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ABSTRACT

The spectral character of tropical convection is investigated in an 11-yr record of outgoing longwave radiation
from the Advanced Very High Resolution Radiometer to identify interaction with the tropical circulation. Along
the equator in the eastern hemisphere, the space—time spectrum of convection possesses a broad peak at wave-
numbers 1-3 and eastward periods of 35-95 days. Significantly broader than the dynamical signal of the
Madden—Julian oscillation (MJO), this quasi-discrete convective signal is associated with a large-scale anomaly
that propagates across and modulates time mean or ‘‘climatological convection’’ over the equatorial Indian
Ocean and western Pacific. Outside that region the convective signal is small, even though, under amplified
conditions, coherence can be found east of the date line and in the subtropics. Having a zonal scale of approx-
imately wavenumber 2, anomalous convection propagates eastward at some 5 m s~' and suppresses as well as
reinforces climatological convection in the eastern hemisphere. The convective signal amplifies to a seasonal
maximum near vernal equinox and, to a weaker degree, again near autumnal equinox, when climatological
convection and warm SST cross the equator.

Contemporaneous records of motion from ECMWEF analyses and tropospheric-mean temperature from Mi-
crowave Sounding Unit reveal an anomalous component of the tropical circulation that coexists with the con-
vective signal and embodies many of the established properties of the MJO. Unlike anomalous convection, that
dynamical signal extends globally around the Tropics. The anomalous circulation differs fundamentally between
the eastern and western hemispheres. In the eastern hemisphere, subtropical Rossby gyres and zonal Kelvin
structure along the equator flank the convective anomaly as it tracks eastward, giving the anomalous circulation
the form of a ‘‘forced response.”” In the western hemisphere, the dynamical signal is composed chiefly of
wavenumber-1 Kelvin structure, which has the form of a ‘‘propagating response’’ that is excited in and radiates
away from anomalous convection at some 10 m s~'. Kelvin structure comprising the propagating response
appears in 850-mb and 200-mb zonal winds even when the convective signal is absent, albeit with much smaller
amplitude. In contrast, the signal in 1000-mb convergence appears only when accompanied by anomalous con-
vection, which suggests that convergence in the boundary layer is instrumental in achieving strong interaction
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with the convective pattern.

1. Introduction

Tropical variability operating on periods shorter than
seasonal has become a subject of widespread interest.
Prominent in dynamical fields, the so-called Madden—
Julian Oscillation (MJO) is a familiar component of
such behavior (Madden and Julian 1972). Observa-
tions of motion clearly establish the MJO as a global-
scale disturbance to the tropical circulation that prop-
agates eastward with periods of 30—60 days; see Mad-
den and Julian (1994) for a comprehensive review.
Similar behavior has been suggested of the convective
pattern, but the relationship between the MJO and con-
vection is less clear.

At the heart of this issue is the existence of a dis-
crete peak in the spectrum of convection. Since it is
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a direct measure of feedback from the anomalous cir-
culation, discrete convective behavior is a key to es-
tablishing the mechanism behind the MJO. The dy-
namical signal of the MJO corresponds to a spectral
peak in wavenumber and frequency that appears
across most of the Tropics. Convection, on the other
hand, is broadband with variance distributed over a
wide range of space and time scales (e.g., Gruber
1974; Salby et al. 1991). Moreover, time-mean or
‘‘climatological convection’’ is concentrated in par-
ticular geographical regions, where it is maintained
by properties of the general circulation like the dis-
tributions of land and sea and SST.

It has been traditional to infer convective activity
associated with the MJO from the comparatively clear
signal in dynamical fields. Composites derived from
outgoing longwave radiation (OLR) bandpass filtered
to periods of the dynamical signal (e.g., Knutson et al.
1986; Rui and Wang 1990) exhibit eastward propaga-
tion, albeit more complex than that of the circulation;
see also Madden (1986). However, because they focus
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on variability in a prescribed band of frequency, such
composites do not address whether or not the spectrum
of convection actually possesses a discrete peak (e.g.,
see Hartmann and Gross 1988).

A discrete component is suggested by low-pass fil-
tered OLR (Lau and Chan 1986) and by EOF analysis
of velocity potential (Lorenc 1984 ), both of which ex-
hibit eastward propagation. Yet EOF analysis of diver-
gence, which is related directly to large-scale convec-
tion, does not indicate regular behavior in the Tropics,
suggesting instead broadband variability. Eastward
propagation in these and other analyses may, in fact,
merely reflect broadband eastward variance that dom-
inates the spectrum of convection at large scales, as will
become apparent below. Evidence of a discrete com-
ponent also comes from Weickmann et al.’s (1985)
analysis of OLR, which reports a significant spectral
peak across much of the Tropics, as well as at middle
and high latitudes. On the other hand, frequency spectra
of wavenumbers 1 and 2 reveal a peak only near the
equator (Nakazawa 1986; Hayashi and Golder 1986).
While differing in structure, these studies suggest east-
ward propagation of convective activity across much
of the Tropics. Local spectra of OLR and precipitation,
however, exhibit a clear peak only in the Indian Ocean
and western Pacific (Lau and Chan 1988; Hartmann
and Gross 1988), where eastward-moving convection
appears in bandpass-filtered OLR (e.g., Rui and Wang
1990). A standing oscillation of convection in those
regions has also been suggested (Weickmann and
Khalsa 1990; Zhu and Wang 1993).

Uncertainties surrounding the observational picture
of convection may stem from the interpretation of OLR
spectra, which is complicated by a red background
spectrum that is associated with climatological convec-
tion and its variation on seasonal and interseasonal
timescales. These contributions lead to sharply increas-
ing power at low frequency that makes it difficult to
identify a spectral peak at intraseasonal periods and
establish its significance. In fact, removing low-fre-
quency variance, as is inherent to filtering, and elimi-
nating the seasonal cycle of convection can create a
spectral peak from behavior that is actually red. Iden-
tifying discrete behavior is especially tenuous in rec-
ords of one year and shorter, which have been the basis
for several previous studies. The spectral resolution is
then too coarse to fully separate intraseasonal variabil-
ity from that at lower frequency and thus unambigu-
ously distinguish discrete behavior from the red back-
ground spectrum.

Many of the outstanding issues surrounding the MJO
revolve about its interaction with convection. There-
fore, a clear picture of organized convection and its
relationship to the circulation is essential to reaching a
true understanding of the MJO. This paper addresses
these issues in the spectral character of OLR, which is
areflection of feedback between the circulation and the
convective pattern. Unlike traditional treatments that
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rely on the comparatively clear dynamical signal, we
focus on the spectrum of convection in a long contin-
uous record of OLR. The latter provides high spectral
resolution, which allows intraseasonal behavior to be
distinguished unambiguously from low-frequency vari-
ability associated with climatological convection. In
section 3, discrete convective behavior is diagnosed in
terms of its strength, geographical distribution, season-
ality, and the scales involved. Contemporaneous ob-
servations of temperature and motion are then used in
section 4 to determine the accompanying behavior of
the tropical circulation. Our results support the exis-
tence of a discrete component of convection, but one
that is broader in frequency than previously recognized
and is confined along the equator to centers of clima-
tological convection in the eastern hemisphere. Further,
the discrete dynamical signal that coexists with the con-
vective signal includes a component that exists even
when the convective signal is absent. A companion
study (Hendon and Salby 1994, hereafter HS) uses the
above description to construct a composite life cycle of
the MJO and to investigate the interplay between the
circulation and the convective pattern.

2. Data, representation, and analysis

Radiances from the Advanced Very High Resolution
Radiometer (AVHRR), which flew onboard NOAA
operational satellites, have been used to construct an
11-yr record of OLR imagery for the interval January
1979—-December 1989 (Gruber and Krueger 1984).
Daily images of OLR were formed by averaging the
ascending and descending traversals of individual sat-
ellites on a 2.5° grid. Those were then converted to
equivalent blackbody temperature and reversed in sign
so that a positive anomaly corresponds to enhanced
convection.

Contemporaneous distributions of tropospheric-
mean temperature have been produced from retrievals
of Channel-2 Microwave Sounding Unit (MSU),
which was onboard the same satellites as AVHRR.
Channel-2 MSU is sensitive to temperature fluctuations
between 1000 and 100 mb. Its broad vertical weighting
makes this channel an excellent indicator of deep tem-
perature anomalies like that associated with the simple
baroclinic structure of the MJO (Madden and Julian
1972). To minimize the effects of nonuniform sam-
pling, MSU temperature was previously subjected to a
5-day running mean (Spencer and Christy 1990),
which is tantamount to low-pass-filtering variability to
periods longer than 10 days. The contemporaneous mo-
tion field at selected levels between the surface and the
tropopause was also constructed, from European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)
analyses during 1980—-1989 and from National Mete-
orological Center (NMC) analyses during 1979.

Daily distributions of OLR, MSU temperature, and
motion have been represented spectrally in terms of a
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spherical harmonic expansion with T64 truncation. To
focus on the organization of convection and its coun-
terpart in the circulation, those records have been spa-
tially low-pass filtered to varying degree—for exam-
ple, in terms of the rhomboidal truncations R16, RS,
and R4 and similar triangular truncations. The resultant
space—time series represent behavior that operates co-
herently on large dimensions. Many of the low-pass
filtered results are presented in terms of an extended
form of R8 truncation. Also rhomboidal, truncation
ERS8 contains 8 zonal wavenumbers but 16 meridional
modes for each, which allows faithful representation of
certain narrow meridional structures that will emerge
below.

The analyses to be presented are based on spectral
properties of OLR, temperature, and motion that are
calculated from space—time series 4096 days long and
of prescribed horizontal resolution. A 5% cosine taper
was applied to the ends of those records, which pre-
serves a raw spectral bandwidth of ~0.0002 cpd. For
statistical stability, 30 passes of a 1-2—1 frequency
convolution are applied to the raw spectra. Refined
spectral estimates then contain degrees of freedom
(DOF) equivalent to that in 10 neighboring frequen-
cies, yet still with a relatively narrow effective band-
width of ~0.002 cpd.

The seasonal variation of each field was removed in
the form of a composite seasonal cycle that was con-
structed by averaging values on individual days of the
year. Most of the variance in the composite seasonal
cycle is captured by the first three harmonics of the
annual, which involve periods of 365, 183, and 122
days. The finite record lengths lead to additional vari-
ance being removed, but little at periods shorter than
120 days due to the narrow spectral bandwidth.

3. Intraseasonal behavior of cloud cover

Figure 1 shows the distribution of OLR variance for
T64 truncation and intraseasonal periods, which will
hereafter refer to 150 days and shorter. Intraseasonal
variance is concentrated in the Indian Ocean and west-
ern Pacific, coincident with centers of climatological
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convection and warm SST. Secondary maxima also ap-
pear in the eastern Pacific and over tropical Africa and
South America.

a. Spectral character of intraseasonal variability

The spectral distribution of convective variance is
illustrated in Fig. 2, which shows frequency spectra for
T64 truncation (dashed) at locations in Fig. 1 where
OLR variability is large. Over the Indian Ocean (Fig.
2a), the spectrum of OLR exhibits a broad maximum
at periods of 35-95 days. The broad peak is also evi-
dent in the spectrum with the seasonal cycle removed
(dotted), which, at this location, coincides with the full
spectrum at periods shorter than 100 days. Actually,
power in those spectra increases steadily toward low
frequency in the form of a red continuum, until it even-
tually rolls off at periods longer than about 50 days.
This property of the OLR spectrum makes identifying
a distinct band of frequency somewhat ambiguous be-
cause simple models of the background variance, such
as white noise and first-order red noise, are inappro-
priate. A similar peak appears over the western Pacific
(Fig. 2b), although it is less prominent. Like that over
the Indian Ocean, the broad maximum really appears
as part of a red continuum, in which power increases
steadily down to periods of about 75 days. At this geo-
graphical location, power continues to increase at per-
iods longer than 100 days, especially in the spectrum
containing the seasonal cycle, which deemphasizes the
maximum at 35-95 days. Over South America (Fig.
2c), a peak also appears in the aforementioned band
but is comparatively inconspicuous due to comparable
power at lower frequency. In fact, the peak near 50 days
is dwarfed by sharply higher power at periods longer
than 100 days (off scale) in the spectrum containing
the seasonal cycle.

The dotted and dashed spectra in Fig. 2 describe
cloud variability at individual locations, which receives
a large contribution from mesoscale convection that is
incoherent on large dimensions. To focus on the or-
ganization of convection, which may be regarded as an
envelope confining mesoscale convective complexes,
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FiG. 1. Geographical distribution of OLR variance for T64 truncation and intraseasonal periods:
2-150 days. Solid circles mark sites of spectra presented in Fig. 2.
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the record of OLR has been spatially low-pass filtered
by limiting the spherical harmonic expansion to suc-
cessively lower truncations. As the truncation is re-
duced from T64, the record of OLR is restricted to
variability that operates on increasingly larger dimen-
sions and the peak at 35-95 days emerges with increas-
ing prominence. Shown in Fig. 2 in solid are frequency
spectra for truncation ERS8. Relative power at 35-95
days has increased over that of T64 truncation, most
noticeably in the Indian Ocean and western Pacific
(Figs. 2a,b). The broad peak now stands out noticeably
above the background in each of those spectra. Note,
in particular, that power does not increase solely in the
peak at 50 days, but rather increases across the 35-95
day band. In addition, power at frequencies greater than
0.10 cpd (not shown) is sharply reduced because those
fluctuations are incoherent on large dimensions (e.g.,
Salby et al. 1991), which reduces the overall variance.
Together, these changes to the spectrum lead to a sig-
nificant increase in the fractional variance represented
by the peak at 35-95 days. The percentage intrasea-
sonal variance explained by the band increases from
28% to 40% over the Indian Ocean and from 20% to
29% over the western Pacific. The peak over South
America is also magnified at periods of 35-95 days but
by about the same as power at all periods, so it remains
comparatively inconspicuous.

b. Geographical distribution and coherence of
convective signal

The geographical distribution of ER8 power at per-
iods of 35-95 days (Fig. 3) mirrors the pattern of cli-
matological convection in the eastern hemisphere (e.g.,
Fig. 1), though confined closer to the equator. How-
ever, 35-95 day variance is about 50% greater over the
Indian Ocean than over the western Pacific. The per-
centage of ERS intraseasonal variance represented by
the above band ranges from 40% over the Indian Ocean
to 25% in the western Pacific and is only 15% over
South America and Africa.

Not all of the variance in Fig. 3 represents a discrete
spectral peak. The existence of a signal at 35-95 days
is established through the statistical significance of
power in that band relative to the background spectrum.
Background power associated with the continuum sur-
rounding the peak is determined by averaging 18 con-
tiguous frequencies ( ~2.5 effective bandwidths) to ei-
ther side of the 35—95 day band. This provides a stable
estimate of broadband variance across the band with a

FiG. 2. Normalized power spectrum of OLR for T64 truncation
(dashed), with seasonal cycle removed (dotted), and for ER8 trun-
cation (solid) over equatorial (a) Indian Ocean, (b) western Pacific,
and (c) South America. Effective bandwidth and 35-95 day band
also indicated. See HS for absolute amplitudes of the disturbance.
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FiG. 3. Geographical distribution of 35-95 day variance (contoured) and 95% and 99% sig-
nificance of power in the band (stippled light and dark, respectively ) of OLR for ERS truncation;

see text for details of calculation.

minimum of contamination from lower frequencies and
the seasonal cycle. The DOF in the 35—-95 day band,
which is a key to establishing significance, is deter-
mined from the distribution of spectral power at each
geographical location (Blackman and Tukey 1959).
Stippled in Fig. 3 are locations where a spectral peak
in ER8 power exceeds the 95% (light) and 99% (dark)
significance levels. A clear signal in convection is con-
fined along the equator, chiefly to centers of climato-
logical convection in the Indian Ocean and western Pa-
cific, where 35-95 day variance is large. In contrast,
there is little evidence of a discrete signal in the western
hemisphere. Isolated patches of significance in the east-
ern Pacific coincide with little 35-95 day variance, so
they represent only a weak convective signal. Signifi-
cance over the Philippine Sea also represents less var-
iance than that over the equatorial western Pacific, but
may be related to the northern summer monsoon
(Knutson et al. 1986).

The quasi-discrete behavior identified above is pres-
ent in Weickmann et al.’s (1985) analysis of northern
winter, but the pattern inferred there is more extensive
latitudinally and is accompanied by other regions of
significance in the Tropics as well as at midlatitudes.
By comparison, the convective signal in Fig. 3 occupies
a nearly continuous strip along the equator that mirrors

the patterns of SST and climatological convection in
the eastern hemisphere. These differences may be at-
tributable to the wider band and more conservative es-
timate of DOF that have been adopted here and to the
previous study being based on records of northern
winter.

Figure 4 shows the spatial dependence of the con-
vective signal in the coherence squared (contoured)
and phase (vectors) between OLR at periods of 35-95
days and itself at (0°,84°E). According to the distri-
bution of cross-spectral power, the 35-95 day band
contains some 70 DOF, which corresponds to coh?
greater than about 0.1 being significant at the 99%
level. The pattern of spatial dependence in Fig. 4 re-
sembles that of significance in Fig. 3. Coherence
squared drops sharply away from the reference site, but
remains significant along the equator in the eastern
hemisphere. Behavior in the western hemisphere ex-
hibits only a suggestion of dependence to that in the
eastern hemisphere. The same is true of behavior out-
side the Tropics, except over the Arabian peninsula and
over a complementary region opposite the equator.
Along the equator, phase vectors rotate clockwise with
increasing longitude, which indicates eastward propa-
gation and a zonal scale of approximately wavenumber
2. Nearly out of phase between 90°E and the date line,
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Fi16. 4. Coherence squared ( contoured ) and phase ( vectors) between OLR and itself at (0°,84°E)
for ER8 truncation. Coh? > 0.1 significant at the 99% level; see text. Zero phase indicated by
upward-directed vector. Clockwise rotation implies direction of phase propagation.






