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ABSTRACT

Synoptic images of the global cloud pattern composited from six contemporaneous satellites provide an
unprecedented view of the global cloud field. Having horizontal resolution of about 0.5° and temporal resolution
of 3 h, the global cloud imagery (GCI ) resolves most of the variability of organized convection, including several
harmonics of the diurnal cycle. Although the GCI has these attractive features, the dense and three-dimensional
nature of that data make it a formidable volume of information to treat in a practical and efficient manner.

An interactive image analysis system (IAS) has been developed to investigate the space-time variability of
global cloud behavior. In the IAS, data, hardware, and software are integrated into a single system providing a
variety of space-time covariance analyses in menu-driven format. Owing to its customized architecture and
certain homogeneous properties of the GCI, the IAS calculates such quantities with exceptional performance.
Many covariance statistics are derived from three-dimensional data with interactive speed, allowing the user to
interrogate the archive iteratively in a single session. The three-dimensional nature of those analyses and the
speed with which they are performed distinguish the IAS from conventional image processing of two-dimensional
data and suggest the IAS as a prototype for dealing with large volumes of multidimensional data as will be
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produced by NASA’s Earth Observing System.

1. Introduction

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, serve as a proxy for or-
ganized convection (e.g., Arkin and Ardunay 1989).
Although global measurements of OLR have been
around for some time, many basic properties of cloud
variability have yet to be quantified. Physical processes
depend critically on the space~time patterns of cloud
fluctuations. For instance, knowledge of the space and
time scales on which latent heating fluctuations operate
coherently and how latent heating fluctuations in one
region influence those in another is essential to under-
standing dynamical phenomena.

Investigating cloud behavior is made difficult by its
global nature and the wide range of scales involved.
These properties pose a serious challenge to observing
global cloud behavior from space. Conventional geo-
stationary and polar-orbiting measurements each have
limitations in capturing global cloud behavior [see
Salby (1989) for a review ]. These limitations stem from
insufficient information, as the earth is sampled in-
completely or too infrequently to properly describe the
global cloud field.
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A unique opportunity to overcome these historical
limitations has been provided by the International Sat-
ellite Cloud Climatology Project (ISCCP) (Schiffer and
Rossow 1983). Data from six satellites simultaneously
monitoring the earth afford an unprecedented view of
global cloud behavior. Tanaka et al. (1991) describe
in detail how those data have been composited into
synoptic images of the global cloud field. Having syn-
optic coverage of the entire earth, horizontal resolution
of about 0.5°, and temporal resolution of 3 h, the re-
sulting global cloud imagery (GCI) resolves most of
the variability of cloud behavior, including several har-
monics of the diurnal cycle.

However, one year of the GCI constitutes a huge
volume of information. Manipulating and processing
this archive in a practical and efficient manner is a
challenge, one that must be met if global cloud behavior
is to be investigated meaningfully. In particular, the
dense and three-dimensional nature of the GCI make
the calculation of covariance (space-time) quantities
computationally intensive.

This paper describes an image analysis system (IAS)
that has been developed to investigate the space-time
characteristics of global cloud activity using the GCI.
In the IAS, data, hardware, and software are integrated
into a single system providing a variety of covariance
space-time analyses in menu-driven format. Because
of its customized architecture and certain homoge-
neous properties of the GCI, the IAS performs such
analyses on three-dimensional data with exceptional
speed. The data structure of the GCI, on which the
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range of features is represented. Saharan Africa and
the Arabian peninsula are warm (dark) due to the
diurnal heating of land. At the same time, diurnal cloud
fluctuations visible over central Africa appear as cold
cloud tops (bright). In the Northern Hemisphere, the
position of the jet stream is delineated by cirrus clouds
stretching across the northern Pacific. In the Southern
Hemisphere, a regular array of cyclones dominates the
behavior at high latitudes.

The global cloud imagery has several properties that
make it attractive for studying cloud behavior. First,
data in the GCI provide synoptic coverage of the globe
(within £90 min) and have enough spatial and tem-
poral continuity to resolve most of the variability of
organized convection, including several diurnal har-
monics. Second, data are spaced uniformly in longi-
tude, latitude, and time, permitting efficient manipu-
lation in diagnostic operations. Specifically, there are
no data voids, as all pixels have been filled with actual
observations or with data interpolated in space and
time from the nearest available observations. This fea-
ture of the GCI circumvents having to check for missing
data and allows operations to be streamlined. These
homogeneous properties make the GCI ideally suited
to a variety of space-time analyses. In particular, Fou-
rier transforms, useful in calculating covariance statis-
tics, can be applied directly.

Although having these attractive features, the GCI
nevertheless represents a challenging volume of infor-
mation. Each of the composite images contains ap-
proximately one-quarter million pixels (512 latitudinal
scan lines, each containing 512 longitude pixels); there
are eight images per day, and the archive spans 1 yr.
This is a three-dimensional sampling of the instanta-
neous cloud field, extending over longitude, latitude,
and time. Two classes of operations must be performed
on the GCI to diagnose cloud behavior, each of which
requires a different data structure for efficient process-
ing (Fig. 2).
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The first class of operations involves spatial analyses
such as wavenumber transforms and spatial correla-
tions. Such operations are performed efficiently on an
“image archive” in which data are stored as a sequence
of global images such as that shown in Fig. 1. Data in
the image archive are arranged in separate random ac-
cess files, each containing an array of (longitude, lati-
tude). Image files are preceded by a header record that
contains information pertinent to the creation of the
synoptic image. Because they are stored as random ac-
cess files, individual images can be acquired directly,
without having to sequence through all preceding files.
An image archive is constructed for each of the 4 sea-
sons, each 4 months (128 days) in length and overlap-
ping by about 1 month with adjacent seasons. Included
with each seasonal archive are two statistical images:

(i) the distribution of time-mean cloud cover for
the season and

(i1) the root-mean-square (rms) deviation about the
time~-mean cloud cover.

The latter reveals locations on the globe where cloud
variance is concentrated.

The second class of operations required in analyses
of cloud behavior involves operations in time, such as
frequency transforms and temporal correlations. Tem-
poral behavior for individual pixels or collections of
pixels is acquired efficiently from a “Hovméller ar-
chive” without having to sequence through the entire
series of global images. In the Hovmoller archive, data
are structured in a latitudinal series of (time, longitude)
arrays, such as that shown in Fig. 3. Time is the primary
index and each time series is stored as a separate record
within a direct access file. Each of these files represents
a “slice” of the GCI through a particular latitude and
contains the time series for all 512 longitudes. The time
series extend over a 4-month season of 1024 global
images. Since their record lengths are a power of 2,
these time series lend themselves to direct spectral cal-

Image Archive

latitude

time

longitude

longitude

Hovméoller Archive

/

latitude

time—

FIG. 2. Dual archive structure: the image archive is accessed for spatial data. The Hovmoller
archive is accessed for temporal data. The “slice” through the images and the boldly outlined
Hovmoller file indicate the same data as it is structured in each archive.
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IMAGE ANALYSIS SYSTEM
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F1G. 4. System architecture: hardware components include a central
processing unit (SUN), an image processing subsystem (ITI), an
array processor (SKY), and optical disk storage.

subsystem. The ITI performs a variety of two-dimen-
sional image processing functions, such as image arith-
metic, convolution, and contrast enhancement. This
subsystem is equipped with a 5122 frame buffer into
which the composite images in the image archive can
be loaded directly. Image access by the ITI has the
benefit of hardwired functions, allowing a 5122 global
image to be loaded from optical disk to memory in
under 2 s.

Standard two-dimensional image processing oper-
ations are hardwired directly into the ITI for efficient
application to data residing in the frame buffer. Many
of the operations performed by the ITI are executed
on the stored byte values, so no conversion (e.g., to
floating point) is necessary. Subsets of pixels within an
image can be processed efficiently in an “area-of-in-
terest mode” without having to treat the entire array.
Look-up tables can be defined to alter data on an in-
dividual pixel basis, providing a one-to-one mapping
of input to output values. This function may be used
to enhance the grey scale contrast of an image or to
identify particular pixels for display or subsequent pro-
cessing, The ITI can output imagery at video rates (30
frames per second) as RGB, which may be displayed
on a monitor or converted to VHS or SVHS video
format for recording.

c. Array processor

For computationally intensive operations and, in
particular, for calculating covariance quantities, the IAS
relies on the vector processing capabilities of a SKY
Computers, Inc. Warrior array processor. This pipeline

WOODBERRY, TANAKA, HENDON AND SALBY

631

processor includes 8§ MB of memory and has a number
of hardwired operations, such as vector arithmetic.
Multidimensional arrays are treated by the SKY’s
pipeline architecture as efficiently as one-dimensional
vectors.

The capabilities of the SKY on which the IAS relies
particularly heavily are hardwired FFTs. The philos-
ophy used in the IAS to compute space-time statistics
is to calculate covariance quantities in Fourier space
and transform back to physical space if necessary. Be-
cause the FFTs are hardwired directly into the SKY,
these operations perform orders of magnitude faster
than is possible in a standard computing environment.

d. Storage

The volume of information represented in the GCI
makes storage and data transfer a critical factor. The
dual archive structure described in section 2 doubles
storage requirements, but provides nearly immediate
access to both spatially and temporally varying data.

Image and Hovmaller archives are stored by season
on optical disk cartridges. These cartridges hold ap-
proximately 270 MB per side and allow muitiple writes.
A full seasonal archive can be stored on one of the two
sides. Thus, the image and Hovmoller archives for a
particular season can be brought on-line by loading the
appropriate cartridges into two Symtec (Sony) laser
disk drives. Although these are slightly slower than Fu-
jitsu Eagle disk drives, the optical disks have the ad-
vantages of being a replaceable and economical storage
medium. Four optical disk cartridges can store an entire
year of the GCI, including both image and Hovméller
archives.

The entire year of global cloud imagery is also ar-
chived on 8-mm video cassettes, which hold 2.2 GB
each. Special additional archives, such as convolved
imagery, are stored on this medium as well. These cas-
settes are read on an Exabyte tape drive, which has
data transfer rates about four times faster than a 0.5”
tape drive and can accommodate a much larger volume
of data.

4. Functionality

The customized architecture of the IAS allows the
GCI to be manipulated very efficiently. Software has
been developed to capitalize on that architecture and
on the homogeneous properties of the GCI to provide
a variety of diagnostic operations useful for studying
cloud behavior. Subsets of the three-dimensional data
may be accessed quickly with the ITI. Once acquired,
data can be converted quickly from byte to floating
point formats by using a hardwired function in the
SKY. Subsequently, a variety of covariance quantities
can be calculated with exceptional speed using the
hardwired FFTs in the SKY.

The IAS has two modes of operation, each provided
in menu-driven format. In “display mode,” the IAS
enables the user to extract and view portions of the
GCI from either the image archive or the Hovmoller
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archive. A variety of viewing and preliminary diag-
nostic operations is available in this mode. In “analysis
mode,” the IAS provides the user with a menu of co-
variance statistical operations for application to subsets
of the GCI that have been specified in display mode.
In tandem with the homogeneous properties and dual
archive structure of the GCI, the SKY and ITI allow
operations in longitude, latitude, and time to be per-
formed with equal efficiency.

a. Display mode

The display mode allows the user to browse through
individual archives by displaying data from the image
archive or the Hovmoller archive as images on an RGB
monitor (see Figs. 1, 3). The starting point for most
investigations is viewing the statistical images contained
in the two preliminary files of each archive. The time-
mean and rms distributions of cloud cover reveal where
cloud activity occurs during that season, e.g., how the
temporal variance is distributed over the globe.

The rms distribution of cloud cover is basically a
map of cloud variability. To view the cloud field evo-
lution responsible for that variance, the user can se-
quence through individual images in the image archive.
This operation can be executed manually with key-
board input, as designated on the menu, or automat-
ically by specifying the beginning and ending map
times. Because they are stored as random access files,
images located in the middle of a season are accessed
as quickly as are beginning and sequential images (see
section 5).

Temporal variations can be viewed by extracting
time series from the Hovmoller archive and structuring
them in the image format (5122 byte array) used by
the I'TI hardware. For instance, if certain behavior ap-
pears in the global image sequence over a particular
region, that evolution can be viewed in greater detail
by displaying time series in the region in a Hovmoller
image. Because the Hovmaoller files are 1024 time steps
in length, whereas the ITI frame buffer is only 512,
Hovmodller images are displayed for 64 days (512 map
times) at a time. As with the global images, the user
may sequence through different latitudes manually or
automatically, simply by specifying the beginning and
ending coordinates.

In addition to these basic viewing operations, ancil-
lary information can be applied to the image being
displayed. Continental outlines or a latitude-longitude
grid can be superposed on the global images. Images
may be shifted longitudinally by changing the center
viewing longitude on the menu. Similarly, global im-
ages may be magnified in steps of two, focusing on
particular areas specified in the menu.

Frequently, an image contains only a portion of the
range of integer byte values accepted by the ITI (1-
255). For example, distributions of time-mean cloud
cover span only a fraction of the range of individual
synoptic images because the highest clouds populate
only a small portion of the data volume. Such images
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may be rescaled using the contrast enhancemen, ca-
pabilities of the ITI to make use of the full grey-scale
range. Similarly, a family of nonlinear mappings from
pixel values to the grey scale or to RGB color scales
are available to emphasize particular ranges of cloud
height.

Regional behavior can be isolated by activating a
cursor. This cursor may be moved in any of eight di-
rections, in either pixel or degree steps of one or ten,
by striking designated keys. The cursor position spec-
ifies a particular location for data acquisition from ei-
ther the image archive or the Hovmoller archive. Co-
ordinates of the cursor (given as image indices and as
latitude and longitude coordinates ) and brightness val-
ues (given as byte value and equivalent blackbody
temperature) are automatically displayed on the cursor
submenu. A search option scans for specific values or
values greater or less than a given threshold.

The cursor may be expanded to a horizontal or ver-
tical line or to a rectangular window of arbitrary di-
mension and aspect ratio. Coordinates of the window,
the average pixel value over the windowed region, and
maximum and minimum values are automatically
displayed as for the single pixel cursor.

b. Analysis mode

In the analysis mode, the IAS provides a variety of
space~time analysis options. Unlike the image output
provided in the display mode, line graphics produced
in analysis mode are displayed directly on the SUN
console.

At the heart of these calculations is the FFT. Every
covariance statistical quantity in physical space has a
one-to-one image in Fourier space (e.g., Bath 1974).
For instance, the autocovariance of a data string is re-
lated to the power spectrum of that string through the
Fourier transform. Therefore, if one of these quantities
is known, the other can be determined by Fourier
transform. As will be seen in section 5, the hardwired
FFTs in the SKY make such quantities available orders
of magnitude faster than is possible in a generic com-
puting environment. In fact, many operations are
completed with “interactive speed,” wherein the user
1s provided results fast enough to repeat calculations
iteratively without leaving the console.

Once a subset of the GCI has been selected in display
mode (e.g., as designated by the cursor), space-time
analyses can be applied from the menu. Options in-
clude:

1) wavenumber spectra: power, amplitude, and
phase,

2) frequency spectra: power, amplitude, and phase,

3) space-time spectra: power, amplitude, and phase,

4) auto- and cross-covariance (correlation),

5) frequency coherence squared and phase,

6) spatial and temporal convolution: low-, high-,
bandpass filters,






