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ABSTRACT

Synoptic images of the global cloud field have been created from measurements of infrared radiation taken
aboard four geostationary and two polar-orbiting platforms simultaneously observing the earth’s cloud field. A
series of spatial and temporal interpolations, together with data reliability criteria, are used to map synoptic
measurements from ihe geostationary satellites and asynoptic measurements from the polar-orbiting satellites.
The synoptic global cloud imagery (GCI) that results has a horizontal resolution of 0.7° in longitude by 0.35°
in latitude and a temporal resolution of 3 h, providing an unprecedented view of the global cloud pattern. Each
composite image represents a nearly instantaneous snapshot of the entire earth’s cloud field. Collectively, the
composite imagery resolve, on a global basis, most of the variability inherent to organized convection, including
several harmonics of the diurnal cycle. Because of its homogeneous properties, the GCI lends itself easily to a
variety of space-time analyses useful for studying global cloud behavior.

i. Introduction

Clouds and related processes represent a key ingre-
dient of the earth’s climate. Because they are a major
contributor to the planetary albedo, clouds figure cen-
trally in the earth’s radiation budget. Clouds also con-
tribute to atmospheric heating through radiative in-
teractions (€.g., Ramanathan 1987). From a dynamical
perspective, latent heat release in organized convection
is one of the primary mechanisms driving the global
circulation. Convective heating figures importantly in
a number of dynamical phenomena, including tropical
circulations, extratropical teleconnection patterns, and
equatorial waves that propagate vertically into the up-
per atmosphere (see for example Gill 1980). Other
cloud-related processes are also important in climate.
Not the least of these is the global hydrological budget.
Convectively forced circulations are responsible for
exchanging heat, momentum, and moisture between
the atmosphere and tropical oceans. Likewise, convec-
tion in midlatitude cyclones plays a key role in the
transfer of moisture from low latitudes to the rest of
the globe.

Satellite measurements of outgoing longwave radia-
tion (OLR) have long provided a global view of the
earth’s cloud field. Equivalent blackbody temperatures
measured from space indicate the height of cloud tops
and, with certain restrictions, organized convective ac-
tivity (e.g., Arkin and Ardunay 1989). The importance
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of these spaceborne measurements is underscored by
the paucity of ground-based observations in the tropics
and over the oceans.

Although global measurements of OLR have been
around for some time, many basic features of convec-
tion have yet to be determined quantitatively. Knowl-
edge of fundamental properties such as the space and
time scales on which convection operates coherently
and the way convective fluctuations in one region in-
fluence those in another is essential to understanding
the dynamical response to convective heating. For ex-
ample, small-scale fluctuations operating coherently on
short time scales favor the excitation of gravity waves,
but play only a minor role in large-scale disturbances.
Only that fraction of convective heating that operates
coherently on large scales contributes to the excitation
of planetary waves. Similar considerations apply to hy-
drological and radiative processes. Therefore, a com-
plete understanding of these processes requires a basic
knowledge of the behavior of cloud activity.

Characterizing cloud behavior is made difficult by
its global nature and the wide range of scales involved.
For instance, much of convective variability occurs on
mesoscales (horizontal dimensions of tens to a few
hundred kilometers and periods of hours). At the same
time, the large-scale convective pattern is organized in
regional centers such as the western Pacific, South
America, and Africa.

The wide range of scales inherent to convection poses
a serious challenge to observing global cloud behavior
from space [see Salby (1989) for a review]. Because
they are asynoptic, measurements taken from a polar-
orbiting platform resolve periods of about two days
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and longer (Salby 1982a). On a global basis, only
wavenumbers less than about six are properly observed
in a space-time sense. However, cloud fluctuations in-
volve much smaller spatial scales and periods that range
from hours to seasons. Diurnal variability, as is prev-
alent over tropical landmasses, further complicates the
observation of cloud behavior from space. Such vari-
ability is seriously undersampled in conventional mea-
surements from a polar-orbiting platform. Similar
considerations apply to cloud fluctuations of a small
spatial scale or a short period. Because the global cloud
field is undersampled, synoptic maps of the instanta-
neous behavior cannot be derived reliably.

Geostationary satellites alleviate some of the short-
comings inherent to polar-orbiting data (e.g., Arkin
and Ardunay 1989). Unlike polar-orbiting data, mea-
surements from a geostationary platform are nearly
synoptic so they better reflect the cloud pattern within
the field of view. However, geostationary satellites
sample only part of the globe, limiting the behavior
that can be studied. For instance, relating fluctuations
in one convective region to those in another is not
possible.

The historical difficulties surrounding cloud obser-
vations from space stem from insufficient information.
Single platform geostationary measurements sample
the earth incompletely and polar-orbiting measure-
ments sample it too infrequently to provide a complete
description of the global cloud field. Aliasing from un-
dersampled cloud fluctuations can contaminate even
large-scale and time-mean quantities, which would
otherwise be recovered faithfully. What are really
needed to study global cloud behavior are instanta-
neous maps of the entire field, which collectively have
sufficient spatial and temporal resolution to capture
most of the variance inherent to organized convection.

A unique opportunity to overcome the historical dif-
ficulties surrounding the observation of cloud activity
from space has been provided by the International Sat-
ellite Cloud Climatology Project (ISCCP) (Schiffer and
Rossow 1983). Sponsored by the World Climate Re-
search Program, ISCCP is an international effort to
intercalibrate measurements from four geostationary
platforms (GMS, GOES-E, GOES-W, and Meteosat)
and two polar-orbiting platforms (NOAA-7 and NOAA-
8) simultaneously monitoring the earth’s cloud field.
Contemporaneous measurements available from these
satellites afford a global view of the earth’s cloud field
with unprecedented spatial and temporal resolution.
Although they constitute a heterogeneous dataset (e.g.,
some synoptic and some asynoptic), the ISCCP mea-
surements are adequate to resolve most of the vari-
ability involved in organized convection, including
several harmonics of the diurnal cycle.

This paper describes how data from the individual
satellites in ISCCP have been combined into synoptic
global images of the earth’s cloud field. The global cloud
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imagery (GCI) produced by this assimilation have

spatial and temporal resolutions of about 0.5° and 3

h, respectively. Those synoptic images represent the

starting point for a wide range of studies of global cloud

activity. The GCI have been constructed with certain

properties that lend it easily to a variety of space-time

analyses. In addition, the space-time resolution and
continuity are without parallel in permitting a com-
prehensive treatment of global cloud behavior. Wood-
berry et al. (1991) describe an interactive image anal-
ysis system that has been developed to investigate the
space-time variability in the GCI. Source data from
the individual satellites are described in section 2. The
algorithm used to combine those data into synoptic
global images of the earth’s cloud field is described in
section 3. Examples of the composite imagery and pre-
liminary characteristics of the global cloud field are
discussed in section 4. The success and limitations of
the procedure are discussed in section 5, along with a
prognosis for extending the global cloud imagery into
the future.

2. Source data

Infrared (IR) radiances from the 11-um channel of
the individual satellites in ISCCP are used to construct
composite images of the global cloud field. The IR
measurements provide continuous global coverage of
cloud behavior. The period examined below is 1 July
1983--30 June 1984, when four geostationary satellites
were simultaneously monitoring the earth’s cloud field
(see Table 1). From July to September 1983, only a
single polar orbiter was operational. A second polar
orbiter became operational in October 1983. After 31
July 1984, GOES-E ceased operation, and data from
only three geostationary platforms are now available.

Radiometer counts for each of the satellites are ex-
tracted from the ISCCP level B3 archive. The nominal
resolution of these source data is 30 km horizontally
and 3 h in time. Navigation and calibration informa-
tion are also provided in the B3 archive, along with
ancillary information pertaining to data quality.

The B3 data have been developed from the raw sat-
ellite measurements through a series of processing steps
(see Rossow et al. 1985; Schiffer and Rossow 1985).
Raw satellite imagery, of 5-12 km spatial resolution
and 30-103 min temporal resolution, were collected
from the individual satellites listed in Table 1. The
massive volume of data contained in that archive was
then reduced by sampling selectively at 3-h intervals
and approximately 10-km spatial increments, resulting
in the Bl data. Because they are available continuously
in time, the polar-orbiting measurements were sub-
jected to only the reduction in spatial resolution. Level
B2 data were produced by further reducing the spatial
resolution to about 30 km. The B3 radiance archive
was then constructed by intercalibrating all of the B2
data from the individual satellites, using one of the
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TABLE 1. Source satellites (July 1983 to July 1984).

Operating  Subsatellite

Geostationary agency longitude  Dates unavailable
Meteosat-2 ESA 0°
GOES-5 (East) NOAA (USA)  70°W
GOES-6 (West) NOAA 135°W
GMS-1 JMA (Japan) 140°E  July-December
1983, July 1984
GMS-2 JMA 140°E  February-June 1984
Polar-orbiting Operating agency Dates unavailable
NOAA-7 NOAA
NOAA-8 NOAA July-September 1983,

July 1984

polar orbiters (NOAA-7 during 1983-1984) as a ref-
erence.'

The B3 data have been navigated such that each
picture element or “pixel” in a satellite image is pro-
vided with the corresponding latitude and longitude.
Observation geometry information such as the satellite
zenith angle and flags marking questionable data are
also included. Radiometer counts from the individual
satellites are archived as 8-bit integers or “bytes” that
correspond to a scale of 0-255. This integer scale can
be converted to physical quantities, such as radiance
or equivalent blackbody temperature, by using cali-
bration tables provided in the B3 archive (Rossow et
al. 1985). The calibration used for constructing the
GC(I is the absolute calibration, in which individual
satellites have been normalized to the reference or
“primary polar orbiter.”

Geostationary data consist of scan lines that run lat-
erally across the satellite field of view and repeat from
north to south. (Meteosat is exceptional in that scan
lines repeat from south to north.) Data from the geo-
stationary platforms are normally available within 30
min of synoptic times. Consequently, they are grouped
as if simultaneous. Collectively, data from the four
geostationary satellites provide nearly synoptic cover-
age over much of the region from 60°S to 60°N.

Data from the polar orbiters are of a similar form,
only taken by scanning radiometers that sweep to either
side of the subsatellite point. However, the polar-orbiter
data are asynoptic. Only a narrow range of longitudes
(approximately 25°) beneath the satellite is observed
at any instant. Unlike the geostationary imagery, which
are taken close to synoptic times, the polar-orbiter data

' A higher-level C archive, containing empirical cloud statistics
(i.e., cloud type and amount) averaged onto a 2.5° grid, has also
been developed (Rossow 1989). While the numerous cloud statistics
available in the C archive will be invaluable to global cloud climatology
studies, the higher-resolution B3 radiance data are better suited for
creation of synoptic imagery of global cloud patterns.

TANAKA, WOODBERRY, HENDON AND SALBY

615

sample continuously in time. Successive passes of each
of the polar orbiters drift westward until the entire globe
is eventually sampled; 12 h for one polar orbiter or 6
h for two polar orbiters.

Although they represent a great opportunity for in-
vestigating global cloud behavior, the ISCCP data are
not without their limitations. One of the more visible
is the reduced coverage over the Indian sector, where
data from the Indian geostationary satellite (Insat) are
not available. The omission of those data leaves 140°
longitude between the subsatellite points of Meteosat
and GMS (0°E and 140°E, respectively) and initially
raised concerns over global coverage. However, because
the fields of view of geostationary satellites extend ap-
proximately 70° longitude along the equator to either
side of the subsatellite point, data from Meteosat and
GMS overlap just enough to provide complete coverage
over most of the globe, as will be seen below.

Other limitations of the source data include occa-
sional bad scan lines, which appear in the images as
horizontal lines of discontinuous radiance. Occasional
images have been misnavigated. These are marked by
erratic displacements relative to other features in the
global cloud field. A more persistent problem stems
from the viewing geometry of the geostationary satel-
lites. Some of the data near the limb of the field of
view are biased toward colder temperatures, appearing
implausibly bright in the imagery. The satellite zenith
angle is useful in eliminating such unreliable data.

3. Assimilation

Global cloud images are created by synthesizing the
heterogeneous data from the individual satellites into
synoptic images of the entire earth at designated map
times. Several criteria guided the design of the assim-
ilation algorithm. In addition to global coverage and
uniform calibration offered by the ISCCP B3 archive,
a data structure was chosen that would accommodate
most of the cloud variability, yet permit subsequent
analysis to be performed efficiently. For reasons de-
scribed below, it is desirable that the data structure has
homogeneous properties. A 5122 image array was se-
lected for the GCI, corresponding to an equatorial pro-
jection of the globe. The Greenwich meridian is located
at the left of this image array, the North and South
poles are at the top and bottom, respectively, and pixels
are spaced uniformly in latitude and longitude. The
resulting spatial resolution is 0.7° long X 0.35° lat.
This data format lends itself easily to standard image
processing. Furthermore, since it is based on powers
of 2, the data structure is amenable to fast Fourier
transform, which may be applied very efficiently by
hardwired devices (see Woodberry et al. 1991).

Owing to its regular spacing in longitude, latitude,
and time, the aforementioned data structure is suited
to a variety of diagnostic operations. Nevertheless, the
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one-quarter million pixels per image, eight images per
day, and full year of imagery make the GCI an enor-
mous volume of information. Treating this volume of
information in a practical manner poses a serious chal-
lenge to many diagnostic operations. Therefore, an-
other design criterion was that the GCI contain no data
voids, which would undermine the efficiency of sub-
sequent analyses and render many impractical. Every
pixel is filled, making use of all data adjacent in lon-
gitude, latitude, and time. This property circumvents
the need for conditional logic in diagnostic operations,
allowing subsequent analyses to be streamlined. Lastly,
storage and data transfer requirements for the GCI
suggest a compact data format. Since the precision of
the source data is limited to the range 0-255, individual
pixels in the GCI are stored in byte format (each pixel
value corresponds to one byte). Like the 5122 image
array structure, this data format lends itself easily to
standard image processing hardware and may be
transformed easily to floating point format by generic
computer utilities.

Composite global images are produced every 3 h,
consistent with the availability of geostationary data,
which cover much of the globe between 60°S and

60°N. The polar-orbiting data have somewhat coarser .

temporal resolution at low latitudes, but adequate res-
olution at high latitudes where geostationary data are
sparse and cloud variability is controlled by more slowly
varying synoptic-scale disturbances. Two polar-orbiting
satellites cover a point at the equator at 6-h intervals,
decreasing monotonically to 102 min for a point at the
poles. Since the source data are populated in large part
by synoptic measurements, treating the polar-orbiting
data in a separate synoptic mapping (e.g., Salby 1982b)
is not useful in the present application.

The algorithm developed to combine data from the
individual satellites and to meet the foregoing criteria
involves four phases:

1) data extraction,

2) spatial interpolation,

3) temporal interpolation, and
4) quality check filter.

In the data extraction phase, all B3 data satisfying
certain quality control criteria are loaded into a com-
posite image array that represents the global cloud field
at a designated map time. Multiple data falling into a
single pixel of the composite image (e.g., due to over-
lapping geostationary fields of view and overlapping
polar-orbiting data) are averaged into a single value
with weights prescribed according to the reliability of
the individual source data. During the spatial inter-
polation phase, small data voids satisfying certain dis-
tribution criteria are filled through a series of two-di-
mensional interpolations. Those interpolations are
staged in a manner that postpones coarser operations
until absolutely necessary. Data voids more than a few
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pixels wide are not interpolated spatially, but are treated
with temporal interpolation in the final phase of the
assimilation. Because of the ordering of previous op-
erations, pixels remaining vacant to this stage of the
assimilation lie chiefly in polar regions, which occupy
a very small percentage of the total global area and
where cloud variability is relatively slow. Those data
voids are filled through temporal interpolation, relying
heavily on asynoptic data from the polar-orbiting plat-
forms. Finally, a filter is applied specifically to remove
pixels erroneously viewing space. Each of these phases
is now described in greater detail.

a. Data extraction

The starting point in the assimilation procedure is
to collect all data in the B3 archive within +90 min of
3-h synoptic map times. Thus our synoptic images
contain data within a 3-h period centered on the 3-h
map time. Scan lines marked as bad or containing no
pixels on the planet are rejected. In this phase of the
procedure, raw radiance counts of the B3 source data
are converted to temperatures using the absolute ra-
diance calibration table provided with each image.
Multlple data falling into one pixel of the composite
1mage are averaged. Thus, a value in the composite
image represents the mean temperature over the cor-
responding 0.7° X 0.35° pixel. Across much of the
globe, those temperatures correspond almost lincarly
to optically thick cloud-top altitudes. Once they have
been converted to temperature with a uniform refer-
ence, pixel values are transformed back to byte format
for efficient storage. Values of 1-255 correspond to a
linear temperature scale from 340 to 170 K, with 0
reserved for missing data. Imagery stored in byte format
can be displayed with any desired scale simply by de-
fining a posteriori a suitable mapping of stored values
to displayed values.

In addition to excluding bad and off-planet scan
lines, other restrictions are applied during the data ex-
traction phase. Temperatures are monitored to erisure
that they conform to a plausible range of values for the
navigated site. The envelope of acceptable tempera:ures
is shown in Fig. 1 as a function of latitude. Source data
not conforming to this range of temperature arz re-
jected. Although valid temperatures are occasionally
rejected especially at the warm end, the number re-
Jjected is small, typically less than 0.03%. A more fun-
damental restriction addresses limitations of the geo-
stationary viewing geometry. Pixels near the limb of
the field of view [satellite zenith angles of cos ™' (0.05)
or greater; see Fig. 2] are deemed unreliable because
of the oblique angle with which clouds are viewad—
some may even be partial or full views of space. Pixels
corresponding to smaller satellite zenith angles are in-
cluded according to a continuous weighting scheme
described below.












