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ABSTRACT

A system has been developed and implemented that merges pixel resolution (~4 km) infrared (IR) satellite data
from all available geostationary meteorological satellites into a global (60°N-60°S) product. The resulting researchquality, nearly seamless global array of information is made possible by recent work by Joyce et al., who developed a
technique to correct IR temperatures at targets far from satellite nadir. At such locations, IR temperatures are colder
than if identical features were measured at a target near satellite nadir. This correction procedure yields a dataset that
is considerably more amenable to quantitative manipulation than if the data from the individual satellites were merely
spliced together.
Several unique features of this product exist. First, the data from individual geostationary satellites have been merged
to form nearly seamless maps after correcting the IR brightness temperatures for viewing angle effects. Second, with the
availability of IR data from the Meteosat-5 satellite (currently positioned at a subsatellite longitude of 63°E), globally
complete (60°N-60°S) fields can be produced. Third, the data have been transformed from the native satellite projection of each individual geostationary satellite and have been remapped to a uniform latitude/longitude grid. Fourth, globally merged datasets of full resolution IR brightness temperature have been produced routinely every half hour since
November 1998. Fifth, seven days of globally merged, half-hourly data are available on a rotating archive that is maintained by the Climate Prediction Center Web page (http://www.cpc.ncep.noaa.gov/products/global_precip/html/
web.html). Unfortunately, international agreement prevents us from distributing Meteosat data within three days of real
time, so the data availability is delayed appropriately. Finally, these data are permanently saved at the National Climatic
Data Center in Asheville, North Carolina, beginning with data in mid-September of 1999.
In this paper, the authors briefly describe the merging methodology and describe key aspects of the merged product.
Present and potential applications of this dataset are also discussed. Applications include near-real time global disaster
monitoring and mitigation and assimilation of these data into numerical weather prediction models and research, among
others.
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teorological instrumentation. In particular, infrared
(IR) data from the present international constellation
of operational geostationary meteorological satellites
offers high-resolution (~4 km) views from space over
large areas and at frequent intervals (at least hourly)
over the entire globe (~60°N-60°S). These data are
used extensively for weather forecasting both directly
by forecasters and indirectly due to their incorporation
into model forecast assimilation systems. Perhaps their
most important use is for the monitoring of severe
weather situations such as flash flood monitoring
(Scofield and Oliver 1987). Numerous international
programs rely heavily on geostationary satellite IR
data, among them being the International Satellite
Cloud Climatology Project (ISCCP; Schiffer and
Rossow 1983) and the Global Precipitation Climatol205
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ogy Project (GPCP; Arkin and Xie 1994), to name just
two. These data have also proven extremely valuable
in the meteorological research arena.
The geostationary meteorological satellites operated in the United States, Europe, and Japan provide
an almost constant vigil over the planet. When melded
together, this information can provide the most
spatially and temporally complete repository of
meteorological information presently available.
Unfortunately, the extremely voluminous nature of
these data coupled with technical problems in blending the data from the various geostationary satellites
has, until recently, severely restricted efforts to amalgamate these data to form globally complete fields.
Infrared data are particularly useful, compared to
visible data for example, because they provide halfhourly [hourly for Japan's Geostationary Meteorological Satellite (GMS)] resolution both day and night.
And even though present generation passive and active microwave sensors provide superior instantaneous
precipitation information than IR data can provide
(Arkin and Xie 1994), those sensors are relegated to
polar-orbiting platforms at present. This constraint
exists because antenna sizes, which are a function of
frequency and the earth-satellite distance, would be
too large for microwave sensors to be maintained in a
geostationary orbit with the present state of technology. Since IR sensors can be deployed on geostationary satellites, information can be obtained from most
earth locations (~60°N-60°S) every half to 1 hour. The
revisit time for a single polar-orbiting satellite is at
least 12 hours over the Tropics and much of the
midlatitudes and may be even longer for some microwave channels with narrow swaths. If microwave sensors could be deployed on geosynchronous satellites,
the resulting synergy of increased accuracy and temporal sampling would be clearly superior to IR information.
Since 5 November 1998, half-hourly pixel-resolution
infrared brightness temperature data from a single IR
channel (Table 1) have been saved at the Climate Prediction Center [National Centers for Environmental
Prediction (NCEP)/National Weather Service (NWS)/
National Oceanic and Atmospheric Administration
(NOAA)] for all available geostationary meteorological satellites around the globe (GOES-8, GOES-IO,
GMS-5, and Meteosat-7). Data from the Meteosat-5
satellite, which is positioned over the Indian Ocean
(satellite nadir at 63 °E) at the time of this writing in
support of the Indian Ocean Experiment (INDOEX;
http://www-indoex.ucsd.edu), became available during February 1999. The availability of IR data from
206

TABLE 1. Image start times for each geosynchronous satellite
for each hour (0000) and half-hour (0030) image. Numbers in the
two leftmost columns are minutes past ("-" means before) the
hour. Each full disc image takes approximately Vi hour to ingest.
Numbers in the rightmost column are the peak frequencies of the
spectral response functions of the IR channels used.

0000
GMS

-

0030

Peak frequency
(Microns)

32

11.0

Meteosat-7

00

30

11.5

Meteosat-5

00

30

11.5

GOES-8

-15

15

10.7

GOES-10

00

30

10.7

Meteosat-5 affords the first opportunity to produce
global (in longitude) IR brightness temperature analyses on a routine basis. The positions of these satellites
at the time of this writing are displayed in Fig. 1.
When merging the IR data from the various geostationary satellites, it is important to correct for viewing angle or "limb darkening" effects which reduce the
IR brightness temperatures at targets that are far from
satellite nadir (Wark et al. 1962). This effect is discussed in more detail in section 2c. To this end, a system was developed and implemented that merges the
IR data from the individual satellites into nearly seamless global (60°N-60°S) maps. This challenging task
was made possible by the work of Joyce et al. (2001,
hereafter JJH).
2. Satellite data and correction
procedures

a. Satellite image availability
IR brightness temperature (T ) information was
extracted via the Man-computer Interactive Data Access System (McIDAS; Lazzara et al. 1999), which
was developed and is maintained at the Space Science
and Engineering Center of the University of Wisconsin. Software was developed that converts the data
from the native McIDAS "area" file format to rectangular latitude/longitude "flat" files at a nominal resolution of 4 km at the equator.
b
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FIG. 1. Nadir locations (subsatellite points) of the geostationary satellites (denoted by "X") from which IR data were available at
the time of this writing. Notations below figure indicate the approximate longitudinal viewing extent of each satellite.

Both the Meteosat-5 and Meteosat-7 satellites provide full-disc IR images every half hour. The GMS
satellite provides a full-disc IR image every hour (on
the half hour). The Geostationary Operational Environmental Satellites (GOES) provide full-disc IR images only eight times daily (nominally 0000 UTC,
0300 UTC, . . . 2100 UTC), but hemispheric and regional subsets are available at times in between. All
available images are extracted from McIDAS as they
arrive in the system and the data are "painted" onto a
global grid that is initialized with missing values such
that missing values are retained at locations where no
data are available for a given half-hour window.
Table 1 contains complete image time and channel frequency information for each satellite.
b. Parallax correction
The pixels are remapped from the native satellite
projection of each satellite to a common equal angle
latitude/longitude grid. The pixel locations are corrected for geometric parallax effects by indexing the
retrieved pixel IR brightness temperature to standard
atmosphere height and then geometrically computing
the location of the pixel in earth coordinates (lat/lon).
Since the sizes of the pixels in the native satellite projection increase with increasing viewing angle, the
remapping to a finer-resolution latitude/longitude grid
may result in repeating values. For example, the size
of an IR pixel near GOES nadir is about 4 km, which
increases to nearly 12 km at the extreme edges of a
Bulletin of the American Meteorological Society

GOES field of view. Therefore, at the edges of the
satellite field of view three successive pixels would
have the same IR brightness temperature in the
remapped data after correcting for parallax. Such occurrences are relatively infrequent in the merged product, however, and only occur when data from a
neighboring satellite are missing. Most of the time
there is sufficient overlap between satellites that such
"pixel stretching" is not an issue.
c. Viewing angle correction
Since the spectral characteristics of the IR sensors
aboard the various geostationary satellites are slightly
different (Table 1), an effort was undertaken by the
GPCP to perform an intercalibration among these data.
Joyce and Arkin (1997) subsequently found that
intercalibration effects were subordinate (by an order
of magnitude) to viewing geometry effects. This
"viewing angle" effect (Fig. 2) results in the inference
of colder IR temperatures at targets that are far from
satellite nadir than if the scene were at nadir. The inferred reduction in brightness temperature is due primarily to two effects, one geometric and the other
radiative in nature. The geometric effect is due to the
fact that in partly cloudy situations, more cloud is in
the line of sight from the satellite to the target location when the target is far from satellite nadir. This is
because the satellite will "see" the tops and sides of
adjacent clouds that would not be seen if the satellite
were directly overhead. Thus, more relatively cold fea207
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A map of global IR brightness temperature in which viewing angle correction has been
performed is shown in Fig. 3.
Notice the absence of discontinuities at the regions where
satellites overlap (Fig. 1), particularly near 175°E where GMS
and GOES-West abut. These
two satellites are farthest apart
and where they overlap is where
discontinuities are most likely to
stand out.
d. Sensor intercalibration
As noted in Table 1, the
spectral characteristics of the
channels among the IR instruments aboard the various spaceFIG. 2. Depiction of the viewing angle dependence on IR brightness temperature. Note craft are different. Furthermore,
the discontinuity at 70°E in the uncorrected data (left panel). The discontinuity is at a loca- calibration error and drift among
tion where data from an extreme view from Meteosat-7 (subsatellite longitude 0°) adjoins the sensors on these satellites
the near-nadir view from Meteosat-5 (subsatellite longitude 63 °E). Viewing angle corrected may occur. Therefore, it is readata (right panel) show the significantly reduced discontinuity effected by raising the IR sonable to expect that the brightbrightness temperatures over the Meteosat-7 domain.
ness temperature data obtained
from these instruments will vary
somewhat
for
scenes
with
similar radiative properties.
tures will be seen in such an instance compared to the
As
mentioned
earlier,
however,
these effects are condirect overhead view. On the other hand, the radiative effect involves the increased attenuation of the ra- siderably smaller than the viewing geometry effects.
diation back to the satellite for targets far from satellite For example, the difference in computed brightness
zenith compared to direct overhead views. The signal temperature between the 10.7-micron and 11.5-micron
attenuation is due to absorption of radiant energy channels in the 245-275 K range is less than 2% based
along the longer optical path through the atmosphere on Planck function computations. In contrast, the perfor targets that are relatively far from the satellite na- ceived temperature of a 245 K scene with a viewing
angle of < 40° between the satellite and target is 11 %
dir view.
An empirical correction procedure was developed lower (218 K) for a viewing angle of 76° (JJH). To
to reduce viewing angle effects by comparing retrieved date, we have not yet developed a procedure to reduce
IR temperature information from the GOES satellites, differences associated with the spectral differences or
which have a relatively large region of overlap. This calibration error or drift among the sensors but we have
large overlap in coverage allowed the comparison of devised a strategy that we believe will be effective in
retrieved IR brightness temperatures from the same reducing the effects. That strategy involves a compariearth locations but at varying viewing angles (Joyce son of pairs of IR brightness temperatures (after viewand Arkin 1997). In that work, the authors worked with ing angle correction) for the same target in regions that
relatively coarse spatial (2.5° latitude/longitude) and are observable by two geostationary satellites. By astemporal (pentad) precipitation estimates. More re- sembling such pairs for each satellite overlap region,
cently, JJH developed a scheme to normalize the data we will be able to determine the mean difference of
for viewing angle dependence at pixel resolution for each sensor from the sensor aboard the neighboring
an individual image. It is the incorporation of the re- satellite. Then the "calibration" difference relative to
sults of these studies that enables the production of an arbitrarily chosen sensor can be applied to the IR
brightness temperatures for each of the other sensors.
nearly seamless maps of IR data.
This process will not result in an absolute calibration
208
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FIG. 3. A globally merged map of IR brightness temperature for 2330 U T C 1 Apr 2000. Data resolution decreased to 0.5° x 0.5°
latitude/longitude for plotting purposes.

but will reduce differences among the satellite brightness temperatures in a relative sense.
Intercalibration of geosynchronous IR data is performed routinely by ISCCP (Desormeaux et al. 1993).
ISCCP uses a different approach than above in that the
data from the various geosynchronous satellites are
normalized to data from the NOAA polar orbiting satellites that underfly each of the geosynchronous spacecraft. But because there are no real-time demands on
ISSCP, the intercalibration information does not meet
the needs of efforts to produce real-time products.
3 . Applications

Numerous applications of these data in the realm
of operational and research activities are plausible,
some of potential value and others of demonstrated
value. Potential applications include global disaster
monitoring and improvement in satellite-based precipitation estimation algorithms. Demonstrations of
the utility of these data in the research arena and in
the assimilation of these data (or products obtained
from these data) into the initialization procedures of
numerical weather prediction models have been documented. Further, if changes in the character of global
cloudiness amount is related to greenhouse warming
as suggested by studies such as conducted by Fu et al.
(1992), a dataset such as this, if collected over a sufficient length of time, may serve as a sentinel to alert
of such change. A discussion of specific applications
follows.
Bulletin of the American Meteorological Society

a. Global disaster monitoring and mitigation
The United States is among the world's leaders in
providing aid to other countries for natural disaster
assistance. The economic allocation and mobilization
of resources is a key ingredient to effective disaster
mitigation. To this end, near-real-time assessments aid
these efforts considerably. Such assessments are difficult, if not impossible, to obtain in remote areas of
the world via ground-based observing systems. Thus
remotely sensed information from satellites can play
a key role in this effort. For example, rain gauge observations are not generally available in real time in
many regions of the world, and missing reports and
grossly erroneous reports occur in cases of extremely
heavy rainfall and in regions of steep terrain.
Furthermore, relatively few regions of the world have
dense rain gauge networks or precipitation radar networks from which reliable real-time assessments of
precipitation can be obtained. Thus data from satellites
are vital for monitoring precipitation in flood-prone
regions, oceanic precipitation, tropical storm development, and other extreme weather events. It is for these
reasons that the Global Precipitation Climatology
Project relies heavily on IR data in conjunction with
passive microwave data to construct a global precipitation climatology. The near-complete global coverage and high temporal sampling that these data afford
make these data particularly useful for the monitoring
of potential flood situations around the globe (Scofield
and Oliver 1987; Vicente et al. 1998; Ferraro et al. 1999).
IR data have been used successfully to detect and
monitor volcanic eruptions (Matson 1984) and to track
209
Unauthenticated | Downloaded 01/09/23 06:48 PM UTC

the resulting aerosols, which are often ejected deep into
the atmosphere where they may remain for months to
years (Robock and Matson 1983). These monitoring
activities are important to alert nations regarding impacts to their inhabitants and environment, but also
provide an early warning of possible earthquakes and
tsunamis that may follow which can affect countries
or continents far removed from the eruption. This is
especially important for eruptions that occur in remote
areas. The monitoring of volcanic eruptions is also
important for aviation concerns as volcanic ash can
lead to jet engine failure if sufficiently dense.
The initiation and evolution of sandstorms are also
observable via high-resolution IR data. In Fig. 4, a
sequence of IR images over the Arabian peninsula
shows the initiation and progression of a sandstorm
that occurred on 20 May 1999. The IR instrument
aboard Meteosat-5 detected this event via the slightly
cooler emitting temperature of the airborne sand particles relative to the clear-sky surface temperatures
nearby. The detection and monitoring of such events
are useful for aviation and military interests as well
as to provide warnings for the populace and industry.
b. Improved precipitation estimation algorithms
Numerous precipitation estimation algorithms
have been developed that use IR data as the only data
input (see Arkin and Ardunay 1989 for a concise summary). Perhaps the most widely used such method to
date is the GOES Precipitation Index (GPI; Arkin and
Meisner 1987). The GPI has several weaknesses, one
being its inability to distinguish optically thick cirrus
from precipitation cloud, another being its limited
application to areas of the order of 100 km and larger.
Other methods, such as the convective stratiform technique (Adler and Negri 1988), have demonstrated the
ability to eliminate the cirrus contamination problem
and are pixel-based algorithms and thus provide estimates at higher spatial resolution than the GPI.
However, such algorithms have only been tested on
relatively small spatial domains, ostensibly due to the
difficulty in routinely obtaining full-resolution global
IR data. The availability of globally merged IR as described in this paper affords the opportunity to examine the performance of these pixel-based algorithms,
both in terms of their accuracy as well as their computational efficiency.
A relatively new area of research in the realm of
precipitation estimation algorithm development is a
multispectral approach in which IR data from geostationary satellite platforms are combined with micro2
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wave data from polar orbiting satellites. Studies have
shown that microwave observations, which penetrate
clouds and thus retrieve more physically based information relating to hydrometeors than can be obtained
from IR, provide more accurate instantaneous precipitation estimates (Arkin and Xie 1994; Adler et al.
1996). However, since the microwave instruments are
not well-suited for deployment on geostationary satellites, observations from these instruments are available less than twice per day in the Tropics and
midlatitudes. Because weather phenomena (particularly precipitation) may change greatly over the course
of 12 hours, information inferred from spaceborne
microwave instruments suffers greatly from data sampling issues. The IR, on the other hand, offers excellent coverage both in space and time, but cloud-top
temperature (which is the physical parameter that is
retrieved from these data) is far removed from the
physics of precipitation formation. Thus, the notion of
combining these data was conceived and has been
implemented with encouraging results to date (Adler
et al. 1994; Vicente 1994; Turk et al. 2000, manuscript
submitted to J. Appl. Meteor., hereafter TUR).
In fact, the creation of this globally merged, fullresolution IR data set was initiated to provide IR data
for the Microwave Infrared Rain Rate Algorithm
(MIRRA; Miller et al. 2000, manuscript submitted to
Int. J. Remote Sens.). MIRRA uses coincident IR data
and precipitation estimates generated by the Special
Sensor Microwave Imager (SSM/I)-based precipitation algorithm (Ferraro 1997) to formulate coefficients, which when applied to IR data alone, can yield
substantially improved estimates of rainfall compared
to using IR by itself. Thus, the desirable characteristics of the IR data (good spatial and temporal sampling) and the SSM/I (accurate instantaneous estimates
of precipitation) are combined. This synergy results
in a spatially and temporally complete estimate of precipitation whose accuracy is not achievable using either IR or microwave data alone. An example of
precipitation estimates that were generated by the a
variation of the MIRRA technique compared to esti1

'Two differences were incorporated into the MIRRA algorithm as
originally published. First, a 1 mm day rather than 1 mm hour
threshold was used when forming the IR-SSM/I precipitation pairs
to derive the regression relationships, which relate IR temperature
to SSM/I rainfall. Second, the regression relationship derived from
the IR-SSM/I pairs was applied to only the coldest IR pixel within
each SSM/I footprint rather than each pixel within the footprint.
-1
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mates generated using IR data and SSM/I data alone
along with validating rain gauge data is shown in
Fig. 5.
c. Assimilation into and validation of numerical
weather prediction models
To date, no operational weather prediction model
incorporates precipitation information into the initial
data assimilation procedures. This is due in no small
measure to the complexities involved with incorporating spatially discontinuous fields, such as precipitation, into the models. It is also largely due to the lack
of globally complete "snapshots" of precipitation information. Work is in progress on this topic at most
major weather prediction centers around the globe.
Recent work at the Naval Research Laboratory in
Monterey, California, has shown that precipitation
initialization in the Navy Operational Global Atmospheric Prediction System forecast model produced
positive improvement in the forecasts (TUR). For their
studies, IR from all available geostationary satellites
were combined with contemporaneous passive microwave data from the Defense Meteorological Satellite
Program and the Tropical Rainfall Measuring Mission
(TRMM; Simpson et al. 1988) spacecraft. They then
produced near-real-time estimates of precipitation,
which were assimilated in the data initialization stage
of the model processing. Validation of the model runs
with precipitation initialization and without it indicate
positive impacts on the model forecasts when precipitation initialization was performed. However, IR information over the Indian Ocean region, which is an
important area due to the large atmospheric heating
associated with tropical convection in that region, was
absent from their studies since IR data from the
Meteosat-5 satellite was not available to them.
Furthermore, no correction was applied to the cold IR
brightness temperatures at the limbs of the satellite
fields of view. Use of the global IR data such as described in this paper would ameliorate both of these
effects.
This IR dataset lends itself well to the validation
of initial analyses and forecasts of clouds and precipiFIG. 4. Sequence of IR imagery over the Arabian Peninsula that
shows evolution of a sandstorm during 20 May 1999. The sequence of images shows the progression of a sandstorm (denoted
by the milky feature in the top left quadrant in each picture) from
(top) 0600 UTC, to (middle) 1000 UTC and (bottom) 1400 UTC.
Image enhancement is courtesy of Dennis Chesters at NASA/
Goddard Space Flight Center.
Bulletin of the American Meteorological Society
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FIG. 5. Examples of estimated precipitation from various sources at 0.5° x 0.5° grid resolution: (top left) microwave observations
only (Ferraro 1997); (bottom left) MIRRA, (Miller et al. 2000, manuscript submitted to Int. J. Remote Sens.); (top right) the GOES
Precipitation Index (IR-only); (bottom right) rain gauge analysis. All estimates are valid for the 24-h period beginning at 0600 UTC 5
Mar 2000. Units are mm. (lower right) Inset in rain gauge analysis shows distribution of rain gauge sites.

tation generated by numerical models. A particular
advantage of this data set over global mosaics of polar orbiting data, for example, is that data from geosynchronous platforms match the time domain of the
model analyses. That is, both the model and satellite data
are valid for the same instant (within one hour) of time.
212

d. Research

1) DIURNAL CYCLE OF PRECIPITATION

Regional studies of diurnal precipitation variability abound (Hsu and Wallace 1976; Gray and Jacobson
1977; Reed and Jaffe 1981). However, it has only been
within the last 10-15 years that such studies have been
Vol. 82,, No. 2, February 2001
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attempted on a near-global scale, the timing commensurate with the availability of global satellite data.
Gruber and Chen (1988) documented diurnal variations in outgoing longwave radiation from NOAA's
polar orbiting satellites, which is often used as a proxy
for precipitation. More recent studies have documented diurnal variations in convective precipitation
over the global Tropics. Hendon and Woodberry
(1993) used 3-hourly spatially subsampled geostationary IR data from the ISCCP (Schiffer and Rossow
1985) for their work. Janowiak et al. (1994) used
3-hourly histograms of IR (averaged over pentads)
from the Global Precipitation Climatology Project to
analyze mean diurnal variations in tropical rainfall. It
is important to note, however, that Janowiak et al. determined that the phase of the diurnal peak varied substantially over the oceans depending on the cloud-top
temperature. Note that the datasets used by both of
these studies are not capable of resolving finescale
details such as those that occur in regions with complex topography or where land/sea-breeze effects
modulate the diurnal cycle of precipitation. The availability of pixel-resolution, half-hourly IR data makes
spatially and temporally detailed studies of the diurnal
cycle of precipitation possible. Recently, Anagnostou
et al. (1999) used pixel resolution IR data that was
trained on precipitation estimates from passive microwave observations to study the diurnal cycle of precipitation over Amazonia. Their approach yielded
considerably finer scale diurnal variations over this
large and remote area of the world than any previous
study.
An intriguing aspect of the diurnal cycle of precipitation is the possible interaction between convection
over continents with that over adjoining oceanic areas. Animations of these half-hourly data suggest that
convection is suppressed over oceanic regions during
the time of day when nearby continental convection
peaks and vice versa. This observation is consistent
with the observations of Janowiak et al. (1994) who
witnessed evidence of such behavior over the tropical
regions of Africa and South America. Such interaction
between the oceanic and terrestrial peaks in convection may be modulated by the large-scale ascent and
descent of air over the continents as suggested by Silva
Dias et al. (1987).

tine access to geostationary satellite data. One obvious use of these data is for case studies of interesting
weather phenomena. Data from individual geostationary satellites have been used for regional case studies
ever since data from these satellites have been available. The unique combination of the global extent and
geometric corrections with the high spatial and temporal resolution of this dataset lends itself well to studies of the initiation, development and demise of
weather systems from meso- to macroscale over most
of the global Tropics and midlatitudes. Furthermore,
the ease of use and free availability of this dataset
removes major impediments to the use of pixel resolution IR data by those other than just major meteorological centers.
A case study is now discussed briefly that focuses
on the Indian Ocean during late March to early April
2000. As background to this case study, the period that
is examined occurred during a season in which
Mozambique experienced devastating floods due to
several prolonged periods of heavy rainfall during
January-March 2000. At the request of the U.S.
Department of State and the NOAA Office of Hydrology, the Climate Prediction Center (CPC) began providing outlooks of possible threatening weather for
Mozambique to support relief efforts in that country.
In late March 2000, IR imagery indicated the development of a tropical disturbance in the central Indian
Ocean which became Tropical Cyclone Huddah.
Huddah was a late-season and compact yet powerful
system, reaching estimated winds in excess of
200 km h before landfall in northern Madagascar. As
the storm strengthened and proceeded on a due westerly course, it became clear that Madagascar and
Mozambique were threatened. Imagery from geosynchronous IR sensors were relied upon heavily to assess the regions that could be affected by the storm.
The reliance on the IR was magnified because Huddah
was not resolved in the initial analyses of the prediction models until 24-36 hours before landfall in Madagascar, and even then confidence in the model
forecasts was low because of the late stage at which
the cyclone was represented in the models.
In Fig. 6 we show depictions of Tropical Cyclone
Huddah from IR imagery. Also shown are the 850-hPa
winds as depicted in the NCEP Global Data Assimilation System (GDAS) analyses which are used to initialize the Medium Range Forecast (MRF) model.
2 ) CASE STUDIES
We anticipate that this global IR dataset will be of Note that a well-defined system shows up in the IR
interest to the hydrometeorological research commu- data at 0000 UTC 31 March 2000 (although not
nity, particularly at institutions that do not have rou- shown, the storm is impressive in the IR data as early
Bulletin of the American Meteorological Society
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gion from the European Centre for
Medium-Range Weather Forecasts
model (not shown) were similar to
those of the MRF for the period
discussed.
The discussion above is not
meant to disparage the numerical
prediction models as the storm was
compact and occurred in a region
with relatively sparse observational
data. On the contrary, it points out
the utility of the IR data, particularly in regions such as the Indian
Ocean where few, if any, oceanic
data buoys are deployed and where
reconnaissance aircraft are not
flown routinely into threatening
storms. Information from buoys
and aircraft are routinely available
for tropical systems that threaten
the United States and are of great
utility to assess storm strength and
track.
e. Global aviation
The locations and properties of
clouds are of substantial importance for aviation route planning
and IR data from geosynchronous
satellites are used routinely to
gather such information. In addition to providing geolocation and
cloud-top infrared temperature
data, it is possible to estimate
FIG. 6. (left) IR imagery and (right) MRF model forecasts of precipitable water (shad- cloud-top heights. An example is
ing) and 850-hPa wind (vectors) that depict Tropical Cyclone Hudda during 31 Mar-2 shown in Fig. 7. Once the IR temApr 2000.
peratures have been corrected for
viewing angle dependence, the
as 27 March) and that an eye was readily apparent at cloud-top information can be estimated by using the
0000 UTC 1 April. However, the GDAS analyses do GDAS analysis that is valid near the time that the IR
not depict the low-level (850 hPa) circulation for ei- data are observed. Specifically, the IR brightness temther time, although a local maximum in precipitable perature at each pixel can be matched with the height
water that coincides with the tropical cyclone location level that corresponds with the temperature at the closis indicated in the model initial analyses. On 2 April est GDAS grid point. An example, albeit crude in that
2000 (0000 UTC), the tropical cyclone was poised off simple linear interpolation was performed between the
the northern coast of Madagascar with winds estimated discreet GDAS height levels, is shown here as a "proof
near 200 km Ir and the GDAS analysis indicates, for of concept" (Fig. 7).
the first time, a low-level cyclonic circulation that is
collocated with the local maximum in precipitable f . Education
water and with the location of the tropical cyclone as
Despite the formidable size of these data, their wide
indicated by the IR. The initial analyses over this re- availability may provide educational value to students
1
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and the public at large. Movie loops of these data provide an integrated visual sense of the motion of the
atmosphere and the variability within it at various
scales. Such movie loops may also be a useful tool to
the research community to visualize new phenomena
or interrelationships among features by varying the
speed and duration of such loops as has been demonstrated in oceanic data. For example, Legeckis (1999)
has shown that oceanic features that appear to be noise,
or not even apparent, when displayed at relatively slow
speeds become obvious when the looping speed is
increased. If manipulated in a similar manner, it is
conceivable that "new" atmospheric features that go
unnoticed when looped at speeds that make sense for
tracking synoptic features become apparent when
looped at varying speeds.
FIG. 7. Estimates of cloud-top height for 1400 UTC 20 May
1999 for a location in the South Pacific derived from IR temperaHistorically, satellite data have been notoriously ture and GDAS information.

4 . Summary and future vision

difficult and expensive to obtain, and with good reason: the data are extremely voluminous and even
single images can be difficult to work with at full resolution. For example, a single global full-resolution
global (60°N-60°S) image contains 32 MB of data,
thus a user needs a computer with at least that much
memory simply to read the information into an application program. Furthermore, all 48 half-hourly files
that comprise a day occupy over 1.3 gigabytes, thus a
year's worth is approximately 0.33 terrabytes!
While these volumes sound impressively high at
the time of this writing, innovative data compression
strategies combined with larger capacity disks and
continuing breakthroughs in data storage technology,
memory and CPU speed make it feasible to plan for
the long-term storage and dissemination of these data.
The cost to maintain and distribute these data pales in
comparison to the cost of launching and maintaining
the satellites from which the data are obtained.
Furthermore, the availability of these data will likely
lead to more and better uses of the data which enhances
the overall economic value of the complete satellite
system.
Present technology allows us to manipulate and use
these data profitably on a near-global scale as indicated
by examples discussed in the previous section. To this
end, we have begun saving IR data from all available
geostationary satellites, correcting the IR brightness
temperatures for viewing angle dependence, and merging these data into straightforward latitude/longitude
Bulletin of the American Meteorological Society

files for every half-hour image since 5 November
1998. Seven days of globally merged, half-hourly data
are available on a rotating archive via the CPC Web
page (http://www.cpc.ncep.noaa.gov/products/
global_precip/html/web.html). Unfortunately, international agreement prevents us from distributing
Meteosat data within three days of real time, so the
data availability is delayed appropriately to abide by
that agreement. A permanent archive of these data has
been established at the National Climatic Data Center beginning 18 September 1999 thus a mechanism
for the preservation and retrieval of these data has been
formally established.
Because of the high data volume for just a single
channel of IR data, we have not attempted to merge
and save visible data. In principle, these data could be
manipulated and saved similar to the way the IR have
been described in this paper. At present we do not have
plans to save the visible data but if resources are commensurate with demands, this stance may change.
Without question, IR data will continue to be of
vast utility for many geophysical applications for years
to come. The benefit that geostationary IR data provide is the near continuous temporal sampling over the
globe that cannot be matched by the present constellation of polar orbiting satellites that house the passive microwave instrumentation. Even if the proposed
Global Precipitation Mission becomes operational in
215
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2006, at which time a constellation of eight polar orbiting satellites with passive microwave radiometers
is planned to provide observations every three hours,
the only global-wide vehicle for more frequent sampling will be via data from geostationary satellites.
A substantial weakness inherent in IR data is that
only scene temperature is observed whether that scene
is desert, snow field, or cloud top, which makes estimation of precipitation, for example, from these data
alone challenging. But this weakness is mitigated
greatly by the fact that geosynchronous IR data are
updated frequently, are nearly global in scope, and the
spatial resolution is relatively fine. If used in conjunction with other information (passive and active microwave, rain gauge, lidar, etc.) an IR dataset as described
in this paper could serve as the foundation for a global, real-time disaster monitoring and threat assessment system.
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the combination of passive microwave and infrared satellite
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A comprehensive monograph of the meteorology of the Southern
Hemisphere was originally published by the American Meteorological
Society in 1972. That monograph was, of necessity, preliminary in nature
because the available time series of observational data was short. In the
quarter century that has passed since the first monograph, much has
happened to warrant an updated edition: new observational techniques
based on satellites, anchored and drifting buoys, and more ground-based
stations have expanded the observational network to cover the whole
hemisphere. The time is right, therefore, for a fresh look at the circulation
L Y features of the Southern Hemisphere, both for the atmosphere and oceans.
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