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ABSTRACT

Estimates of monthly rainfall have been computed over the tropical Pacific using passive microwave satellite
observations from the Special Sensor Microwave/Imager (SSM/I) for the period from July 1987 through
December 1991. The monthly estimates were calibrated using measurements from a network of Pacific atoll
rain gauges and compared to other satellite-based rainfall estimation techniques. Based on these monthly estimates,
an analysis of the variability of large-scale features over intraseasonal to interannual timescales has been performed.
While the major precipitation features as well as the seasonal variability of the rainfall distributions show good
agreement with expected values, the presence of 4 moderately intense El Nifio during 1986-87 and an intense

La Niiia during 1988-89 highlights this time period.

1. Introduction

The importance of tropical precipitation in climate
variability is recognized by researchers in a variety of
climate related fields, although the availability of data
necessary for improving our understanding of this im-
portant parameter is extremely limited. While radar
and ground weather stations can provide information
on local storm systems for those specific regions where
such ground-based systems exist, a long-term global
perspective is needed for studying the influence of
rainfall in large-scale dynamics and climate. Such a
comprehensive view can be provided only through the
use of spaceborne remote sensors. A variety of weather
satellites have provided valuable information for me-
teorologists for several decades, but the application of
this data to the production of a climatological precip-
itation database has been rather limited.

Although precipitation is important to the study of
the both the atmosphere and oceans as well as the in-
teractions between them, as Simpson et al. (1988, p.
278) point out: “The large variability in precipitation
makes it a particularly important scientific challenge
in modeling the atmospheric circulations and climate.”
Due to the high spatial and temporal variability of
rainfall, the magnitude of the standard deviation of
monthly rainfall in the Tropics is comparable to the
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mean value. This variability makes the requirement
for accurate estimates of global precipitation even
greater and further complicates the already difficult
problem of determining large-scale rainfall distribu-
tions.

Using data from the Special Sensor Microwave / Im-
ager (SSM /1), monthly estimates of precipitation over
the tropical Pacific have been computed for the period
from July 1987 through December 1991 (Berg and
Chase 1992). A total of 52 months of data was available
during this period, with data during December 1987
and January 1991 missing as a result of problems with
the instrument.

Validation and calibration of these monthly esti-
mates as well as an analysis of the error sources con-
tributing to uncertainties in the monthly estimates was
performed and is discussed in detail by Berg (1993).
The results of the error analysis indicate errors in the
2.5° X 2.5° monthly rainfall estimates between 25%
and 50% of the monthly values. For bins with monthly
amounts less than 100 mm per month these errors are
even larger, at least when expressed as a percent of the
mean. Because of the lack of validation data, however,
this error estimate is itself rather uncertain. Rainfall
estimates during the Tropical Ocean Global Atmo-
sphere Coupled Ocean-Atmosphere Response Exper-
iment (TOGA COARE), where two SSM/Is were
available simultaneously, indicate rms errors for a sin-
gle satellite, which was the case for the estimates used
in this analysis, from 50% for monthly values around
100 mm per month down to 25% for monthly values
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over 500 mm per month. Although these errors are
relatively large, the following analysis of the variability
in the monthly rainfall time series reveals significant
seasonal and interannual signals above the level of noise
in the data.

2. Variability in tropical rainfall

To understand the variability of the monthly
SSM/I rainfall estimates, a discussion of the general
patterns of oceanic rainfall and the changes associated
with seasonal and interannual variability throughout
the tropical Pacific is given in the following section.

a. General features

The global distribution of rainfall is closely related
to the general circulation of the atmosphere. There is
an abundance of rainfall in regions where atmospheric
convergence produces an uplift of warm moist air, such
as in the equatorial trough and the polar frontal zones
of the midlatitudes (Barrett and Martin 1981). The
major convergence zones in the tropical Pacific include
the intertropical convergence zone (ITCZ), which is a
narrow zonal band of cloudiness just north or the
equator, and the South Pacific convergence zone
(SPCZ), which stretches southeastward across the
southwestern tropical Pacific. Conversely, over regions
of surface divergence, such as the anticyclones asso-
ciated with the trade winds and over the cooler land
regions of the midlatitudes, the presence of precipita-
tion is relatively scarce.

QOceanic precipitation is most prolific over regions
with relatively warm sea surface temperatures (SSTs).
Philander (1990) notes that an SST of 27.5°C appears
to be a threshold for organized convection, although
SSTs above this threshold are not sufficient for pro-
ducing substantial rainfall. As a result, dry areas cor-
responding to the cold SSTs are evidenced along the
eastern boundaries of the ocean basins, and much wet-
ter conditions are present along the western boundaries.
In the Pacific, the warm moist air that is present over
the warm SSTs along the equator and the western
boundary combined with the surface convergence due
to the atmospheric circulation patterns over the equa-
torial and western tropical Pacific results in extremely
intense precipitation in these regions. It is not surpris-
ing, therefore, that the most active rainfall-producing
region corresponds to the convergence zones over the
warm pool in the western tropical Pacific.

b. Seasonal and intraseasonal variability

The intense regions of precipitation associated with
both the ITCZ and the SPCZ exhibit strong seasonal
fluctuations. In general, the atmospheric convergence
zones follow the movements of the warmest SSTs. The
ITCZ is farthest south, near the equator, when the
maximum SSTs reach their southernmost extent
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around March and April, and farthest north, around
12°N, during August and September (Philander 1990).
Because the ITCZ is predominantly in the Northern
Hemisphere, its seasonal motion is not symmetric
about the equator. It is also very narrow, resuiting in
sharp north-south gradients of precipitation. Con-
versely, the convergence zones in the western tropical
Pacific move seasonally back and forth across the
equator. During the Northern Hemisphere summer the
SPCZ is poorly developed, but the ITCZ is strong across
the entire Pacific. As the transition to the northern
winter occurs, the region of the most intense convection
moves southeastward so that by January the SPCZ is
well developed and the western portion of the ITCZ
weakens (Philander 1990).

Intraseasonal variations also affect the resulting
rainfall patterns. The dominant mode of intraseasonal
variability in the Tropics is referred to as the 30-60-
day oscillation. This intraseasonal oscillation is asso-
ciated with a global-scale zonally oriented cell that
propagates eastward (Philander 1990). Although the
presence of the 30-60-day oscillation is evident
throughout the entire equatorial belt, especially in the
upper-tropospheric wind field, it is most pronounced
over the Indian Ocean. It typically appears as a con-
vective outburst near the equator in the western Indian
Ocean and propagates eastward. It reaches a maximum
amplitude over Indonesia and then dissipates as it
moves over the Pacific (Rasmusson et al. 1988).

¢. Interannual variability

Every two to seven years or so there is a breakdown
in the Walker circulation, resulting in a weakening of
the easterly trade winds and leading to a buildup of
warmer surface waters in the eastern equatorial Pacific.
The Walker circulation is a zonal cell with air rising
over the warm western tropical Pacific and descending
over the colder eastern Pacific (Philander 1990), which
produces the strong easterly trade winds. The break-
down of this circulation feature corresponds to a change
in the surface pressure between the eastern and western
tropical Pacific from the typical situation in which the
surface pressure in the east is higher to a condition
where the higher surface pressure is in the west. This
oscillation in the surface pressure across the Pacific is
referred to as the Southern Oscillation, and the phase
of the Southern Oscillation corresponding to higher
surface pressure in the western tropical Pacific is re-
ferred to as El Nifio (Philander 1990). The anomalous
conditions in the atmosphere and ocean that are as-
sociated with this breakdown are usually referred to as
an El Nifio/Southern Oscillation (ENSO) event.

The weakening of the Walker circulation associated
with an El Nifio produces an enhanced meridional or
Hadley circulation ( Trenberth 1991). As a result, the
warm El Nifio phase usually produces an intensification
of the warm phase of the seasonal cycle, which leads
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FIG. 1. The sequence of events for a mean El Nifio episode [based on a composite description
given by Philander (1990)].

to an unusual southward displacement of the ITCZ
during the early calendar months (Philander 1990).
Corresponding to the equatorward movement of the
ITCZ, the SPCZ moves northeast, resulting in a merger
of the convergence zones over the western tropical Pa-
cific and widespread convection extending east of the
date line (Trenberth 1991).

A swing in the opposite direction from the conditions
associated with El Nifio usually occurs in the following
year. This phase is referred to as the cold phase of the
Southern Oscillation, or a La Nifia (Philander 1990).
During this phase, a tongue of cold SSTs stretches
westward along the equator and the convergence zones

are separated as the ITCZ moves northward while the
SPCZ moves westward ( Philander 1990). Although the
relative intensity of the El Nifio and the La Niiia are
not necessarily related, most of the attention has been
focused on the El Nifio phase of the Southern Oscil-
lation.

A detailed flowchart of a composite El Nifio, based
on six episodes, is presented in Fig. 1. This chart is
based on a description of a composite event given by
Philander (1990, 35-38). As Fig. 1 indicates, an El
Niflo usually develops late in the year, during which
time the easterly trade winds weaken and the surface
waters in the eastern tropical Pacific begin to rise. An
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estimates in Fig. 2, the July estimates in Fig. 3, the
September estimates in Fig. 4, and the November es-
timates in Fig. 5. Although it was determined that the
high-resolution estimates are unsuitable for quantita-
tive analysis due to the large uncertainties associated
with the monthly estimates, with errors up to 100% or
more of the monthly values (Berg 1993), the higher-
resolution estimates are very useful for a qualitative
comparison. As shown in Figs. 2-5, the rainfall esti-
mates were computed over the global oceans between
60°N and 60°S, although the analy51s has been focused
on the tropical Pacific. -

The months of March, July, September, and No-
vember were selected because they show some of the
representative changes in the monthly rainfall due to
both seasonal and interannual variability as well as
some other features of interest. Figure 2 shows the
presence of a clear split in the ITCZ in the eastern
tropical Pacific, a feature that is evidenced throughout
the four years of available data during both March and
Avpril. Figure 3 dramatically illustrates the effects of the
1986-87 El Nifio, showing much more rainfall in the
far eastern and central Pacific during July of 1987 when
the El Nifio reached its peak than in the subsequent
years. In addition, the northward shift of the region of
convection in the western Pacific from March to July
is evident between Figs. 2 and 3.

Figure 4 shows the rainfall patterns returning to more
normal conditions by September of 1987. As this figure
also shows, three large regions of intense rainfall activity
are present in the northwest Pacific during September
of 1987. These three features correspond to a triple
typhoon event that produced very intense rainfall dur-
ing the short lifespan of these events (Krishnamurti et
al. 1993). The magnitude of the rainfall corresponding
to these events in the monthly estimate shown in Fig.
4 demonstrates the effect of relatively short-lived in-
tense storms on the estimation of climate-scale rainfall
and emphasizes the difficulties related to the sampling
of these events. Additional discussion of the sampling
issues are presented by Berg (1993).

Finally, in addition to the effects of seasonal and
interannual variability present in the November im-
ages, shown in Fig. 5, extreme rainfall over Indonesia
1s present during November of 1988. Comparisons with
the previous and subsequent Novembers as well as with
the October and December images suggest that this
feature is isolated, and may be due to a maximum in
the 30-60-day oscillation. The 30-60-day oscillation
produces convective outbursts in the western Indian
Ocean that travel eastward and reach a maximum
around Indonesia. As Rasmusson et al. (1988) point
out, the effects of convective outbursts resulting from
the 30-60-day oscillation on large-scale rainfall over
the Indian and western Pacific Ocean regions can be
significant. Because of the limited temporal resolution
of the time series, however, it is difficult to verify the
mechanisms responsible for producing such a feature
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or to quantitatively determine the effects of intrasea-
sonal variability.

a. Seasonal variability

The seasonal variability of the SSM /I estimates ap-
pears very similar to the observed seasonal fluctuations
of the convergence zones described in section 2b. Based
on a visual comparison of the monthly estimates, a
number of observations were made with regard to the
seasonal changes. First, the SPCZ intensifies late in the
year during November and December, reaching a
maximum during January and February. At this time
the SPCZ extends well east and south into the south-
central Pacific. As the SPCZ weakens, it moves north
and west up around Indonesia. The SPCZ is weakest
between May and September, although there is rela-
tively intense rainfall around Indonesia at this time.
During the period when the SPCZ is the weakest, the
ITCZ is very strong across the entire Pacific. In addi-
tion, a distinct split in the eastern portion of the ITCZ
occurs during March and April, a feature that is evident
to some extent for all four years, as shown in Fig. 2.
The southern portion of this split ITCZ is actually po-
sitioned just south of the equator, corresponding to the
position of the high SSTs at the time when they are at
their southernmost extent. While the mechanisms pro-
ducing this seasonal split in the eastern ITCZ are not
clear, it is certainly worth additional investigation.

Figure 6 shows zonally averaged rainfall distributions
for each of the 12 calendar months over the tropical
Pacific. As the figure shows, the SPCZ reaches its max-
imum intensity early in the year and subsequently
moves north as it diminishes. Figure 6 also reveals that
the ITCZ is farthest south, around 4°~5°N, during
February and March, and that it reaches its maximum
northern extent, up around 10°N, during October and
November. The secondary peak present in the South-
ern Hemisphere reaches its maximum around March
and April, which as seen in Fig. 2 corresponds to the
split in the eastern ITCZ.

Figure 7a shows zonally averaged rainfall anomalies
for the entire 54-month period of SSM/I estimates.
Data for December 1987 and January 1991 were in-
terpolated from the surrounding months in order to
preserve the continuity of the zonal averages. In this
figure the mean zonal rainfall distribution has been
subtracted from the zonal distributions for the indi-
vidual months in order to indicate deviations from the
average values. Figure 7b shows the same zonally av-
eraged distributions, but with the mean seasonal values
removed in order to show the interannual signal present
in the zonal averages, which are discussed in detail in
the next section. The mean monthly values were sub-
tracted for each month (i.e., the average January was
subtracted from each of the January distributions, etc.)
as a means for removing the seasonal cycle. This was
done because the short 4.5-yr time series was not suf-
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FIG. 6. The average zonal rainfall distributions for each
of the 12 calendar months over the tropical Pacific.
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ficiently long to compute and remove the seasonal har-
monics using spectral methods. Although this method
cannot fully separate the seasonal cycle from the other
modes of variability, as Fig. 7b illustrates it is sufficient
to indicate the relative magnitude and duration of
anomalies due to interannual variability within the
rainfall time series.

From Fig. 7a it is apparent that the seasonal vari-
ability dominates the zonally averaged anomalies.
Large positive anomalies corresponding to the SPCZ
are present in the Southern Hemisphere early in the
year. They migrate north as the ITCZ intensifies,
reaching their peak around 10°N later in the year. The
peak values observed in the second half of the year
correspond to the strong ITCZ observed between May
and September. This periodic variation from negative
to positive anomalies in the Northern Hemisphere and
the opposite variation of the weaker anomalies in the
Southern Hemisphere dominate the zonal averages.

Figures 8a and 8b are the same as Figs. 7a and 7b,
but meridionally averaged within the Tropics between
25°N and 25°S. In the meridional averages there is a
clear periodic fluctuation due to the seasonal cycle in
the eastern Pacific, but the signal in the western portion
appears to be dominated by other signals, such as in-
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terannual variability and perhaps the 30~60-day oscil-
lation.

The seasonal variability evident in the SSM/1 esti- -
mates agrees very well with previously observed sea-
sonal fluctuations in tropical rainfall, which were sum-
marized from Philander (1990) in section 2b. From
these figures it is apparent that the seasonal cycle is the
most dominant signal in the monthly rainfall time se-
ries. While the seasonal variability present in the
SSM/I monthly rainfall time series appears to agree
very well with the expected fluctuations, there are
strong indications of interannual fluctuations in the
data.

b. Interannual variability in the monthly SSM /I
estimates

A moderately strong ENSO episode developed late
in 1986, reaching its peak around July 1987 and then
subsiding late in the year (Janowiak and Arkin 1991).
Following the warm episode, a cold episode ensued
that lasted through early 1989. According to Trenberth
(1991), the anomalous conditions during the 1986-
87 El Nifio were typical of most ENSO events, and
Janowiak and Arkin (1991) determined that the rain-
fall variations during the 1986-89 time frame were
“typical in that the expected differences in rainfall in |
regions with known ENSO-related rainfall behavior
were observed.”

Although the warm phase of the 1986-87 ENSO
event was unspectacular when compared to the 1982-
83 El Niiio, the anomalous conditions associated with
the 198889 La Nifia were very dramatic when com-
pared to previous events. While the cold phase of ENSO
has received much less attention than the warm phase,
the cold phase following the 1986—87 El Niiio has been
linked to the severe North American summertime
drought and as a result has been fairly widely publicized
(Trenberth 1991). During most cold events convection
along the ITCZ is weaker than normal; however, during
April, May, and June of 1988 the SSTs were above
normal both in the far western equatorial Pacific and
in the Southern Hemisphere between 130° and 160°W
(Trenberth and Branstator 1992). Along the equator,
the SSTs were 2.8°C below normal by April, reaching
a maximum deviation of 4.1°C below normal by May
and then returning to within 2°C of normal conditions
by July (Trenberth and Branstator 1992).

While SSM/I data were not available during the
initial stages of the 1986-87 El Nifio, the changes in
the monthly rainfall estimates during the second half
of 1987 are very dramatic across the entire tropical
Pacific. During July 1987, the presence of a large
region of extreme precipitation just west of Central
America is evident in Fig. 3. Although the July
1987 estimate is based on only 23 days worth of
data (the SSM/I data began 9 July 1987), a large
region of intense precipitation corresponding to the
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TABLE 1. The eigenvalues of the EOFs for the monthly SSM/I
rainfall time series. Values are given both in terms of the percent of
the total variance, along with error estimates based on North et al.’s
(1982) “rule of thumb,” and the cumulative percent of the total
variance.

Cumulative percent

EOF Percent of variance of variance
1 252 +438 25.2
2 8.1+16 33.2
3 6.6+ 13 39.8
4 4.1 +0.8 43.9
5 3.7+0.7 47.7
6 33+06 51.0
7 3006 54.0
8 26 +0.5 56.6
9 24+05 58.9

10 22+04 61.2
11 2.1 +04 63.3
12 1.9+04 65.2
13 19+04 67.1
14 1603 68.7
15 1.5+03 70.3
16 1.5+0.3 71.8
17 1.4+03 73.2
18 1.4 +03 74.6
19 1.3+03 75.9
20 1.2+0.2 77.2
21 1.2+0.2 78.4
22 1.2+0.2 79.6
23 1.1 +£0.2 80.7
24 1.1 +0.2 81.8
25 1.0+0.2 82.8
26 1.0%0.2 83.7
27 09+0.2 84.7
28 09+0.2 85.6
29 09 +02 86.5
30 0.8+0.2 87.3
31 0.8 +0.2 88.1
32 0.8 £0.2 88.9
33 0.8 +0.1 89.7
34 0.7 £ 0.1 90.4
35 0.7 £ 0.1 91.1
36 0.7 0.1 91.9
37 0.7 £ 0.1 92.5
38 0.7 £ 0.1 93.2
39 0.6 £ 0.1 93.8

40 0.6 + 0.1 94.5

41 0.6 £0.1 95.1

42 0.6 £ 0.1 95.6

43 0.6 + 0.1 96.2

44 0.5+0.1 96.7

45 0.5+0.1 97.3

46 0.5+ 0.1 97.8

47 0.5 +0.1 98.3

48 0.5+0.1 98.7

49 0.4+0.1 99.2
50 0.4 x0.1 99.6
51 0.4 +0.1 100.0
52 0.0+0.0 100.0
53 0.0+ 0.0 100.0
54 0.0 +£0.0 100.0

of the east-west movement of the rainfall patterns due
to the seasonal cycle. The major regions of variability
in this mode correspond to the SPCZ and its seasonal
shift from the south-central Pacific up to around In-
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donesia, as described in section 3b. There is also a mode
of oscillation along the central ITCZ. The regions of
variability in the third EOF appear to be complemen-
tary to those in the first EOF, indicating a secondary
seasonal mode that is weaker than and phase shifted
from the primary seasonal oscillations of the ITCZ.

The second EOF appears to describe the interannual
variability resulting from the 1986-87 El Nifio and the
1988-89 La Nifia. Although it accounts for only 8.1%
+ 1.6% of the total variance, it is a significant portion
of the monthly rainfall variability. Since only a single
ENSO event was present during the 54-month time
series, the interannual fluctuations appear to be cap-
tured by a single EOF, unlike the seasonal component
that is described by an EOF pair. The principal com-
ponents for the second EOF are positive during the last
few months of 1987 and negative during most of 1988
as well as the first part of 1989. This corresponds to
the interannual rainfall anomalies observed in the
monthly SSM /I rainfall estimates discussed in section
3b. The spatial distribution of variability for the second
EOF indicates a merger and eastward shift of the con-
vergence zones corresponding to the El Nifio, and an
opposite shift corresponding to the La Nifia.

Beyond the first three EOFs, an interpretation of the
subsequent EOFs is not as clear. The period of oscil-
lation of the principal components for both the fourth
and fifth EOFs appears to be semiannual. These EOFs

. define a semiannual oscillation over the extreme east-

ern portion of the ITCZ. They also both show a region
of variability in the northern tropical Pacific around
160°E. Although the physical mechanisms producing
these modes are not clear, it appears that there is a
significant semiannual component to the variability of
the monthly rainfall time series.

As Table | shows, the first five EOFs account for a
little less than half of the total variability of the time
series. Beyond the fifth EOF it is virtually impossible
to attach a physical explanation to the observed spatial
and temporal patterns of variability, and from the sig-
nificance test applied to the EOFs only the first eight
have any significance beyond the level of the noise. It
is apparent, however, that due to the complexity of the
rainfall distributions, a large number of EOFs are re-
quired in order to adequately describe the variability
of the monthly rainfall time series. Unfortunately, be-
cause only 54 months of data were available for the
EOF analysis, it is difficult to establish the existence of
modes of variability other than the seasonal and in-
terannual cycles. For this reason, 18 years of rainfall
estimates from the highly reflective cloud (HRC) data,
from January 1971 through December 1988, are an-
alyzed in the following section.

5. A comparison with 18 years of monthly HRC
rainfall estimates

Because of the limited period of the SSM /I rainfall
estimates, it is difficult to determine whether or not
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the first three harmonics of the annual cycle. In addi-
tion, those harmonics corresponding to periods of 9
and 18 years were also subtracted out in order to re-
move the effects of the change in the HRC time series
shown in Fig. 10. The effects of the 1982-83 El Nifio
on the zonal HRC rainfall anomalies, shown in Fig.
11, are readily apparent, as are the effects of the 1986-
87 and 1976 El Nifios. Although a positive anomaly
corresponding to the 1972 El Niio is present, it is not
as noticeable as for the other events during this period,
but there is evidence of a strong cold event late in 1973.
There is also a strong negative anomaly corresponding
to the 1988 cold event. The 1982-83 ENSO is by far
the strongest interannual signal in the zonal averages,
however, which is consistent with previous findings.

b. EOF analysis of the HRC rainfall time series

The first five EOFs of the 18-yr time series of
monthly HRC rainfall estimates are shown in Fig. 12.
The first two EOFs correspond extremely well to those
from the SSM/I time series. The Overland and Prei-
sendorfer (1982) significance test suggests that ap-
proximately the first 18 EOF modes are significant,
although applying North et al.’s (1982) rule of thumb
indicates that whereas the first EOF is fully resolved
the second and third EOFs are not, but the fourth and
fifth EOFs are resolved. The first EOF indicates a sea-
sonal fluctuation between the ITCZ in the extreme
eastern and western Pacific and the SPCZ in the south-
western Pacific, and the second EOF indicates the in-
terannual variability resulting from the ENSO events.
Maxima in the values of the principal components for
the second EOF are present in 1972, 1976, 1983, and
1987, all of which were El Nifio years. Although it
appears in the principal components of the second EOF
that the 1987 event has the largest amplitude, this is
likely due to the increase in the HRC values after 1982,
shown in Fig. 10. While the effects of this change were
removed from the zonal averages shown in Fig. 11, the
original data were used for the EOF analysis. As a result,
the effects of this change in the HRCs is evident in
several of the EOF modes.

In general, the variability described by the EOFs of
the HRC time series seems to agree very well with those
from the SSM/I time series. The percent variance de-
scribed by each of the EOF modes is very similar to
that for the EOF analysis of the SSM/I data, even
though 216 modes were computed for the HRC time
series as opposed to 54 modes for the SSM /I time series.

The third EOF appears to correspond to the shift in
the HRC values during 1983, with the discontinuity
clearly visible in the corresponding principal compo-
nents. Given the length of the HRC time series it is
difficult to visually determine the frequencies described
by the subsequent EOFs. To identify the frequencies
described by each of the EOF modes, therefore, a Fou-
rier transform of each of the resulting principal com-
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ponents time series was performed. The resulting power
spectra for the first five EOFs are shown in Fig. 13.
The dashed lines in Fig. 13 indicate the 95% level of
significance and the dotted lines indicate the 99% level.

As Fig. 13 shows, the variability described by the
first EOF is clearly due to the seasonal cycle, with a
strong peak corresponding to a period of one year. The
second EOF shows a strong peak at a frequency of
about 0.25 cycles per year, which corresponds to the
approximate frequency of ENSO events during the 18-
yr period. The power spectra of both the third and fifth
EOFs contain most of the power at very low frequen-
cies, corresponding to the change in the HRC values,
which Fig.. 12 shows occurred around 1983. Figure 13
also shows strong peaks corresponding to frequencies
of 1 and 2 cycles per year in EOFs 3, 4, and 5. While
the seasonal peak is significant in all but the second
EOF mode, the semiannual peak is only significant
above the 99% confidence level in the fourth EOF. It
is apparent that like the SSM/I time series, there are
several modes of seasonal variability not captured by
the first EOF as well as significant semiannual vari-
ability in the HRC time series. In general, the EOF
analysis of the HRC time series shows excellent agree-
ment with the results from the SSM /I estimates, with
the largest signals corresponding to seasonal and in-
terannual fluctuations, although the effects of semi-
annual and intraseasonal variability are also present in
the estimates.

6. Rainfall as a measure of latent heat release

For many applications, such as energy budget stud-
ies, the parameter of interest is the total latent heat
release. The relationship between the latent heat release
LHR and the rainfall amount R over an area 4 is de-
fined by the simple expression given by Adler and
Rodgers (1977):

LHR=Lprda, (1)
A
where p is the density of rain (assumed to be the density
of pure water, 1.0 X 103 kg m™3), and L is the latent
heat of condensation (L = 2.5 X 10° J kg~"). Within
each 2.5° X 2.5° latitude-longitude box the satellite
rain estimate is assumed to be constant and can there-
fore be taken outside of the integral. Dividing this
expression by the area integral gives the latent heat
release per unit area in watts per square meter. This
makes it easier to compare the resulting values with
other energy budget terms and remove the dependence
of the latent heat release on latitude. Using the values
given above, the simplified relationship becomes LHR
(W m™2) = 0.7927R, where the rainfall is in centi-
meters per year.

Figures 14a and 14b show the zonal and Pacific-
wide distributions of the average latent heat release
(W m™2) as determined from the SSM/I data. As
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the values shown in Fig. 14 are very significant. This
figure demonstrates the importance of an accurate
estimate of tropical rainfall for understanding the
energy budget in the Tropics and the effects of latent
heat release on the general circulation of the atmo-
sphere.

7. Conclusions

The monthly SSM /I rainfall time series clearly shows
the effects of the 1986-87 El Nifio and the 1988-89
La Nifia. While it is apparent that the seasonal rainfall
cycle is by far the most significant mode of variability
in the monthly time series, the interannual signal is
very strong, even over the limited 54-month period
analyzed. In addition, the effects of intraseasonal and
semiannual variability are apparent in the data. Al-
though it is difficult to identify many of these other
modes due to their weaker signal and the limited tem-
poral resolution of the rainfall estimates, significant
features are present in the rainfall distributions that
cannot be attributed to seasonal or interannual vari-
ability.

The 18-yr time series of monthly HRC estimates
shows very similar seasonal and interannual patterns
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FiG. 13. The power spectra of the principal components of
the first five EOFs for the 18-yr time series of monthly HRC
rainfall estimates. The dashed line indicates the 95% signifi-
cance level and the dotted line indicates the 99% level of sig-
nificance.

of variability. Although there is a significant change in
the HRC index values around 1982, the HRC data -
show evidence of all the major ENSO events during
the period analyzed. It also shows a fairly strong semi-
annual component of variability in the EOFs.

Overall, the SSM/I results are very consistent with
previously observed patterns of rainfall variability. Al-
though it is difficult to identify the various forcing
mechanisms that produce variability in the monthly
estimates, it is clear that the distributions of climate-
scale rainfall in the Tropics are very complex and that
a great deal of work remains to be done in order to
fully understand the production of rainfall in the
Tropics. In addition, based on the magnitude of the
energy flux resulting from the latent heat produced by
tropical rainfall, it is apparent that accurate estimates
of climate-scale rainfall are vital for understanding the
energy balance in the Tropics. While the analysis of
this short SSM /I rainfall time series has shown its use-
fulness for studying rainfall variability over climate
scales, this study has also served to demonstrate the
complexity of the forcing mechanisms producing trop-
ical rainfall.

It is apparent that longer time series with higher
temporal resolution will be necessary. The extension






