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ABSTRACT

Four years of satellite observations of the outgoing longwave radiation have been used to study the
distribution of cloudiness and rainfall over the tropics. Annual and interannual variations are
described, partially with the help of an eigenvector analysis. Interannual variations in the outgoing
longwave radiation are particularly interesting since they tend to follow the Southern Oscillation. Con-
sequently, it can be used to monitor changes in the large-scale circulation over the tropics.

1. Introduction

Recently, an earth radiation budget data set that
was obtained from the NOAA operational satellites
has become available (Gruber and Winston, 1978;
Winston et al., 1979). This data set extends from
June 1974 to February 1978 —a total of 45 months—
and consists of the absorbed solar radiation, albedo,
outgoing longwave radiation, as well as the net
radiation. The outgoing longwave radiation, apart
from its use as a component of the radiation balance,
has proved to be useful for studies of the large-scale
circulation over the tropics. This is because in the
tropics it is largely modulated by the cloudiness.
In particular, it varies with the cloud-top tempera-
ture and consequently low radiation values indicate
the major convective systems that extend upward to
the tropopause. Radiation in these major systems is
frequently of the order of 225 W m™2 or less. In
contrast, the trade wind cumulus regime, extending
a kilometer or so above the ocean surface, appears
relatively warm and emits higher radiation, usually
of the order of 275 W m~2 or more. Thus it is possible
to separate the major areas of condensation heating
from the relatively inactive trade wind or subsidence
regimes. As would be expected, the longwave radia-
tion undergoes a significant annual cycle even over
the tropics. In addition, these data indicate some
substantial year-to-year changes.

It is this use of the longwave radiation for studies
of the tropical circulation, rather than its more tradi-
tional role as a component of the earth’s radiation
budget, that we wish to discuss heré. We will first
consider the annual variation over the tropics. This

will be followed by a discussion of the interannual
variability during this 4-year period.

2. Data and analysis

This valuable earth radiation data set has been
published as an atlas by Winston et al. (1979). In
addition, a useful discussion of these data, their
reduction and archiving is given by Gruber (1977),
and Gruber and Winston (1978). Accordingly, our
review of the data derivation and quality is limited
here; the reader is referred to the above for more
details.

These outgoing longwave radiation measurements
have been obtained from the scanning radiometer
aboard the polar orbiting NOAA operational satellites.
Equator crossings were twice daily at 0900 and
2100 LT. These data were averaged and mapped on
a 2.5° latitude-longitude array between 60°N and
60°S and from these monthly means were obtained
(Winston et al., 1979).

From this monthly mean data set a 216-point
array has been extracted and used for an empirical
orthogonal function (EOF) analysis. This array is
shown in Fig. 1. Between 50°N and 50°S the data are
spaced 10° X 20° latitude-longitude, while at 60°N
and 60°S they are spaced every 40° longitude. Higher
latitude measurements are utilized in this analysis,
but as indicated, we will only discuss the tropics
here. The eigenvector method employed was that
utilized by Heddinghaus and Kung (1980) and is
similar to that of Kutzbach (1967), Kidson (1975a,b)
and others. Since the long-term mean is removed,
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F1G. 1. Location of the 216 points used in the eigenvector analysis.
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F16. 2. Sample mean for the outgoing longwave radiation, top; and standard deviation of the 45 months about this mean, below.
The contour interval for the mean is 10 W m™2 with the areas below 260 W m~2 shaded, while the contour interval for the standard
deviation is 5 W m™! with the values above 15 W m~2 shaded.
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FIG. 3. Seasonal means for the outgoing longwave radiation. The contour interval is 20 W m~2 with the areas below 260 W m~2
shaded. These analyses are from the full 2.5° latitude-longitude array presented in Winston et al. (1979).

the EOF patterns derived here can be considered as
anomalies about this mean.

3. Qutgoing longwave radiation: Its distribution
and variation

a. Sample mean

This mean is itself interesting and worth examining.
It is shown in Fig. 2a, while the standard deviation
of the 45 months about this mean is shown below.
Some of the major and most persistent features of the
tropical circulation are delineated. In particular,
each of the trade wind systems is indicated by large
values of longwave radiation over the oceans. These
large intensities indicate the suppression of major
cloudiness through widespread subsidence and are
associated with strong, steady trade wind flow (cf.

Barnett, 1977; Mintz and Dean, 1955). The most
conspicuous is associated with the South Pacific
trade winds and defines the equatorial Pacific dry
zone. It dominates the Pacific from the coast of
South America to the International Date Line and as
far south as 20°S. This is a remarkably persistent
drea with standard deviations < 10 W m~2; nearer
to the west coast of South America (Fig. 2b) they
are even less than S W m~2. A similar area appears
over the South Atlantic. The variability associated
with the North Pacific trades is somewhat larger;
while the North Atlantic shows a large area of less
than 10 W m™2 extending from the Cape Verde
Islands to the West Indies and Florida.

Three major convective areas are indicated in Fig.
2a. These areas have radiation intensities < 250 W
m~2 and are located over the maritime continent
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F1G. 3. (Continued)

of Indonesia-New Guinea, as well as equatorial
South America and Africa. As Ramage (1968) has
noted, these are major areas of condensation heat-
ing and, consequently, are of considerable im-
portance to the tropical energy balance. Several
of the areas of greatest variability in longwave
radiation over the tropics are associated with these
three tropical continental regions. To a great extent
this is a consequence of the large annual cycle in
rainfall arising as a result of major shifts in convec-
tion between the Northern and Southern Hem-
ispheres.

The low outgoing radiation indicated over the
Tibetan plateau and western China is largely a re-
sponse to the low temperatures that are character-
istic of this plateau. Summer cloudiness associated
with the monsoon circulation is also an important
factor, however. Note that Fig. 2a has been mapped

from our 216-point array with a grid spacing of 10°
x 20°; consequently, it does not reproduce this
feature with true fidelity. The full 2.5° square data
array presented in Winston e? al. (1979), from which
we have obtained the seasonal maps shownin Fig. 3,
resolves this better. Notice in particular the 220 W
m~2 contour that clearly defines the Tibetan plateau
during northern winter and spring seasons during
which cloudiness is at a minimum over the Himalayas.

b. Annual variation

The first three eigenvectors for the monthly out-
going longwave radiation are shown in Fig. 4 and
taken together they indicate the essential features
in its annual variation. Table 1 indicates that these
three modes account for nearly 77% of the total
variance.
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F16. 4. First three eigenvectors for the outgoing longwave radiation. These were derived from 45 monthly averages
from the array shown in Fig. 1.
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TABLE 1. Variance accounted for by eigenvectors of the out-
going longwave radiation; (a) original series, (b) series with the
annual and semiannual cycles removed.

(@) (b)

Eigen-
vector Percent Cumulative Percent Cumulative
1 66.2 66.2 13.1 13.1
2 6.2 72.4 6.2 19.3
3 4.1 76.5 5.4 24.7
4 2.9 79.4 5.3 30.0
5 1.8 81.2 5.0 35.0

The first eigenvector (Fig. 4, top), having 66% of
the variance, is a winter-summer mode and its co-
efficient (Fig. 5, top) shows a sinusoidal variation
with little year-to-year difference. Notice the three
maxima-minima located ~10° of latitude on each
side of the equator with practically no variation
indicated at the equator itself. It is interesting that
the variations over low latitudes are opposite to
those poleward of 20-30° latitude. This mode is
largely indicative of the strong seasonal shift of the
major areas of cloudiness and of condensation
heating from one side of the equator to the other
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over the tropical continents [including the western
Pacific ‘‘maritime continent’’ (Ramage, 1968)].
The coefficient for the second eigenvector leads
that of the first by three months (Fig. 5, middle) and,
consequently, it can be considered a spring-fall
mode. Like the first, it shows a sinusoidal variation
with little year-to-year difference. This eigenvector,
which is shown in the middle of Fig. 4, indicates
that the northern ITCZ is best developed and has its
greatest longitudinal extent during northern autumn.
Notice the channel of positive values near 10°N and
extending eastward from southern India across the
Pacific to Central America and then across the
Atlantic. Since its coefficient is negative during
northern autumn, a decrease in longwave cooling
and an increase in cloudiness is indicated. Along
much of the equator and just to the south opposite
changes occur; in particular, large negative values
occur over the equatorial Atlantic and Brazil. A
similar but weaker area also appears over the western
equatorial Pacific dry zone. These changes indicate
a synchronous strengthening and westward exten-
sion of both the Atlantic and Pacific dry zones in
the northern autumn. This is apparently a con-
sequence of the strengthening of the southeast trades
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FiG. S. Coefficients for the first three eigenvectors shown in Fig. 4.
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TABLE 2. Fractional variance Q (%) with the corresponding
phase a (months) obtained from a harmonic analysis of the
principal components of the nonnormalized outgoing longwave
radiation data: a = 0 in mid-December and a = 1 in mid-
January, etc.

Period
Eigen-
vector >1year 12 months 6 months 4 months
10 0.2 99.4 (7.4) 0.0 0.0
20 (w - 1.5 93.1(4.3) 22(2.00 0.1(249
30(w 9.1 2.0 (4.9 82.6 (4.3) 1.2(1.8)
4 Q(a) 49.5 4.8 (10.8) 19.7(2.1) 3.2Q2.3)
With the annual and semiannual cycles removed
1Q () 66.0 5.7 (0.1)

that normally occurs during southern winter and
spring (Wyrtki and Meyers, 1976; Atkinson and
Sadler, 1970). This strengthening of the southeast
trades is also accompanied by a small decrease in
longwave radiation over the oceans off the west
coast of South America and Africa, and this decrease
is probably brought about by an increase in strato-
cumulus. During the latter part of the austral summer
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as well as during autumn, the southeast trades are
weakest. This is accompanied by a weakening of the
stratocumulus regime west of South America and
Africa and this is indicated by a decrease in albedo
(not shown) and an increase in longwave radiation.
Along and just south of the equator, however, there
is now a tendency for more cloudiness and less
radiation. This is most conspicuous over Northern
Brazil and the equatorial Atlantic (Fig. 4 middle).
It is also weakly evident over the equatorial Pacific
dry zone; and, interestingly, there is a tendency for
a southern summer and a fall rainfall maximum for

_ this part of the Pacific (Seelye, 1950; Gentilli, 1952).

The third eigenvector is of interest since it has a
very pronounced semiannual component (Fig. 4,
bottom). In fact, nearly 83% of the variance of this
mode is accounted for by the semiannual com-
ponent (Table 2). It is essential for describing the
details of the annual variation over the Indian sub-
continent. This variation resembles the well-known
variation in temperature over this region. Thus the
longwave cooling and surface temperature tend to be
a maximum during the spring and then drop as the
summer monsoon arrives. Both rise again as the
monsoon recedes during autumn followed by another
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FiG. 6. Time series for outgoing longwave radiation over India (30°N, 80°E), solid. Sum of first three eigenvectors, dashed.
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Fi1G. 7. Time-longitude analysis for the outgoing longwave radiation anomaly at the equator. Contour interval 10 W m~2 with negative
anomalies shaded. These values are three month running means and are averaged for =2.5° latitude and the equator.

drop during winter. This variation for the longwave
radiation is shown in Fig. 6.

c. Interannual variation

During the latter part of 1975 and early 1976 the
equatorial Pacific dry zone extended well west of the
International Date Line. This was indicated by the
longwave radiation measurements which also
showed that most of the cloudiness and rainfall
were well west of normal and over Indonesia-
New Guinea (Krueger and Winston, 1979). A drastic
change took place the following summer. At this
time a major decrease in longwave radiation (and
increase in rainfall) occurred over the central equa-
torial Pacific (Winston, 1977). This is strikingly
portrayed in a time-longitude analysis of the long-
wave radiation anomaly for the equator shown in
Fig. 7. Prior to April 1976, this anomaly was large
and positive near the international date line, but
afterwards it became large and negative. The opposite
changes occurred west of 150°E longitude. These
large changes were accompanied by a significant
drop in trade wind strength as well as in the Southern
Oscillation Index (Krueger and Winston, 1979;
Quinn, 1979; Wyrtki, 1979).

Interestingly, our fourth eigenvector and its co-
efficient reflected these changes (not shown). This
mode is largely a manifestation of long-term changes
with periods greater than one year (Table 2). Con-
sequently, in order to more closely examine this
nonseasonal mode, a harmonic analysis was applied
to these data at each grid point and the annual and
semiannual components then removed.! The stand-
ard deviation derived from this anomalous data set is
shown in Fig. 8. It indicates the major areas of
variability to be over the central equatorial Pacific,
northeast Brazil, and the northern ITCZ. It is inter-
esting that a large interannual variability over the
central tropical Pacific also appears in Sadler’s
cloudiness record which is for the years 1965-73
(Murakami, 1975). Areas of high persistence are
again indicated for the southeast Pacific and Atlantic
and are associated with the major subtropical anti-
cyclones located there.

The first nonseasonal eigenvector for this data set
is almost identical to the fourth eigenvector that

! Since there were only 45 months of data, March, April and
May 1978 were each approximated by the previous 3-year mean
so as to obtain a 48-month series. From this series the annual
and semiannual components were then derived.
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F16. 8. Standard deviation for the longwave radiation with the annual and semiannual components removed. Contour interval 2.5 W
m~2 with values above 7.5 W m~2 shaded.

was derived from the original data. This is shown
in Fig. 9. Particularly striking is the major anomaly
center that extends southeastward from the central
equatorial Pacific. It is located just northeast of
the South Pacific convergence zone and to a large
extent it represents fluctuations in the position of
this major cloud band. A tendency for the opposite
variation is indicated from the western Pacific and
Australasia. As we have indicated, these fluctua-
tions appear to be typical manifestations of the
Southern Oscillation, and the coefficient for this
mode shows this (Fig. 9). Note how this time series
(solid line) tends to parallel Quinn’s Southern Oscil-
lation Index (dashed line) which is derived from the
Easter Island minus Darwin pressure difference
anomaly (Quinn’s index is smoothed while ours is
not). Since fluctuations in the Southern Oscillation
represent major changes in the semipermanent
centers of action, particularly those in the Southern
Hemisphere, it would also be expected that these
changes would be accompanied by changes in the
‘longwave cooling and, consequently, in the location
of the major rainfall areas over the tropics. When the
Southern Oscillation is positive, the trade winds are
strong and the equatorial Pacific dry zone extends
well west of 180° longitude with most of the
cloudiness and rainfall located over Indonesia—New
Guinea. The South Pacific convergence is also then
west as well as south of its normal location.
Conversely, when the Southern Oscillation is
negative, trade winds are weaker and the South
Pacific convergence zone moves northeastward into
the western part of the equatorial dry zone.

We find this eigenvector to be of particular inter-
est. Admittedly, our record is not long enough to
adequately define the principal interannual modes
for the outgoing longwave radiation (and tropical

rainfall). There are indications, however, that this
mode (Fig. 9) may be fairly representative of the
large-scale processes occurring over the western and
central equatorial Pacific. For example, studies
utilizing some of the early satellite cloud observations
indicated large year-to-year changes over the
central equatorial Pacific arising as a consequence
of the southwest-to-northeast migration of the South
Pacific convergence zone (Krueger and Gray, 1969;
Gruber, 1972; Krueger and Winston, 1974). Canton
Island is in the middle of this area of large variability
and its rainfall record reflects this type of extreme
variation. In fact, Bjerknes (1969) considered its
rainfall regime to be typical of a large equatorial area
of the central Pacific. Murakami (1975) also noted a
tendency for cloudiness over the central equatorial
Pacific to vary inversely with that occurring farther
west. His study used 8Y% years of satellite cloudiness
data (Sadler) from an earlier period than ours. Also,
Kidson (1975b), by applying an eigenvector analysis
to 10 years of tropical rainfall data for the 1950’s,
obtained a first mode that closely resembles ours
(cf. his Fig. 3). His pattern in fact is even similar
to ours over the Americas. Trenberth (1976) con-
siders this to be quite typical of the long-term
variation of the South Pacific convergence zone. It
should be noted, however, that Walker and Bliss
(1932) were probably the first to note this tendency of
the central equatorial Pacific rainfall to vary
inversely to that over Indonesia—New Guinea, and in
turn to vary inversely with the Southern Oscillation.

4. Summary

The outgoing longwave radiation over the tropics
is largely modulated by cloudiness. Major convec-
tive regimes extending upward to the tropopause
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F1G. 9. First nonseasonal eigenvector and its coefficient (solid) and Quinn’s Easter minus Darwin pressure difference anomaly (dashed).
Note that Quinn’s index is a triple 6-month running mean while our principal component is unsmoothed.

appear as regions of low outgoing radiation while the
trade winds with their suppressed cumulus regime
over the oceans appear as regions of high outgoing
radiation. Consequently, the major semipermanent
features of the tropical circulation are clearly de-
lineated. Most of the annual variation is depicted by
the first eigenvector which essentially represents a
migration of the rainfall between the Northern and
Southern Hemispheres. This occurs primarily over
the tropical continents and the western Pacific
(maritime continent). An ITCZ or spring-fall mode
also is apparent and indicates the northern ITCZ
to be best developed during northern fall. The third
mode shows a semiannual component and is es-
sential for completely defining the Indian monsoon.

Of particular interest are the year-to-year changes
that are indicated by these measurements. Especially
noteworthy are those over the western equatorial
Pacific where large displacements of the South
Pacific convergence zone often occur. These fluctua-
tions clearly appear to be a manifestation of the
Southern Oscillation. Consequently, the outgoing
longwave radiation can serve as a convenient and,
in view of its complete spatial coverage, a much
more comprehensive monitor of the Southern Oscil-
lation and large-scale tropical phenomena, in general.

While this series of observations was terminated
in March 1978 because of the unexpected failure of
NOAA §, they fortunately resumed again in January
1979 and have continued to the present. With a longer
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