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ABSTRACT
Nine years (1986–94) of tropical and subtropical precipitation estimates based on the GOES precipitation
index (GPI) are examined. The GPI, based on the results of studies relating fractional coverage of cold cloud
to convective rainfall, uses IR observations gathered by geostationary and polar-orbiting satellites. Longitudinal
discontinuities in mean GPI coincident with the boundaries of satellite coverage led to a comparison of GPI
derived from each geostationary satellite in overlap regions. This study revealed both intersatellite calibration
differences and satellite zenith angle dependence. Its goals are to remove these sources of systematic error within
the GPI, investigate the climatology of the corrected GPI, and compare against other estimated rainfall datasets.
To correct calibration differences, Global Precipitation Climatology Project geostationary satellite IR data are
standardized to one satellite by temperature adjustments deduced by the International Satellite Cloud Climatology
Project. The resulting GPI values are corrected for zenith angle dependence based on a comparison between
GOES-7 and Meteosat-3 that found a systematic increase in GPI of 9% for every 108 of zenith angle beyond
258. The corrections remove noticeable discontinuities in time-averaged GPI and are largest (.2 mm day21)
over the eastern Indian Ocean, the equatorial Pacific near the date line, and South America. The spatial correlation
between corrected GPI and rainfall derived from rain gauges is greater than 0.8 in tropical regions with adequate
gauge density. Empirical orthogonal functions of monthly anomalies of corrected GPI show the expected El
Niño–Southern Oscillation spatial pattern.

1. Introduction
The Global Precipitation Climatology Project’s
(GPCP) (Arkin and Xie 1994) objective is the production of a 15-yr set (1986–2000) of monthly gridded
fields (analyses) of area-averaged precipitation on a
2.58 global grid. These analyses will be derived from
a combination of estimates based on satellite observations, rain gauge measurements, and, when required
for completeness, model predictions. One of the precipitation estimation algorithms chosen by the GPCP,
the GOES precipitation index (GPI) (Arkin and Meisner 1987), uses only IR data.
IR-based estimates are used in GPCP for several
reasons. In the Tropics–subtropics, geostationary satellite-based IR has better spatial coverage and temporal
sampling than polar satellite-based Special Sensor Microwave/Imager (SSM/I) data, and SSM/I data are not
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available before July 1987. While the record of the
Microwave Sounding Unit (MSU) data begins as early
as 1978, the need for a sea surface background limits
MSU emission-based precipitation estimation to oceanic regions (Spencer 1993).
Using data from the Global Atmospheric Research
Program (GARP) Atlantic Tropical Experiment, Arkin
(1979) found high correlations between areal coverage
of cold cloud (equivalent blackbody temperature less
than thresholds ranging from 225 to 255 K) and 6-h
rainfall. Richards and Arkin (1981) demonstrated that
these correlations improved with increasing spatial and
temporal averaging scales up to 2.58 and 24 h. These
results suggested a highly linear relationship between
thresholded cold cloud amount and climatic-scale rainfall over tropical oceans.
Based on these results, Arkin and Meisner (1987)
developed the GOES precipitation index (GPI) as a
rainfall estimation method. The GPI is calculated from
the product of the mean fractional coverage of cloud
colder than 235 K in a 2.58 3 2.58 box, the length of
the averaging period in hours and a constant rain rate
of 3 mm h21. The GPI has been produced for monthly
periods for the domain of the GOES satellites since
December 1981 (Arkin and Meisner 1987) and for
5-day periods (pentads) for most of the global Tropics
for the GPCP since January 1986.
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The GPI has been used to describe the mean rainfall
distribution over the Americas and the adjacent tropical
oceans (Arkin and Meisner 1987) and to describe the
interannual variability associated with the El Niño–
Southern Oscillation (ENSO) (Janowiak and Arkin
1991). Its excellent spatial and temporal sampling as
well as length of record have made the GPI valuable
in the derivation of global analyses from varying data
sources (Huffman et al. 1995; Xie and Arkin 1996).
The domain of the GPI is restricted to the Tropics and
subtropics as the relationship between thresholded cold
cloud and rainfall becomes weaker toward higher latitudes.
Unfortunately, two potential sources of inhomogeneities, intersatellite calibration differences and zenith
angle dependence, exist within the geostationary satellite IR data used in the GPI. Our first objective in
this paper is to demonstrate the success of correcting
these inhomogeneities within the 9-yr GPI dataset. Our
next objective is to study interannual and intraseasonal
variability with the corrected GPI and to compare corrected GPI with other rainfall estimation datasets.
In section 2 we describe the data used to produce
the GPI estimates. We then discuss two systematic errors, based on zenith angle and instrument calibration,
found within the GPI estimates and possible methods
for correcting them in section 3. In section 4 we compare the corrected GPI-based rainfall dataset with the
original GPI, as well as with precipitation estimates
based on other satellite data and rainfall based on averaged rain gauge observations. Finally, in section 5,
empirical orthogonal function (EOF) analyses of both
original and corrected GPI verify the removal of systematic error of GPI derived from geostationary satellite data.
2. Data and methodology
a. Geostationary satellite histogram data
The production of spatially complete Tropical–subtropical fields of GPI for the GPCP necessitates the
routine archiving of geostationary satellite IR data
globally from 408N to 408S. Each GPCP Geostationary
Satellite Data Processing Center (GSDPC) (Arkin and
Xie 1994) has produced histograms of IR data for 2.58
3 2.58 areas from 408N to 408S for 5-day periods from
each of the available geostationary meteorological satellites since 1986. To provide adequate diurnal sampling, IR pixels from each of eight images (0000, 0300,
. . . , 2100 UTC), are binned into classes of 5-K width
for each 2.58 3 2.58 region.
The domain of coverage of each of these geostationary satellites (Figs. 1a and 1b) is 1008 of longitude.
From the 1986 inception of GPCP pentad archiving,
the operational GMS has had a nearly stationary subsatellite position at 1408E, centering a 908E–1708W
domain. The operational Meteosat position near 08E
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centers a 508W–508E range. Depending on the period,
either one or two GOES were in operation. During the
period April 1987–December 1988, GOES-West and
GOES-East were positioned near 1358 and 758W, yielding GPCP coverage domains of 1758E–858W and 1258–
258W, respectively. Several data overlap areas (Fig. 1a)
result from this particular configuration.
This complication can be handled by selecting one
satellite or by combining them. In the overlap areas
between GMS and GOES-West (1758W–1708E) and
between GOES-East and Meteosat (508–258W), where
histograms are available from both satellites, the GPI
is based on the satellite with the largest number of
images archived for that pentad. If the number of images from each satellite is the same, then the satellite
with the smallest zenith angle (the one for which the
longitudinal distance to the subsatellite point is least)
is used. However, for the overlap between GOES-East
and GOES-West (1258–858W), data from both satellites
are combined because of the similarity of the two satellites. Infrared observations from each GOES are
combined for each histogram class. The GPI is computed for each 2.58 area for each pentad following the
selection or combination.
After January 1989, a long period ensued during
which only GOES-7 was in operation. The resulting
coverage for this configuration (Fig. 1b) yields no overlap in geostationary satellite coverage. Although the
GOES subsatellite position during this period varied
from 978W to 1128W, the GOES GSDPC archived IR
data for the area from 1508 to 508W.
b. Polar-orbiting satellite histogram data
The NOAA operational polar-orbiting satellites provide twice daily IR observations for times and locations in the Tropics and subtropics where adequate geostationary satellite data are not available. The GPCP
uses estimates based on outgoing longwave radiation
(OLR) derived from the IR channel of the Advanced
Very High Resolution Radiometer (AVHRR) aboard
these sun-synchronous satellites. Since November
1988, histograms of pixel OLR, in which the flux value
corresponding to the threshold used in the GPI (235
K) is a class boundary, are available and thus make
computation of the GPI possible. However, increased
sampling errors relative to the geostationary GPI result
since only two observations are available each day
from each polar-orbiting satellite. In general, two satellites, and thus four observations, are available, compared to the eight from geostationar y satellites.
Regions for which geostationary satellite IR data are
not available include the Indian Ocean between Meteosat and GMS (508–908E), and the central Pacific
(1508–1708W), for periods when only one GOES was
operating.
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FIG. 1. GPCP geostationary satellite coverage (a) with GOES-East and GOES-West operational and (b)
with only one operational GOES.

c. Polar-orbiting satellite pentad-mean OLR flux
data
When neither geostationary data nor OLR histogram
data are available, the 5-day mean of AVHRR-derived
OLR flux for each 2.58 3 2.58 region is used. The GPI
cannot be calculated from these data, as the necessary
information is lost in the averaging process. However,
the mean flux is also related to precipitation, and a
rainfall estimation relationship has been developed by
regressing pentad-mean OLR flux against corresponding GPI estimates from geostationary IR data (Janowiak and Arkin 1991). Estimates based on mean OLR
flux are used in gaps in geostationary coverage when
polar histogram data are unavailable.
d. Original GPI estimates
The 9-yr (1986–94) mean precipitation based on the
combination of the three IR estimates described above
is shown in Fig. 2. While the relationship between cold
cloud and tropical rainfall is subject to significant errors (Arkin et al. 1994), many expected features of
tropical precipitation are reasonably well depicted. The
intertropical convergence zone (ITCZ), South Pacific
convergence zone (SPCZ), central Africa, Indian

Ocean, and Amazon Basin all exhibit substantial rainfall. The southeastern Pacific and southern Atlantic
Oceans, and the Sahara and Saudi Arabian deserts, are
quite arid. However, distinct discontinuities appear
along longitudes 908E and 1708W, and less obvious but
still discernable ones at 1508W, 1258W, and 508W. Several of these locations coincide with the boundaries of
coverage of various geostationary satellites used in the
GPCP, while others coincide with boundaries between
geostationary and polar-orbiting data.
3. Identification and correction of systematic
errors in the GPI
To identify these sources of demarcations within the
9-yr mean GPI, we present a comparison of GPI derived
from each geostationary satellite in three overlap
regions for 1988, in which the averaged eastern satellite’s value is subtracted from the western (Fig. 3a). In
each overlap region, from west to east, the character of
the GPI bias smoothly changes from negative to positive, as the zenith angle of the western satellite increases
relative to that of the eastern, confirming that estimates
increase (more cold IR pixels) with increasing zenith
angle. Thus, one might infer that IR cloud-top temper-
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FIG. 2. Original GPI (mm day21), 1986–94. Contour interval is 2 mm day21.

atures derived from larger satellite zenith angles exhibit
a cold bias, leading to more pixels colder than 235 K
and hence systematic overestimation by the GPI.
However, this is not the only significant artifact in
these data. In the GMS–GOES-West overlap region
(Fig. 3a), the bias does not change sign at the midpoint
between satellites, where zenith angles from both satellites are identical. Instead, the bias becomes positive
close to the western edge of the overlap, indicating that
GPI from GMS is greater than that from GOES-West
in most of the region. One possible cause for GMS to
detect more pixels colder than 235 K than GOES-West
at identical zenith angles is a difference in the calibration
of the IR sensors.
a. Intersatellite calibration
The difference in GPI derived from geostationary satellites at their overlap centroid (similar zenith angle effects) would be an obvious empirical method to intercalibrate the geostationary satellites. Unfortunately,
these comparisons were possible only when both GOES
satellites were in operation (as in Fig. 1a), a total of 2
yr during the 9-yr GPI dataset. Corrections derived from
such short-period comparisons could not accurately account either for calibration changes during the lifetime
of an instrument or for changes in satellites during the
9-yr span.
By collocating IR observations from the current
NOAA polar orbiter with data from each geostationary
satellite, Desormeaux et al. (1992) produced monthly
brightness temperature adjustments for the geostationary satellites relative to the NOAA-9 polar orbiter for
the International Satellite Cloud Climatology Project
(ISCCP) (Schiffer and Rossow 1983). Figure 4 illustrates filtered monthly differences of GOES-West,
GOES-East, and Meteosat equivalent brightness temperature from GMS at 235 K, via the adjustment to the
NOAA-9. Note that for most months, each satellite indicates a ‘‘warmer’’ temperature than the GMS, presumably leading to a smaller fraction of cloud colder

than 235 K over collocated coverage and hence lower
GPI. In particular, note that the 1.5- to 2.5-K warm
biases for GOES-West during 1988 (dashed line in Fig.
4) agree with lighter GPI-estimated rainfall derived from
GOES-West relative to GMS (Fig. 3a).
GPI derived from the GMS satellite has smaller average bias than GOES-West GPI when compared to rainfall observations from tropical Pacific atolls (P. Xie,
NCEP, 1995, personal communication). Therefore, we
will use the smoothed monthly temperature adjustments
derived by ISCCP to adjust the GOES-West, GOESEast, and Meteosat satellite pentad histogram data to the
current GMS satellite. The application of these temperature adjustments to the histograms of equivalent
blackbody brightness temperature is described in the
appendix. After applying this adjustment, the difference
in 1988 geostationary satellite-derived GPI changes sign
in the middle of all three overlap regions (Fig. 3b),
indicating consistency among the various IR temperature observations.
b. Zenith angle corrections
An approach to determining zenith angle dependence
is to compare GPI derived from two geostationary satellites with overlapping coverage. Advantages include
accurate time matching between satellite images (within
15 min between GOES-East and GOES-West) (Arkin
and Meisner 1987) and the readily available viewing
geometry at a given point, which remains nearly constant for each image throughout the pentad. Ideally, the
two satellites would be close enough to allow the entire
region surrounding the subsatellite point of one satellite
to be covered by the other. Such a scenario would provide a domain in which the effect of a wide range of
angles on the GPI of one satellite could be compared
to collocated GPI estimates from the other satellite with
little or no viewing angle effect (derived from small
zenith angles near the subsatellite point).
In 1994 GOES-7 was positioned near 1128W, with
Meteosat-3 only 378 away at 758W, permitting a com-
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FIG. 3. (a) Difference between GPI (mm day21) derived from eastern satellite and western satellite for 1988. (b) Same as in (a) but with
intersatellite calibration. (c) Same as in (a) but with intersatellite calibration and zenith angle correction.

parison of GPI estimates from a ‘‘limb’’ satellite (zenith
angles 228–598) to those from a ‘‘nadir’’ satellite (angles
less than 228). The results (Fig. 5) suggest a 9% increase
in GPI per 108 of zenith angle beyond 258. These results

led us to attempt to correct geostationary satellite GPI
by linearly reducing estimates derived from observations with zenith angles greater than 258, with no correction for GPI derived from observations with zenith
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FIG. 4. Seven-month Gaussian weighted ISCCP’s geostationary satellite equivalent blackbody monthly temperature calibration (K), relative to GMS at 235 K, through NOAA-9 comparisons; GOES-West,
dashed; GOES-East, dotted; Meteosat, solid.

angles smaller than 258. Since the geostationary satellites used for GPCP IR coverage are usually 758 or more
apart, substantial reductions in GPI of 15%–38% at their
coverage borders (zenith angles of 428–678) are found.
After applying this correction to the 1988 geostationary
satellite GPI, the east–west character of the intersatellite
difference within overlap areas is greatly reduced (Fig.
3c).
Thus, we have derived a two-step correction process.
First, consistency of geostationary IR data calibration
is ensured by adjusting the histograms of geostationary
satellites other than GMS using ISCCP-derived corrections. Second, the empirical zenith angle correction is
calculated and applied to GPI estimates derived from
data obtained at zenith angles greater than 258.
4. Corrected GPI
a. Comparison of corrected with original GPI
The mean reprocessed 9-yr (1986–94) GPI dataset
(Fig. 6a) exhibits fewer and less noticeable longitudinal
discontinuities than the original (Fig. 2). Averaged corrections for the 9-yr dataset are illustrated in Fig. 6b.
Most features in the 9-yr reprocessed GPI are the same
as those in the original version, although rainfall intensities and gradients have changed.
Over most of Africa, zenith angle corrections (reductions) are small to nonexistent due to the nearly overhead location of Meteosat, while the average calibration
correction of the Meteosat to the GMS acts to slightly
increase GPI. The discontinuity in the original estimates
at 908E (Fig. 2) is reduced by zenith angle corrections
to the GPI derived from the westernmost observations
from GMS. No corrections are made west of 908E,
where estimates are derived from polar-orbiting satellite
data. However, north of 27.58N (over the Tibetan Plateau), the discontinuity in the corrected GPI is greater
(Fig. 6a) than in the original (Fig. 2), principally because
of a reduction in GPI derived from GMS. This appears
to be related to the cold winter temperatures in this
region (note that this discontinuity is far more prominent
in the cold season; see Fig. 7). Both the GPI and the
estimates based on polar-orbiting OLR are subject to
overestimates resulting from the mistaking of cold sur-
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FIG. 5. Ratio of GPI estimates derived from GOES-7 relative to
collocated Meteosat-3 based estimates, averaged in Meteosat-3 zenith
angle bins of 2.58, against Meteosat-3 zenith angle, 1994.

face temperatures (or low nonprecipitating cloud) for
precipitating cloud.
The discontinuity found at 1708W in the original GPI
(Fig. 2) has been largely removed by zenith angle corrections at the easternmost extent of GMS data, and by
the use of GOES-West data between 1708W and
177.58W when both satellites are available. Two North
Pacific minima in the original GPI of less than 2 mm
day21, one just west of the date line in the GMS domain,
the other farther east in the polar orbiter–GOES satellite
domain, merge into one feature in the reprocessed version (Fig. 6a).
At 1508W, the westernmost extent of the GOES coverage for a long period (January 1989–April 1994), a
discontinuity in the Southern Hemisphere (Fig. 2) is
removed by the corrections (Fig. 6a). The polar-orbiting
histogram-derived estimates used during this period between 1708W and 1508W do not change.
The close proximity of the GOES satellites during
periods when the two were available results in only
negligible corrections in the Tropics, and thus little
change of the eastern Pacific ITCZ (greater than 6 mm
day21) in the corrected version. Reductions in GPI are
substantial for most of South America (greater than 1
mm day21), yielding a reprocessed version with more
than half of the continent drier than 6 mm day21.
One more discontinuity found in the original estimates at 508W (Fig. 2) at the border between GOESEast and Meteosat is removed in the corrected version
(Fig. 6a). Here, the zenith angle effect inflated estimates
from both satellites near this longitude (see Fig. 6b).
However, when only one GOES was available, its subsatellite point was usually near 1128W, about 128 farther
from the junction than was Meteosat, which exaggerated
the estimates on the west side relative to the east and
resulted in the discontinuity.
b. Seasonal cycle
The 9-yr mean seasonal cycle of GPI is shown in Fig.
7 in the form of seasonal means. We use the conventional meteorological seasons, December–February
(DJF), March–May (MAM), June–August (JJA), and
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FIG. 6. (a) Reprocessed GPI: 1986–94, contour interval is 2 mm day21. Geostationary satellites are calibrated to GMS by 7-month Gaussian
weighted ISCCP corrections and zenith angle corrected. (b) Original GPI subtracted from reprocessed GPI (mm day21): 1986–94. Negative
values are shaded and positive 0.25 value is a dashed contour.

September–November (SON). The tropical continental
regions of Africa and South America (Fig. 7) exhibit
maxima that move southeastward–northwestward with
the sun, reaching their maximum poleward excursions
during the summer in each hemisphere. The Maritime
Continent, comprised of Indonesia, the tropical western
Pacific Ocean, and the nearby land areas of southeast
Asia and Australia, shows a similar pattern of seasonal
movement. Elsewhere, tropical oceanic precipitation is
dominated by the ITCZs in the Atlantic and Pacific,
which reach their maximum intensity during SON and
JJA, respectively, but with only minor latitudinal migration. Wintertime maxima apparently associated with
the midlatitude storm tracks with no indication of tropical connection can be seen in the North (South) Atlantic
and Pacific in DJF (JJA). This pattern of seasonal variability in GPI matches well the seasonal cycle for oceanic precipitation estimated from an algorithm using
observations of the MSU (see Spencer 1993) and estimates from a combined scattering/emission algorithm

(see Ferraro et al. 1996) using observations from the
SSM/I, referred to as FER hereafter.
c. Interannual variability
In this section we will compare the GPI with 7 yr
(1986–92) of Global Precipitation Climatology Centre
(GPCC) monthly gauge analyses (Rudolf et al. 1993),
which averages quality-controlled rain gauge rainfall
from about 6700 stations on a 2.58 grid. The spatial
distribution of the temporal correlation between GPI
and GPCC during the period 1986–92 (Fig. 8a) shows
that most tropical and subtropical regions with adequate gauge density have correlations near or greater
than 0.8. Lower correlations are found in high latitudes
as well in regions that are poorly sampled by gauges,
such as equatorial Africa, western Amazonia, and the
Sahara. In particular, note the low correlations in central Asia, where snow cover and cold temperature over
the Tibetan Plateau strongly affect the GPI. Monthly
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FIG. 7. Global distribution of mean seasonal GPI (mm day21), 1986–94.

anomalies, defined at each point as the difference between the GPI value for that year/month and the 7-yr
(1986–92) mean value for that month, for that point,
for GPI and GPCC are derived. Correlations of these
anomalies (Fig. 8b) show that the interannual variations are less well correlated, but that well-sampled
areas, even in higher latitudes, such as eastern North
and South America, India, northern Australia, and eastern China, exhibit correlations greater than 0.6.
One of the most important uses for an estimate of
precipitation such as the GPI is in the identification
and diagnosis of significant interannual variations such

as those associated with the ENSO phenomenon (Ropelewski and Halpert 1987, 1989). Previous studies,
including those by Arkin and Meisner (1987), Janowiak and Arkin (1991), Janowiak (1992), and Xie and
Arkin (1995), have shown that the original GPI has
considerable utility in such applications. Here, we will
examine the estimates provided by the corrected GPI
during the period 1986–95 and compare them with other estimates for that period.
The largest amplitude precipitation variations associated with ENSO are found in the tropical Pacific
Ocean (Ropelewski and Halpert 1987, 1989; Janowiak
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FIG. 8. (a) Spatial distributions of temporal correlation between monthly estimates of GPI and GPCC for the 1986–92 period. (b) Same as
in (a) except for correlations of monthly anomalies.

and Arkin 1991). Figure 9 shows the time–longitude
variation of monthly anomalies of precipitation estimates, averaged over 208N–208S across the Pacific
Ocean, using 1988–93 as the climatological base period. Three different estimates, all based on different
data, are compared. The GPI responds primarily to
variations in deep convection, while the MSU detects
the presence of liquid water. FER uses both emission
and scattering modes, and so can detect both. The GPI,
where geostationary imagery is available, is based on
eight samples per day, while the MSU and FER are
based on sparser sampling from polar-orbiting satellites. Xie and Arkin (1995) have compared the uncorrected GPI and an earlier version of the FER algorithm
to atoll rain gauge observations and found that both
were well correlated and had small biases and random
errors of the order of 50% of the monthly mean.
In all three estimates, anomalies (relative to the
1988–93 base period) are positive near the date line
from late 1986 through early 1988 and negative from
mid-1988 through mid-1989. These features are clearly

associated with the ENSO warm episode that began in
late 1986 and the succeeding cold episode (see Arkin
et al. 1994 and references therein). These anomalies
are greater than 62 mm day21 in all three estimates
and exceed 14 mm day21 near the beginning of 1987.
The amplitude of the GPI anomalies appears to be
slightly larger than those of the other two algorithms
during this period. Later in the period, during late 1991
into 1992, a dipole pattern with weak negative anomalies to the west and stronger positive anomalies to the
east is found in all three. The positive anomalies are
strongest in the GPI, reaching 6 mm day21. During this
period, particularly in the GPI and MSU, there is a
suggestion of eastward propagation of the positive
anomalies, beginning near 1508E in early 1991. A
somewhat similar feature is seen in the GPI and FER
in late 1994 through early 1995. Here, however, the
FER exhibits the stronger positive anomalies. During
the entire period, considerable variability exists on
shorter timescales.
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FIG. 9. Anomalies of estimated precipitation (mm day21), January 1986–May 1995 for GPI (far left), January 1986–May 1994 for MSU
(center), July 1987–May 1995 (December 1987 missing) for FER (far right), 1508E–1408W, averaged over 208S–208N, using 1988–93 as
the climatological base period.

5. Empirical orthogonal function analysis of GPI
Empirical orthogonal functions (EOFs) have long been
used to efficiently represent fields of meteorological variables. The eigenvector representation is optimum, by construction, in the sense that the variance explained by each
eigenmode is maximized. EOF analysis is particularly useful in identifying artifacts associated with instrumental or
processing changes (Chelliah and Arkin 1992). However,
care is essential when attempting to interpret the details
of spatial patterns of individual eigenmodes for two reasons. First, two or more eigenmodes for which the explained variance is similar can be confounded due to sampling errors (North et al. 1982). Second, the characteristics
of the leading modes can be significantly influenced by

the details of the analysis domain and period (Chelliah
and Arkin 1992).
In this section, we conduct an unrotated EOF analysis
of the anomalies of the corrected and uncorrected GPI.
We have two goals: to illustrate the usefulness of the corrected dataset, and to identify variability resulting from
satellite zenith angle effects and intersatellite calibration
differences, as well as other sources that may remain in
the corrected version.
We calculated monthly anomalies (mm day21) of both
the uncorrected and corrected GPI for the period January
1986 to May 1995, as described in section 4. We then
computed the covariance matrix for each dataset and derived the four eigenmodes explaining the greatest fractional variance using unrotated EOF analysis. Each ei-
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FIG. 10. The spatial patterns of the four leading eigenmodes of anomalies of corrected GPI 1986–94.

genmode spatial pattern value, at each point, is the sum
of the product of the corresponding eigenmode time series
amplitude and the GPI anomaly (at that point) for each
month. The spatial patterns of the leading four EOFs of
the corrected dataset and the associated time series amplitudes are shown in Figs. 10 and 11, respectively. The

relative significance of each eigenmode is given by the
ratio of the associated eigenvalue to the sum of the eigenvalues, (expressed in percent), which for these four
EOFs is 12.3%, 5.4%, 4.4%, and 3.9%, respectively; note
that the separation between EOFs 3 and 4 is not sufficient
to ensure independence (North et al. 1982).
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FIG. 13. The time series amplitudes associated with the two modes
in Fig. 12.

FIG. 11. The time series amplitudes associated with the four modes
in Fig. 10.

The spatial pattern of the first eigenmode exhibits a
typical ENSO dipole over the equatorial Pacific (Fig.
10a), with a positive maximum near the date line and
a negative minimum over Indonesia. The associated
time series (Fig. 11a) clearly shows the 1986–87 warm
event, the 1988–89 cold event, and the three successive
warm events beginning in late 1991 and ending in early
1995. The spatial distribution and time series of the first
eigenmode of uncorrected GPI monthly anomalies
(Figs. 12a and 13a) are very similar. The spatial patterns
of the first mode for both the original and corrected
versions are very similar to the first mode of rotated
EOF analysis of 151 years (June 1974–March 1989)

FIG. 12. The spatial patterns of the two leading eigenmodes of anomalies of uncorrected GPI 1986–94.
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of monthly OLR anomalies (Chelliah and Arkin 1992).
Although dimensions of their analysis are a bit different
than ours—smaller domain (308N–308S), coarser resolution (108 long by 58 lat), and a time series that includes
only 3 years in common with our analysis—the agreement among them argues for both the robustness of the
ENSO signal and the consistency of the datasets.
However, the relatively sharp borders at the edges of
the GMS coverage along 1708W and 908E seen in the
spatial patterns of the first mode of the uncorrected data
(Fig. 12) and their absence in the analysis of the corrected data (Fig. 10) illustrate the success of the correction procedure. Another example is provided over
South America, where the second eigenmode of uncorrected GPI monthly anomalies (Fig. 12) exhibit large
negative spatial patterns, indicating that much variability occurs in the domain of the eastern (or only) GOES
satellite. The time series of this eigenmode (Fig. 13)
indicates that this may be due to variations in the satellite zenith angle effect resulting from the varying subsatellite position of this satellite, which was moved from
758 to 1128W during the 9-yr period to ensure optimum
coverage for weather forecasting applications. This feature is not seen in the analysis of the corrected dataset,
indicating that the corrections reduce this source of artificial variability.
Inspection of the spatial patterns of the second
through fourth EOFs of the corrected GPI (Fig. 10)
reveals that considerable relative variance is located between about 508 and 908E. For example, large negative
(positive) spatial patterns are present over the Indian
Ocean (Tibetan Plateau) in the second eigenmode. These
features indicate that much of the variance in GPI explained by these eigenmodes is found in a region in
which GPI is produced using only data from polar-orbiting satellites. In this region, estimates were derived
from the mean pentad flux from one polar orbiter
(NOAA-9) until August 1987. From August 1987, the
combination of mean pentad flux from two NOAA satellites alternated with histograms of thresholded brightness temperature from one satellite until early 1989,
following which brightness temperature histograms
from two satellites are consistently used. The time series
for the second mode (Fig. 11) is generally positive from
the beginning of the record until early 1988, and the
time series of the third and fourth eigenmodes also exhibit abrupt changes that appear to be related to changes
in the type and origin of the polar-orbiting satellitederived estimates. Eigenmode time series from an EOF
analysis of a GPI dataset derived solely from geostationary observations (not shown) did not contain these
abrupt changes.
These results indicate that some spurious variability
related to changes in the source and processing of the
nongeostationary-based GPI may remain in the corrected dataset. Empirical corrections for these effects
may be possible since considerable information is
known about the instrumental and satellite changes in-

volved (Waliser and Zhou 1997). However, such corrections have not yet been developed and tested.
6. Conclusions and future work
The GPI is critical to the 15-yr set of monthly gridded
fields of precipitation that is the objective of GPCP. The
GPI is based principally on geostationary satellite IR
observations, which provide the advantages of good diurnal sampling and a relatively long data record. GPI
has been used to describe the mean rainfall distribution
over oceans and continents, and is especially valuable
where rain gauge observations are sparse or absent. The
nearly 10 years of GPI estimates available permit users
to describe the mean annual cycle of tropical convection
and interannual variability associated with phenomena
such as ENSO. However, noticeable longitudinal discontinuities in the time-averaged original GPI coincident with the boundaries of coverage of different geostationary satellites, and at borders between geostationary and polar-orbiting data, led us to examine systematic
errors in the estimates.
A comparison of original GPI derived from each geostationary satellite in three overlap regions for 1988
revealed that the bias between GOES-West and GOESEast and between GOES-East and Meteosat was due
almost entirely to zenith angle effect. However, due to
a satellite calibration difference, GPI derived from GMS
was greater than that from GOES-West over almost their
entire overlap region. This was consistent with the adjustments of geostationary satellite IR temperature deduced by Desormeaux et al. (1993) for ISCCP data,
which show that pixels near the GPI threshold of 235
K appear warmer in GOES-West than GMS in 1988.
Histograms of brightness temperature of the other geostationary satellites shifted by the 7-month Gaussian
weighted mean of each satellite’s ISCCP temperature
adjustment to GMS remove systematic GPI bias between GMS and GOES-West, while not creating additional error between satellites in good agreement.
The effect of zenith angle on GPI was empirically
quantified by comparing GPI derived from GOES-7 with
collocated GPI derived from Meteosat-3 at a broad range
of zenith angles. This comparison suggests that GPI
from each satellite increases 9% for every 108 of zenith
angle greater than 258.
The reprocessed GPI exhibit fewer and less noticeable
longitudinal discontinuities, mostly through the reduction of estimates derived from geostationary satellites
at large zenith angles and by using data from satellites
with the smallest zenith angle in overlap regions. These
changes led to considerable reductions in estimates over
certain regions, including the eastern Indian Ocean and
most of South America. Patterns of seasonal variability
in the corrected GPI are smooth and agree well with
the seasonal cycle in precipitation seen in other sources.
The spatial correlation between GPI and GPCC is highest (greater than 0.8) in tropical regions with adequate
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gauge density, with anomalies of GPI and GPCC less
well correlated, but also with higher values showing in
well-sampled areas. Variations of estimated precipitation associated with the ENSO phenomenon from GPI
exhibit good agreement with MSU-based and SSM/Ibased estimates. EOF analyses of corrected GPI monthly
anomalies reveal a typical ENSO signal, as well as significant variability in the region of estimates derived
from polar-orbiting satellite observations.
We have identified and corrected two sources of systematic error in the GPI based on geostationary satellite
data: zenith angle dependence and intersatellite calibration differences. Corrections for both of these reduced
the bias between GPI derived from different geostationary satellites and largely removed artificial longitudinal boundaries within the 9-yr GPI dataset. Our EOF
analysis of the corrected GPI showed that systematic
errors appear to remain in regions where GPI is based
on data obtained from polar-orbiting satellites. Chelliah
and Arkin (1992) also found that substantial features in
their analysis of OLR were related to changes in NOAA
polar-orbiting satellite instrumentation, orbit characteristics, and data processing.
While these corrections have enhanced the utility of
the GPI-based precipitation estimates for climate monitoring and diagnostics, some issues remain. Studies to
characterize and remove systematic errors in the GPI
estimates derived from polar-orbiting satellite data that
result from instrument and orbital changes in the satellites are needed. Certain regions, notably including
the Tibetan Plateau, are characterized by systematic errors during certain seasons, and corrections for these
errors could be implemented. Many applications require
finer temporal and spatial resolution than the 2.58 3
2.58 estimates currently available. The development and
testing of GPI on daily and 18 3 18 scales are under
way now as a part of GPCP Phase 2. Finally, experimental attempts to combine GPI estimates with microwave-based estimates to take advantage of the superior
physical basis of the microwave observations, as well
as the better temporal sampling of the geostationary IR,
have begun.
Acknowledgments. The authors would like to thank
John Janowiak for his helpful suggestions and appreciate the instructive consultations with Muthuvel Chelliah and C. R. Kondragunta. Comments on an earlier
version of this paper from two anonymous reviewers
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APPENDIX

Histogram Temperature Adjustment
The temperature adjustments derived from the ISCCP
data are, in general, smaller than the size of the GPCP
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FIG. A1. One-degree pixel histogram subclasses counts, linearly
redistributed between 235 and 240 K by duplicating the slope of the
middle 18 subclass of both neighboring 58 histograms.

histogram classes (5 K), and thus the data need to be
divided into smaller subclasses in order to simulate and
subsequently adjust the distribution of pixels within
each histogram. First, 18 subclasses at the center of each
histogram class are defined so that they contain onefifth of the total pixels in that class. Then, the other four
18 subclasses are populated in a linear fashion to duplicate the slope from the middle 18 subclass of both
neighboring classes (Fig. A1). This piecewise linear
subclass distribution preserves the original histogram
class pixel count.
The calibration corrections are then applied by redistributing the population of the 18 subclasses commensurate with the ISCCP temperature correction
amount. For example, if Meteosat is found to be 1.75
K ‘‘warmer’’ than GMS, then 75% of the pixels in each
18 class are shifted into the class 28 colder and the remaining 25% into the class 18 colder. In this sense, the
GPI derived from the Meteosat and GOES-East and
GOES-West satellites is adjusted (usually increased) to
the GMS as if the 235-K threshold were shifted (usually
raised) by the temperature correction amount.
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