). The ISCCP
datasets are produced and analyzed at the Global Pro-
cessing Center at NASA Goddard Institute for Space
Studies (processing group led by E. Kinsella and A.
Walker). NOAA serves as the International Central
Archives (ICA) for ISCCP. In addition to the data cen-
ter representatives, membership of the JSC Working
Group on Data Management for ISCCP (now for all
WCRP radiation projects) included T. Vonder Haar
and E. Raschke; ex-officio members representing the
WCRP are S. Benedict (who succeeded T. Kaneshige)
and R. Schiffer (project manager).
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