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Abstract
Synoptic images of the global cloud field have been created from
infrared measurements taken aboard four geostationary and two
polar-orbiting platforms simultaneously observing the earth. A series of spatial and temporal interpolations together with data reliability criteria are used to composite data from the individual satellites
into synoptic images of the global cloud pattern. The composite
Global Cloud Imagery (GCI) have a horizontal resolution of about
half a degree and a temporal resolution of 3 h, providing an unprecedented view of the earth's cloud field. Each composite image represents a nearly instantaneous snapshot of the global cloud pattern.
Collectively, the composite imagery resolve, on a global basis, most
of the variability associated with organized convection, including
several harmonics of the diurnal cycle.
The dense and 3-dimensional nature of the GCI make them a
formidable volume of information to treat in a practical and efficient
manner. To facilitate analysis of global cloud behavior, the GCI has
been constructed with certain homogeneous properties. In addition
to synoptic coverage of the globe, data are spaced uniformly in
longitude, latitude,and time, and contain no data voids. An interactive Image Analysis System (IAS) has been developed to investigate the space-time behavior of global cloud activity. In the IAS,
data, hardware, and software are integrated into a single system
capable of providing a variety of space-time covariance analyses.
Because of its customized architecture and the homogeneous properties of the GCI, the IAS can perform such analyses on the 3-dimensional data with interactive speed. Statistical properties of cloud
variability are presented along with other preliminary results derived
from the GCI.

1. Introduction
Clouds figure importantly in several aspects of climate. Because they are a major component of the
planetary albedo, clouds represent a key ingredient in
the earth's radiation budget. Clouds also contribute to
infrared heating through radiative interactions (e.g.,
Ramanathan 1987). Relevant to atmospheric dynamics, latent heat release in organized convection is one
of the primary mechanisms driving the global circulation. Heating fluctuations associated with tropical
convection are important in a number of dynamical
phenomena, including tropical circulations, extratropical teleconnection patterns, and equatorial waves and
tides that propagate into the upper atmosphere (see
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for example, Gill 1980; Andrews et al. 1987). Convectively-forced circulations are involved in the exchange
of heat, momentum, and moisture between the atmosphere and tropical oceans and in the transfer of
moisture from low latitudes to the rest of the globe.
Satellite measurements of outgoing longwave radiation (OLR) have long provided a global view of the
earth's cloud field. Equivalent black body temperatures measured from space indicate the height of
cloud tops and, with certain restrictions, serve as a
proxy for organized convective activity (e.g., Arkin and
Ardunay 1989). The importance of these space-borne
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 properties of cloud
variability and its relationship to other physical processes have yet to be quantified. For instance, the
aforementioned phenomena depend sensitively on
the spectral makeup of cloud fluctuations. Properties
such as the space and time scales on which cloud fluctuations operate coherently and how cloud fluctuations in one region influence those in another are
essential to understanding those phenomena. As an
example, heating fluctuations coherent over small
dimensions and short periods favor the excitation of
gravity waves, but play only a minor role in large-scale
disturbances. Only that fraction of convective heating
operating coherently on large scales contributes to the
excitation of planetary waves. Similar considerations
apply to hydrological and radiative processes, e.g., to
the net transfer of moisture and radiative energy.
Investigating cloud behavior is made difficult by its
global nature and the wide range of scales involved.
For instance, the Inter-Tropical Convergence Zone
(ITCZ), which emerges in time-mean cloud cover with
fairly smooth characteristics, actually involves an irregular and unsteady collection of convective complexes. Mesoscale features with horizontal dimensions of tens to a few hundred kilometers and periods
of hours are organized by the large-scale circulation
into regional centers over the western Pacific, South
America, and Africa.
The wide range of scales involved poses a serious
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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, on a global basis, periods of about 2
days and longer, and wavenumbers 6 and less (Salby
1982). Mesoscale and diurnal variability, which comprise a large fraction of cloud behavior, are undersampled in conventional measurements from a polarorbiting platform. Consequently, synoptic maps of the
instantaneous behavior, useful for studying cloud variability, cannot be derived reliably. Aliasing from undersampled behavior can contaminate even large-scale
and time-mean quantities, which would otherwise be
recovered faithfully.
Geostationary satellites circumvent some of the
limitations inherent to polar-orbiting data. Unlike polar-orbiting measurements, observations from a geostationary platform are synoptic, so they truly reflect
the instantaneous cloud pattern. However, geostationary satellites sample only part of the globe, limiting
the behavior that can be studied. Thus, relating fluctuations in one convective region to those in another is
not possible.
The historical limitations of observing cloud behav-

ized convection, including several harmonics of the
diurnal cycle. Section 3 describes an Image Analysis
System (IAS), which has been developed to investigate the space-time behavior of cloud activity. Data,
hardware, and software are integrated in the IAS into
a single system, which can perform a variety of spacetime analyses on the 3-dimensional data with interactive speed. Statistical properties of cloud activity and
other preliminary results derived from the Global Cloud
Imagery are presented in section 4, followed by a
prognosis for future work in section 5.

2. Assimilation

Infrared radiances from the ISCCP level B3 archive
(Schiffer and Rossow 1985) have been composited
into synoptic images of the global cloud field for the
period 1 July 1983-30 June 1984 (see Tanaka et al.
1991 for a detailed discussion). The source data for
the GCI are 11-|im infrared radiances measured
aboard the four geostationary platforms: GMS, GOESE, GOES-W, and METEOSAT, and the two polarorbiting platforms: NOAA-7 and NOAA-8. The GMS
platform is operated by the
Japanese Space Agency,
The historical limitations of observing cloud behavior from METEOSAT is operated by
space stem from insufficient information. The earth is the European Space
sampled incompletely and too infrequently to properly Agency, and the remaining
represent the global cloud field. A unique opportunity to platforms are operated by
overcome these limitations has been provided by the NOAA. After 30 June 1984,
International Satellite Cloud Climatology Project (ISCCP). GOES-E ceased operation
and data from only three
geostationary platforms are
ior from space stem from insufficient information. The available. Radiances measured aboard each of the
earth is sampled incompletely and too infrequently to satellites have been intercalibrated and navigated by
properly represent the global cloud field. A unique ISCCP; see Schiffer and Rossow (1985) for details.
opportunity to overcome these limitations has been
The ISCCP source data, shown in the cover figure
provided by the International Satellite Cloud Climatol- constitute a 3-dimensional (longitude-latitude-time)
ogy Project (ISCCP) (Schiffer and Rossow 1983). sample of the earth's instantaneous cloud field. ObInterealibrated measurements from four geostation- servations from the geostationary platforms appear
ary and two polar-orbiting platforms simultaneously synchronously within the sample volume at discrete
monitoring the earth afford a view of the global cloud synoptic times. Those observations form a lattice of
field with unprecedented spatial and temporal resolu- partial images which are densely populated between
tion.
60°S and 60°N. Meandering through this lattice is the
This paper presents an overview of how those data asynoptic data from the two polar-orbiting platforms.
have been assimilated into synoptic images of the Unlike the geostationary measurements, the polarglobal cloud field and how the resulting imagery is orbiting data sample the observational volume conbeing used to investigate, among other things, tropo- tinuously in time, but only over a restricted zone of
spheric convection. Section 2 describes the assimila- longitude at any instant. The geostationary measuretion of data from the individual satellites into synoptic ments provide good coverage at synoptic times (3images of the global cloud pattern. Having horizontal hourly) over much of the globe, but are sparsely
resolution of about half a degree and temporal resolu- populated at high latitudes. On the other hand, the
tion of 3 h, the resulting Global Cloud Imagery (GCI) polar-orbiting data have complete global coverage,
capture most of the variability associated with organ- but are available asynoptically (i.e., only at a particular
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latitude and over about 30° of longitude at any instant).
At high latitudes, where geostationary coverage is
limited, the collective sampling relies heavily on polarorbiting data. The reduced frequency of observations
in polar regions (e.g., 6-hourly vs. 3-hourly), poses
less of a problem there than it would in the tropics
because cloud variability at high latitudes is controlled
by synoptic disturbances (which operate on time scales
of a day or longer), whereas cloud variability in the
tropics is controlled by mesoscale convection (which
operates on much shorter time scales).
Although they represent a unique opportunity to
study global cloud behavior, the ISCCP data are not
without their limitations. One apparent in the cover
figure is the reduced coverage over the Indian sector,
where data from the Indian geostationary satellite (INSAT) are not available. The absence of those data
leaves approximately 140° between the subsatellite
points of METEOSATand GMS. However, because
the fields of view of geostationary satellites extend approximately 70° to either side of the nadir along the
equator, data from Meteosat and GMS overlap just
enough to provide complete coverage over most of the
globe.
Another limitation of the source data is the reduced
accuracy near the limb of the field of view of geostationary satellites. For satellite zenith angles greater
than about 85°, information on cloud tops is distorted
by the oblique viewing geometry. This property of the
geostationary data is most serious near 70°E, where
only observations from the limbs of METEOSATand
GMS are available on a continuing basis. As will be
seen below, the overlap between GMS and Meteosat
is just adequate to preserve full global coverage, and
a polar-orbiter traverses that region about every 6 h.
Elsewhere, more viable geostationary data circumvents this limitation.
A series of operations are performed on data from
the individual satellites to produce the Global Cloud
Imagery. These operations are staged so as to compromise least the information content of the source
data in generating the synoptic global images. To
facilitate subsequent analyses, the Global Cloud
Imagery are constructed with certain homogeneous
properties. Data in GCI are spaced uniformly in longitude, latitude, and time. Further, the GCI contain no
data voids, which would undermine the efficiency of
diagnostic operations and render many impractical for
the volume of data involved. The assimilation begins
by defining a (512)2 picture element (pixel) array,
which represents a longitude-latitude projection of the
globe. In this composite image, the Greenwich meridian is located at the left and right edges and the North
and South Poles are at the top and bottom, respectively. The (512)2 pixels, spaced uniformly in each

Bulletin American Meteorological Society

direction, provide a nominal resolution of 0.7 degrees
in longitude and 0.35 degrees in latitude.
In the first phase of the assimilation, data are
extracted from all six satellites within ± 90 min of 3hourly synoptic map times. Infrared radiances are
converted to equivalent black body temperatures
according to calibration tables which are provided with
each of the satellite images and which have been
intercalibrated to a single reference. Multiple source
data falling into one of the pixels in the composite
image are averaged,1 with data weighted according to
their satellite zenith angles to reject observations near
the limb. As can be seen in Fig. 1, which shows the
composite image following this phase of the assimilation, much of the globe between 60°S and 60°N is
covered by the geostationary imagery. However, in
general, the density of pixels is reduced near 70°E,
where data from INSAT are unavailable (cf., cover
figure). Although distracting to the eye, data voids actually occur only about every other pixel. Therefore,
most of the information is represented with only a
modest reduction in resolution, as will become apparent below. The coverage of METEOSATand GMS diverge in polar regions, leaving a substantial gap at
high latitudes in the form of a "V" near 70°E. In fact, the
fields of view of all of the geostationary satellites
diverge at high latitudes, only sooner near 70°E because of the wider separation between METEOSAT
and GMS. At those synoptic times when a polarorbiter happens to traverse one of those gaps (e.g.,
the one near 70°E in Fig. 1), that data void is filled
partially or eliminated altogether. However, reduced
coverage over the polar caps is intrinsic to the geostationary viewing geometry and can be eliminated only
by incorporating asynoptic data from the polar-orbiting
platforms.
In the second phase of the assimilation, small data
voids are filled through a series of spatial interpolations. Between 60°S and 60°N, a latitude-longitude
interpolation is applied to partially populated regions
satisfying certain distribution criteria. First, all vacant
pixels lying within one pixel of available observations
and circumscribed by such observations (see Tanaka
et al. 1991 for details) are filled by 3 x 3 interpolation.
This procedure is applied successively until all pixels
that can satisfy the criteria have been filled. At that
point, all vacant pixels lying within two pixels of available observations and circumscribed by such observations are filled by a series of 5 x 5 interpolations. By
staging these operations with the smallest interpolations first, data voids in the composite image are
This corresponds approximately to averaging cloud heights
since temperature varies nearly linearly with altitude in the troposphere.

469
Unauthenticated | Downloaded 01/09/23 01:41 AM UTC

FIG. 1. Composite image resulting after synoptic data extraction stage of assimilation algorithm. Data accepted within ±90 min of (3hourly) synoptic map time.

eliminated without compromising the resolution of the
source data. Pixels that can be filled with only a small
amount of interpolation are treated in that manner.
Those requiring interpolation over a wider region are
postponed until that phase, and so on. Most of the
vacant pixels near 70°E are eliminated in this stage of
the algorithm and a solid image results across much of
the globe.
After treating pixels between 60°S and 60°N, the
assimilation turns to small data voids at high latitudes.
Vacant pixels in polar regions are treated similarly to
those between 60°S and 60°N, but in polar cartesian
geometry, which accounts for geometric distortion
near the poles. Data poleward of 45° are transformed
into a polar cartesian coordinate system, wherein
vacant pixels are filled through a series of spatial
interpolations. As for data voids between 60°S and
60°N, only interpolations over a few of the pixels are
considered. Performing those interpolations in polarcartesian geometry greatly reduces the number of
vacant pixels remaining after this stage of the assimilation because data voids at high latitudes actually
span small physical dimensions. Figure 2 shows the
composite image resulting after the spatial interpola-
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tion phase of the assimilation. With the exception of
the polar caps, nearly all of the globe has been filled.
No pathological behavior in the Indian sector is discernible.
Remaining data voids are filled through temporal
interpolation in the third and final phase of the assimilation. For the most part, only data over the polar caps
remain vacant to this stage. The assimilation algorithm has been structured with temporal interpolation
postponed until last because this ordering of operations pushes remaining data voids to high latitudes,
where cloud variability is relatively slow. All available
data forwards and backwards in time, including pixels
that have been extracted synoptically from the source
archive, interpolated spatially, and asynoptic data
from the polar-orbiters lying intermediate to synoptic
map times, are used to interpolate temporally all
remaining vacant pixels. For the most part, high latitude pixels rely on polar-orbiting data because of the
limited geostationary coverage over the polar caps.
The reduced temporal sampling (e.g., 6 h) appears to
be adequate because of the synoptic behavior of
cloud activity at these latitudes.
The fraction of pixels in the composite image filled
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in each of the three phases of the assimilation are
summarized in Table 1 by geographical region. For
the globe as a whole, over 80% of the pixels are filled
in the first phase of the assimilation. Less than 4%
remain vacant after the series of spatial interpolations
and a solid image is produced after the temporal interpolation phase.
The final composite image corresponding to Figs. 1
and 2 is shown in Fig. 3, along with three (6-hourly)
consecutive images created in the same manner.
Several features are evident in this 6-hourly sequence
of panels. The ITCZ appears as the brightest (coldest)
clouds. These high clouds occupy the mean position
of the ITCZ, familiar in time-averaged maps of cloud
cover (e.g., Liebmannand Hartmann 1982). However,
the spatial and temporal continuity and global coverage in Fig. 3 are without parallel and reveal behavior
not represented in time-mean statistics nor in conventional satellite measurements. The ITCZ actually
consists of a wide range of convective features which
evolve on time scales of hours and longer. The diurnal
variation is noteworthy. As the sun travels across the
globe, cloud-free regions such as Australia, northern
Africa, and western North America warm (darken). By
contrast, tropical landmasses, such as Africa and

TABLE 1. Number of pixels per image filled after each of the
three phases of the assimilation, by latitude bands: 30°N-30°S,
poleward of 30°, and for the entire globe. Averaged over 16
images during 9-10 January 1984.
Synoptic Data
Extraction

Spatial
Interpolation

Temporal
Interpolation

30 S-30 N

86279.31
(99.13%)

87040
(100%)

87040
(100%)

SP-30 S
30 N-NP

127514.50
(72.82%)

166452.13
(95.06%)

175104
(100%)

SP-NP

213793.63
(81.56%)

253492.13
(96.70%)

262144
(100%)

Central America and the northern tip of South America, as well as mountainous regions in North America,
respond through daily bursts in convection which
appear in the form of cold (bright) clouds.
The daily development of convection appears clearly
in longitude-time (Hovmoller) sections of the GCI,
such as that for 7°N shown in Fig. 4. In northern
Ethiopia (40°E) and over the Ivory Coast (20°W),
convective bursts appear each day. After a prelimi-

FIG. 2. Composite image resulting after spatial interpolation stage of assimilation algorithm. A solid image results between 60°S and
60°N, with vacant pixels confined to polar regions.
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FIG. 3. Successive global cloud images (6-hourly) on 2 July 1983 which result after the assimilation has been completed. All pixels are
filled and the resolution is comparable to the original imagery. The grey scale at the bottom shows the range of equivalent black body
temperature. Diurnal variations in surface temperature and convection are evident over Australia, tropical Africa, and western North
America.

nary phase of explosive growth, these cloud features
drift westward in tropical easterlies. Similar behavior is
evident in the eastern Pacific, where it is stimulated by
diurnal heating over the northern tip of South America.

3. Interactive Image Analysis System
The Global Cloud Imagery produced by this assimilation of satellite data provide an unprecedented view of
the earth's cloud field. Each of the composite images
represents a nearly instantaneous snapshot of the
global cloud pattern. Having synoptic coverage of the
entire earth, horizontal resolution of about half a degree, and temporal resolution of 3 h, the GCI resolve
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most of the variability of organized convection, including several harmonics of the diurnal cycle.
Despite these attractive features, the GCI constitute a formidable volume of information. Each composite image contains approximately 1/4 million pixels; there are 8 images per day, and the archive spans
a year. Treating this volume of information in a practical and efficient manner is nontrivial.
The homogeneous properties of the GCI allow diagnostic operations to be streamlined. An interactive
Image Analysis System (IAS) has been developed to
capitalize on that data structure for purposes of studying cloud behavior. In the IAS, data, hardware, and
software are integrated into a single system capable of
providing a variety of space-time diagnostics in menu-
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driven format. Because of its customized architecture,
the IAS calculates such diagnostics from the 3-dimensional data with exceptional performance; see Woodberry et al. (1991) for a detailed discussion.
Two classes of operations must be performed on
the GCI for diagnosing cloud variability. The first
involves viewing individual global images and manipulating values within those images. Such operations are performed naturally on an "Image Archive,"
in which data are structured
<j>fj tk), where X, <|>, and
t denote longitude, latitude, and time, respectively.
Each file in the Image Archive contains a global image
at a particular time, such as those shown in Fig. 3. A
second class of operations involves manipulating time
series for individual pixels or collections thereof. Those
operations are performed efficiently on a "Hovmoller
Archive," in which data are structured \j/(tk, X,, fy). Each
file in the Hovmoller Archive contains a time-longitude
section at a particular latitude, such as that shown in
Fig. 4.
The architecture of the Image Analysis System in-

volves of four components: 1) the central processor, 2)
the image processing subsystem, 3) the array processor, and 4) storage devices
A SUN 4-380 file server functions as the central
processor. In addition to general computing capabilities, this unit provides telecommunication to remote
sites. An Image Technology Incorporated (ITI) ITEX
150 serves as the image processing subsystem. The
ITI provides a variety of 2-dimensional image processing functions (e.g., image access, arithmetic, and
convolution), which are hardwired. A SKY Computers
Incorporated Warrior serves as the array processor.
The pipeline architecture of the SKY allows a variety of
vector operations to be performed efficiently, including Fast Fourier Transforms (FFT) which are relied on
heavily in the present application.
Because of the volume of information contained in
the GCI, storage is a critical factor. The IAS is configured with two Symtec Most laser disk drives, which
have capacity and transfer rates comparable to conventional magnetic disks but with a replaceable me-

FIG. 4. Longitude-time (Hovmoller) section of global cloud imagery for 7°N. Diurnal variations are evident near 40°E, 20°W, 60°W,
and 120°E.
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dium. Each laser disk cartridge accommodates a 4month seasonal archive of GCI on one of its two sides.
With the Image Archive loaded into one drive and the
Hovmoller Archive loaded into the other, the user has
quick access to the GCI in either of the two forms
required for analysis.
Menu-driven software making use of these devices
provides the user with a variety of covariance (spacetime) diagnostics. The philosophy of the IAS is to
compute such quantities in Fourier space and transform back to physical space if necessary. The hardwired FFT in the SKY allows such operations to be
accelerated greatly over that possible in a general
purpose computing environment. Many of these operations, in fact, can be performed with interactive
speed. For example, a single image can be spatially
filtered (e.g., to remove small-scale variability) by
applying 512 zonal transforms (one at each latitude)
followed by 257 complex meridional transforms (one
for each zonal wavenumber), eliminating unwanted
components, and then inverse transforming. On a
Pyramid-90X (equivalent in performance to a VAX-11 /
785) that operation requires approximately 5 min. The
same operation is performed by the IAS in about 2 seconds.

4. Preliminary results
In tandem with the diagnostic capabilities of the IAS,
the GCI provide a unique opportunity to investigate
global cloud behavior. Examples of convective variability are presented below for the fall season: 14
August 1983-17 December 1983.
Distributions of time-mean cloud cover and the
standard deviation of fluctuations about the timemean are shown in Fig. 5. The transition between the
northern and southern monsoon seasons is reflected
in the time-mean cloud cover (Fig. 5a). Deep convection is concentrated near the equator in the Indian
Ocean and over Africa, as is typical of this period (e.g.,
Meehl 1987), with only a suggestion of the Indian
monsoon remaining at this time. Active convection in
the extreme eastern Pacific is perhaps due to lingering
effects of the 1982-83 ENSO episode. Over maritime
regions, the ITCZ is well north of the equator. In the
western Pacific, convection is also found south of the
equator. In fact, convection in the western Pacific
assumes the form of a "split ITCZ," which is discussed
further below.
Traditionally, the ITCZ is thought of as a region of
more or less steady convection. However, the standard deviation of cloud cover, shown in Fig. 5b,
reveals this to be far from reality. In the western Pacific
(where convection is thought to be least variable), the
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standard deviation exceeds 25 K. Coincident timemean temperatures are about 260 K, whereas cloudfree temperatures (e.g., as evidenced by the surrounding region) are of order 295 K. Thus, time-mean
cloud tops are some 35 K colder than the surface,
which is comparable to root-mean-square (rms) fluctuations about time-mean values in Fig. 5b. The picture advanced by these statistics is that pixel temperatures are typical of the surface about half of the time
and typical of the upper troposphere the other half of
the time, with clouds evolving continually between
these extremes. RMS fluctuations are even greater in
other regions.
The spectral makeup of the variance indicated in
Fig. 5b is presented in Fig. 6. At each location, variance has been decomposed into three bands of frequency: low-frequency variance (periods longer than
10 days), synoptic-frequency variance (periods between 2 and 10 days), and high-frequency variance
(periods between 2 days and 6 h). Substantial power
appears in all three bands. The high-frequency band
contains mesoscale convective complexes, which
appear ubiquitously across the ITCZ. Variance in the
ITCZ is dominated by fluctuations in the synopticfrequency range, at least over maritime regions. As
will be seen below, much of this variance is associated
with easterly waves (eg. Reed and Recker 1971).
High-frequency components dominate the spectrum
over tropical landmasses. Diurnal power accounts for
much of that variance, especially in spatially-averaged quantities, as will be seen below. Only in the
Indian sector does low-frequency variance prevail
during this period.
The distribution of total variance near 7°N and the
percent contribution from high-frequency components
and from diurnal components are shown in Fig. 7 as
functions of longitude. The total variance (solid) is
largest in the western Pacific, where the highest timemean cloud tops are found. On average, high-frequency variance (dashed) represents about 40% of
the total and jumps to more than 60% over tropical
landmasses. This noticeable increase is due, in large
part, to diurnal variability (alternating dashed). The
percent variance contributed by diurnal components
increases from about 5% over maritime regions to
over 25% over land. The percentage variances quoted
above apply to individual pixels. It will be seen below
that diurnal variability constitutes over half of the
spatially-coherent variance over land.
The spectral distribution of cloud activity is now examined in greater detail for the two regions indicated
in Fig. 5. In the Pacific, the region windowed over the
ITCZ spans some 55° of longitude and 9° of latitude
and is centered at (7.5°N, 180°E). Over Africa, the
windowed region spans 25° of longitude and 20° of
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FIG. 5. (a) Time-mean brightness temperature and (b) 3-hourly standard deviation of brightness temperature about the time-mean for
14 August-17 December 1983. Unsteady temperature variability represented in the standard deviation is comparable to the departure of
time-mean values from surface values almost everywhere. Areas windowed over Africa and the Pacific are used in subsequent analyses.

latitude and is centered at (0°N, 20°E). Each of the
windowed regions contains roughly 2000 pixels. An
ensemble estimate of the frequency spectrum of individual pixels is constructed by averaging the 2000
power spectra of pixels in each of the regions indicated
in Fig. 5. The 4000 degrees of freedom per spectral
estimate in the ensemble-averaged power spectrum
represent a very high level of statistical reliability.
Before power spectra of individual pixels are constructed, the time-mean and trend are removed and a
Hanning window is applied to each of the time series.
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Four passes of a 1 -2-1 frequency convolution are also
applied, which reduces only slightly the bandwidth
from 1/128 cpd.
The resulting power spectra for the two regions in
question are shown in Fig. 8. Normalization factors for
the two spectra are actually quite close: 432 K2 for the
Pacific and 388 K2 for Africa, as are the cumulative
variances in the two regions. However, the spectrum
for the Pacific contains more low-frequency power and
less high-frequency power than the corresponding
spectrum for Africa. The spectra are also distinguished
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FIG. 6. Brightness temperature variance decomposed according to frequency bands (a) periods longer than 10 days, (b) 10 days-2 days,
(c) 2 days-6 h.

by discrete features: pronounced diurnal and semidiurnal components in the spectrum for Africa and an
equally significant peak near 4 days in the spectrum
for the Pacific2. The peak near 4 days is associated
with synoptic-scale easterly waves, as is discussed in
greater detail below. Substantial power lies at frequencies beyond 0.5 cpd for both regions, variance
which is undersampled in conventional polar-orbiting
observations.
An alternative, but not equivalent, means of increasing the number of statistical degrees of freedom
2

The semi-diurnal component of convection over Africa results from
the nonsinusoidal behavior of the heating field.
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involves averaging pixels before computing the power.
This procedure discriminates to fluctuations which
operate coherently over the dimensions of the window. Unlike the spectra in Fig. 8, which represent the
ensemble average variability for individual pixels, frequency spectra derived in this manner represent
spatially-averaged behavior. Only fluctuations which
are coherent across the averaging domain will contribute to those spectra. Spectra calculated in this manner
are shown in Fig. 9 for the two regions indicated in Fig.
5. For reference, power spectra calculated by averaging those of individual pixels are also shown. Over the
Pacific (Fig. 9a), the total variance is reduced dramatically, especially at frequencies of 0.25 cpd and greater.
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FIG. 7. Total brightness temperature variance for 7°N, normalized by the maximum for that latitude (solid), and percentage variance contributed by frequencies greater than 0.5 cpd (dashed) and by the first three harmonics of the diurnal cycle (alternating dashed), as functions
of longitude.

Only a small residual remains from the easterly wave
peak at 4-5 days, which is present in the spectra of individual pixels. The suppression of that feature follows
from the fact that easterly waves responsible for that
behavior have characteristic dimensions comparable
to the averaging domain (cf. Reed and Recker 1971).
Fluctuations operating on frequencies greater than
0.25 cpd have scales much smaller than the dimensions of the window, so almost none of the power
survives the averaging process.
Over Africa (Fig. 9b), the same dramatic reduction
in total and high-frequency power results. However,
the strong diurnal and semi-diurnal peaks which are
present in the frequency spectrum of individual pixels
are reduced by only about 50%. Thus, about half of the
diurnal variance operates coherently across the convective region and that variance constitutes over half
of all of the spatially-averaged behavior (see also
Duvel 1988).
A strong diurnal cycle is evident over all tropical
land masses (e.g., over islands in the Indonesian
region, Central America and the northern tip of South
America, and Africa). Spectral peaks associated with
easterly waves appear in both the Pacific and Atlantic
Oceans. In the western Pacific, the 4-day peak in Fig.
8 has a counterpart south of the equator. Figure 10
shows the power spectrum for individual pixels, averaged between 155°E and 175°E, as a function Of
latitude. Pronounced spectral peaks appear at periods Of 4-5 days at 5-10°N and at 5-10°S. The symme-
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try of power in latitude and the clear minimum directly
on the equator suggest a dynamical mechanism, one
which senses the variation of the Coriolis parameter f

R q 8 p o w e r s p e c t r a of b r j g h t n e s s t e m p e r a t u r e for t h e r e g i o n s

indicated in Fig. 5 for the Pacific (solid) and tropical Africa (dashed),
The spectra shown represent the ensemble average of power
spectra for individual pixels within the regions indicated in Fig. 5.

477
Unauthenticated | Downloaded 01/09/23 01:41 AM UTC

at low latitudes and organizes convection with preferred symmetry about the equator.
In fact, power on opposite sides of the equator is

FIG. 9. Power spectra for the regions indicated in Fig. 5 for (a) the
Pacific and (b) tropical Africa. Spectra shown represent ensembleaveraged power spectra for individual pixels within the areas indicated (dashed) and power spectra of the spatially-averaged behavior within the areas indicated (solid).
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correlated and 180° out of phase. Figure 11 shows the
cross-correlation of time series at 7°N and 7°S, which
have been band-pass filtered between periods of 3.5
and 6 days. The cross-correlation (containing 30
degrees of freedom) oscillates with a period of approximately 4 days and remains high for the entire
duration shown. At 0 lag, the time series are anticorrelated, while at lags of ± 2 days they are strongly
correlated, describing a wave which is antisymmetric
about the equator and has a period of approximately
4 days. Thus, convection is organized on one side of
the equator while it is suppressed on the opposite side.
This entire pattern propagates westward with a period
of about 4 days. Easterly waves associated with this
variance appear to be responsible for the split ITCZ
appearing in time-mean fields such as that in Fig. 5a.
Similar features have been diagnosed in conventional
meteorological quantities, which also exhibit odd symmetry about the equator (Liebmann and Hendon 1990).

FIG. 10. Power spectrum of brightness temperature for individual
pixels averaged between 155°E and 175°E, as a function of latitude.
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5. Concluding remarks
Because of its global extent and the
wide range of scales involved, cloud
activity represents one of the greatest challenges to observing the atmosphere from space. Historical efforts to study global cloud behavior
have been hampered by observational limitations associated with incomplete coverage and inadequate
sampling in space and time.
A unique opportunity to overcome
these historical limitations has
emerged from ISCCP. Global Cloud
Imagery created from six satellites
simultaneously observing the earth
provide an unprecedented view of
the global cloud field. Having synoptic coverage of the entire earth, spatial resolution of about half a degree,
FlG 11
and temporal resolution of 3 h, the
- • Cross-correlation of brightness temperature at 7°N and 7°S at 170°E, bandass filtered
GCI capture most Of the variability Of P
between periods of 3.5 and 6 days,
organized convection, including several harmonics of the diurnal cycle.
Together with diagnostic capabilities of the Image contemporaneous measurements of dynamical beAnalysis System, the GCI permit a comprehensive havior in the stratosphere (as will become available
treatment of global cloud behavior. Space-time prop- from NASA's Upper Atmosphere Research Satellite)
erties of cloud behavior are being catalogued in an will permit cross-covariance studies to explore equaatlas of covariance statistics. A high-resolution video torial waves in the stratosphere and their relationship
of the entire archive, which will permit frame-by-frame to convective heating in the troposphere. Similarly,
meteorological analyses (e.g., height, motion, and
inspection, is also planned.
A full year of Global Cloud Imagery has been moisture) can be used together with the GCI to invesproduced for the period 1 July 1 9 8 3 - 3 0 June 1 9 8 4 . On tigate the role of convection in tropospheric phenom30 June 1984, GOES-E ceased operating, leaving ena. Incorporating statistical properties of cloud cover
only three geostationary satellites to cover the globe. in General Circulation Model integrations is another
It turns out that full coverage of the earth is preserved application. On a more long-term note, the 3-dimeneven after that date because the fields of view of GMS sional capabilities of the IAS and its flexibility in studyand GOES-W overlap at least as much as GMS and ing space-time behavior suggest that system as a
METEOSAT do over the Indian sector (see Tanaka et prototype for investigating large volumes of multidial. 1 9 9 1 ) . In fact, the repositioning of GOES-W which mensional data as are to be produced by NASA's
occurred shortly thereafter greatly improved the over- Earth Observing System.
lap with Meteosat, with no significant reduction in
coverage between GOES-W and Meteosat. Since the Acknowledgments. The authors wish to thank Jeff Kiehl and anonyassimilation algorithm described in section 2 treats the mous reviewers for comments provided on earlier versions of the
manuscript. Calculations and figures were prepared at the Center
more limited coverage in the Indian sector with rea- for Atmospheric Theory and Analysis. This work was supported by
sonable success, and since a second GOES satellite NASA Grant NAGW-1138.
was restored in 1987, the prospect of extending the
GCI from 1983 to the present appears promising.
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