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ABSTRACT

A composite life cycle of the Madden—Julian oscillation (MJO) is constructed from the cross covariance
between outgoing longwave radiation (OLR ), wind, and temperature. To focus on the role of convection, the
composite is based on episodes when a discrete signal in OLR is present. The composite convective anomaly
possesses a predominantly zonal wavenumber 2 structure that is confined to the eastern hemisphere. There, it
propagates eastward at about 5 m s ' and evolves through a systematic cycle of amplification and decay. Unlike
the convective anomaly, the circulation anomaly is not confined to the eastern hemisphere.

The circulation anomaly displays characteristics of both a forced response, coupled to the convective anomaly
as it propagates across the eastern hemisphere, and a radiating response, which propagates away from the
convective anomaly into the western hemisphere at about 10 m s~'. The forced response appears as a coupled
Rossby—-Kelvin wave while the radiating response displays predominantly Kelvin wave features.

When it is amplifying, the convective anomaly is positively correlated to the temperature perturbation, which
implies production of eddy available potential energy (EAPE). A similar correlation between upper-tropospheric
divergence and temperature implies conversion of EAPE to eddy kinetic energy during this time. When it is
decaying, temperature has shifted nearly into quadrature with convection, so their correlation and production of
EAPE are then small. The same correspondence to the amplification and decay of the disturbance is mirrored in
the phase relationship between surface convergence and anomalous convection. The correspondence of surface
convergence to the amplification and decay of the convective anomaly suggests that frictional wave—CISK plays
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a key role in generating the MJO.

1. Introduction

Feedback between the tropical circulation and the
convective pattern has been the basis for several theo-
ries of the Madden-Julian oscillation (MJO), which
appears prominently in dynamical quantities such as
zonal wind and surface pressure (Madden and Julian
1971). A companion paper (Salby and Hendon 1994,
hereafter SH) focused on the spatial and temporal char-
acteristics of such feedback in the covariance statistics
of convection and in its relationship to motion and tro-
pospheric-mean temperature. Power spectra and cross-
spectra of outgoing longwave radiation (OLR) were
examined for a distinct signal in convection, which is
a direct reflection of feedback with the circulation. The
signal in convection that accompanies the MJO is broad
over frequency and wavenumber and is concentrated
near the equator in the eastern hemisphere. The vari-
ance associated with the convective signal is at east-
ward periods 35-95 days and zonal wavenumbers 1—
3. By comparison, dynamical fields exhibit a much nar-
rower peak (i.e., concentrated in zonal wavenumber 1
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and periods of 50—60 days). The difference in spectral
character between these quantities suggests that con-
vection is not efficiently coupled to the anomalous cir-
culation. On the other hand, the dynamical signal and
its coherence with convection are strongest when the
discrete signal in convection is present. Episodes of
discrete convective behavior amplify to a seasonal
maximum near vernal equinox, and to a lesser degree
again near autumnal equinox, when climatological con-
vection and warm SST lie near the equator. Although
it is confined to the eastern hemisphere, the signal in
convection leads to an anomalous circulation that ex-
tends around the globe.

To gain insight into the interaction between the cir-
culation and convection, this study develops a com-
posite life cycle of the MJO, based on episodes when
the signal in convection is present. The horizontal and
vertical structure of the circulation and its evolution are
depicted as the convective anomaly amplifies and de-
cays across the eastern hemisphere. To elucidate the
mechanism of amplification, correlations between con-
vection and various dynamical components are exam-
ined in order to characterize the energetics of the anom-
alous circulation. The compositing technique and data
on which it is based are described in section 2. The
composite life cycle of the MJO is described in section
3. Analyses of the phase relationships between con-
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vection and anomalous circulation are presented in sec-
tion 4. Discussion and conclusions regarding the mech-
anism for the MJO are presented in section 5.

2. Data and compositing technique

Data used to develop the composite life cycle are the
same as that used in SH. Gridded European Centre for
Medium-Range Weather Forecasts and National Me-
teorological Center winds, Microwave Sounding Unit
channel-2 temperature (MSUT), and OLR are avail-
able daily for the 11-year period 1979-89. The OLR
data have been converted to equivalent blackbody
(brightness ) temperature, which is indicative of cloud-
top temperature. The sign convention used here is that
a negative temperature anomaly (i.e., enhanced con-
vection) is defined as a positive deviation. All of the
fields are stored as extended rhomboidal 8 (ERS8) trun-
cation, for which 16 meridional modes are retained for
each of the zonal wavenumbers 0—8 on a 5.6° longitude
by 2.8° latitude grid. Winds and divergences are used
at three levels: 1000 mb, 850 mb, and 200 mb, while
MSUT provides a measure of the tropospheric-mean
temperature.

The focus of this study is to depict the evolution of
the MJO in relation to anomalous convection. There-
fore, the composite life cycle of the oscillation is cre-
ated relative to the time series of OLR at the reference
site 0°, 84°E, where the largest signal in convection is
observed (SH). Prior to constructing the composite, all
time series are windowed to intervals when a discrete
signal in convection is present; see SH for details. Time
series are then bandpass filtered to eastward periods of
35-95 days and zonal wavenumbers 1-3, where the
convective and dynamical signals are concentrated
(SH). Although it captures most of the variance asso-
ciated with these signals, including only three zonal
wavenumbers ecliminates separate amplifications of
anomalous convection over the Indian Ocean and west-
ern Pacific (SH, Fig. 3) in favor of a single convective
envelope across the eastern hemisphere. Truncating at
wavenumber 3 also introduces some blurring of certain
dynamical features, but only modestly since the dy-
namical signal is concentrated in wavenumber 1 (e.g.,
SH, Fig. 10). Despite these limitations, the bandpass-
filtered behavior provides a self-consistent portrait of
the disturbance that contains the essential characteris-
tics of the MJO. )

The composite is constructed by regressing the win-
dowed and bandpass-filtered time series of winds, di-
vergence, temperature, and OLR onto the correspond-
ing reference time series of OLR at 0°, 84°E. This pro-
cedure is tantamount to forming the cross covariance
at lag 7 of one of these field variables (¢) with OLR
at the reference site g(t),

Ca(T) = q(t — T)(1), (D

where () denotes time average, and then normalizing
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by the variance of ¢(¢) to give the regression coefficient
at lag 7

Culr) '
bo(T) =~
q
The composite evolution of the variable #(¢) is then
represented by the lagged-regression model

J(r) = b1V (3)

Because all time series are bandpass filtered in fre-
quency and wavenumber, s (7) has zero zonal and time
mean and thus describes anomalies of the field vari-
able 4.

The cross covariance C(7) forms a Fourier pair
with the cross-power spectrum in frequency. Hence, the
cross covariance C,,(7) can be formed directly from
the inverse transform of the windowed and bandpass
filtered cross-power spectrum. Composite fields
(A, ¢, 7) are then displayed as maps of the regressed
variables at various lags 7.

(2)

3. Composite life cycle

Maps of the composite structure at 200, 850, and
1000 mb are shown in Figs. 1-5 for lags 7 = —15 to
+25 days at 10-day intervals. In each figure, 200-mb
winds (vectors), MSUT (contours), and positive OLR
anomaly (shaded) are shown in the top panel (Figs.
la-5a), the 850-mb winds and divergence are shown
in the middle panel (Figs. 1b—5b), and the 1000-mb
winds and divergence are shown in the bottom panel
(Figs. 1c-5c). A close correspondence between
MSUT and the 200-mb winds (Figs. 1a—5a) is appar-
ent for all lags, which lends credence to the analyzed
motion at low latitudes. Vector winds and OLR are
plotted only where they are significant at the 90% level.
About 25 degrees of freedom at each point are esti-
mated from the distribution of cross-spectral power;
see SH. This implies that the ratio of bandpass filtered
variance accounted for by the regression to total band-
pass-filtered variance must exceed about 0.1 at each
point to be significant at the 90% level. Alternately, a
correlation coefficient of about 0.3 is significant at the
90% level. For clarity, MSUT and divergence are con-
toured continuously. Regions where they are 90% sig-
nificant are similar to those of the winds and OLR and
can also be inferred from the coherence squared maps
presented in SH.

At lag —15 days (Fig. 1), developing convection
(shaded) is just discernible near the coast of eastern
Africa. Because of the finite record length used to cre-
ate the regressions, the composite appears to oscillate
with a period of about 50 days. Therefore, behavior that
remains from the previous cycle is also evident at lag
—15 days. A remnant of the previous cycle of convec-
tion is evident just east of the date line, which also is
partly an artifact of including only three wavenumbers.
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FiG. 1. Longitude-latitude maps at lag —15 days of (a) 200-mb winds (vectors )}, MSUT (contours), and
OLR (shaded), (b) 850-mb winds ( vectors) and divergence (contours and shading), and (c) 1000-mb winds
(vectors) and divergence (contours and shading) regressed onto OLR at 0°, 85°E. All data are bandpass
filtered to eastward wavenumbers 1-3 with 35-95 day periods. The regressed fields are shown for a one
standard deviation fluctuation of the reference time series. Maximum vectors are 2.7 m s~' at 200 mb, 1.1
m s~ at 850 mb, and 0.7 m s~ at 1000 mb. Contour interval for MSUT is 7.0 x 1072 K, for 850-mb
divergence is 0.4 X 1077 s~ (first contour at 0.2 X 1077 s~'), and for 1000-mb divergence is 1.0 X 1077 5!
(first contour at 0.5 X 1077 s7'). Shading levels for OLR (positive means enhanced convection) start at 0.5
K, 1.75 K, 3.0 K, and 4.25 K. Only the lowest two levels occur at this lag. Negative divergence (convergence )
is shaded at 0.6, 0.8, and 1.0 (X1077 s™")in (b) and at 1.5, 2.5, and 3.5 (X107 7 s ') in (¢).

Suppressed convection occurs near 120°E, which can
be inferred from the strong divergence at 850 mb. For
subsequent identification, this suppressed convection is
ascribed to the previous cycle of the oscillation. Well-
defined cyclonic gyres centered near 25° latitude, evi-
dent both in the 200-mb winds and MSUT, accompany
the suppressed convection there. By contrast, this lag
reveals little circulation anomaly at 200 mb associated

with the developing convection of the present cycle
near 45°E. On the other hand, comparatively strong an-
ticyclonic gyres accompany the remnant of enhanced
convection from the previous cycle near 150°W. Gyres
of opposite sense are also apparent at 850 and 1000
mb, but with much less amplitude. These subtropical
gyres appear in the coherence of windowed zonal wind
and MSUT (SH) and in other analyses of the MJO
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(e.g., Weickmann et al. 1985; Madden 1986). The
gyres resemble the Rossby component of the response
to imposed heating in Gill’s (1980) analysis, which has
a simple baroclinic structure. Along the equator, Kelvin
structure is evident in tongues of zonal wind and MSUT
that eéxtend east of the date line toward South America.

The convective anomaly over Africa coincides with
local maxima of convergence at 850 mb (Fig. 1b) and
divergence at 200 mb (not shown). However, at 1000
mb (Fig. 1c) maximum convergence is shifted east-
ward by about 50°, but nevertheless remains positively
correlated to the convective anomaly. A similar shift of
surface convergence relative to that aloft is evident in
Hayashi and Golder’s (1988) analysis of FGGE data.
Whereas the convergence at 850 mb (Fig. 1b) is pre-
dominantly zonal, the 1000-mb convergence contains
a substantial meridional component. Surface conver-
gence along the equator is flanked by regions of diver-
gence centered near 15° latitude. This structure was
also observed by Hayashi and Golder (1988) and has
been interpreted to result from sharp westward tilt with
latitude of the frictionally dominated surface conver-
gence (Hayashi and Miyahara 1987; Salby et al. 1994 ).

At lag —15 days, the convective anomaly near 45°E
lies entirely within a positive, albeit comparatively
weak, temperature anomaly along the equator (Fig.
1a). On the other hand, the negative convective anom-
aly near 120°E lies near the node of the temperature
anomaly. Implications of this structure for the energet-
ics of the oscillation are developed in the next section.

At lag —5 days (Fig. 2), anomalous convection in
the Indian Ocean has moved to near 75°E and more
than doubled in magnitude. The region of suppressed
convection from the previous cycle of the oscillation
has weakened and is now near 165°E, which again may
be inferred from the strong divergence at 850 mb. The
remnant of enhanced convection from the previous cy-
cle is now well east of the date line and has all but
disappeared. The enhanced convection in the Indian
Ocean still lies within the positive temperature anomaly
along the equator, which also has amplified from that
at lag —15 days.

Weak anticyclonic Rossby gyres are now apparent
in MSUT just to the west of the convection near 75°E
(Fig. 2a), as is anticipated from the response to im-
posed heating (e.g., Gill 1980). Well-defined cyclonic
gyres, which are evident in both MSUT and 200-mb
winds, continue to trail behind the suppressed convec-
tion near 165°E. Those gyres tilt westward with lati-
tude, which corresponds to systematic poleward tilt in
cross-coherence between OLR and MSUT that was
noted in Fig. 18 of SH. The anticyclonic gyres to the
east of the date line have now nearly disappeared. How-
ever, the Kelvin structure east of the date line, which
is defined by the tongue of 200-mb easterlies and
MSUT, extends relatively unattenuated across the At-
lantic to Africa. In fact, along the equator, easterlies
extend from the date line eastward to the Indian Ocean.
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Not all of the 200-mb easterlies over the Atlantic Ocean
and South America may be due to the Kelvin compo-
nent emanating from the suppressed convection now
near 165°E; developing convection in the Indian Ocean
also produces easterly outflow along the equator, which
may likewise contribute to easterlies over the Atlantic.
Kelvin structure extending across the eastern Pacific to
South America is evident at 850 mb as well, but with
reversed sign. At 1000 mb, however, equatorial winds
in the western hemisphere have a substantial meridio-
nal component which diverges away from the equator.
This feature is consistent with Kelvin structure in the
presence of a viscous boundary layer (e.g., Salby et al.
1994, appendix B).

At lag +5 days (Fig. 3), the convective anomaly
reaches its maximum, which it achieves near 100°E.
The anticyclonic gyres at 200 mb to the west of the
enhanced convection are now of comparable magni-
tude to the cyclonic gyres trailing behind suppressed
convection that has now advanced beyond the date line.
Owing to the periodicity of the composite and geom-
etry, features ascribed to the previous cycle of convec-
tion now merge with those ascribed to the current cycle
of convection. Kelvin structure extending from South
America toward Africa, which is associated with sup-
pressed convection from the previous cycle, has weak-
ened to the point that the 200-mb easterlies extending
westward from 100°E toward South America are now
best associated with outflow from the current cycle of
enhanced convection near 100°E. The 850-mb and
1000-mb westerlies that extend across Africa and the
Indian Ocean similarly appear to result from conver-
gence into enhanced convection near 100°E, rather than
from divergence out of the previous cycle of sup-
pressed convection in the eastern Pacific. On the other
hand, near the date line, a new tongue of 200-mb west-
erlies and MSUT is emerging eastward from the current
cycle of convection, but with sign opposite to that from
the suppressed convection of the preceding cycle.

In comparison with earlier times, convection has
shifted farther westward relative to temperature, so that
now some enhanced convection lies within the cold
anomaly along the equator (Fig. 3a). The convective
anomaly also has shifted westward relative to surface
convergence, so that some of it lies above surface di-
vergence.

At lag +15 days (Fig. 4), the convective anomaly
has moved eastward to near 130°E and has decreased
in magnitude. Despite weakening of the convective
anomaly, the anticyclonic gyres at 200 mb are stronger
than at lag +5 days. The cyclonic gyres, associated
with the suppressed convection from the previous cycle
east of the date line, have now begun to weaken. At
this time, equatorial 200-mb flow and MSUT east of
the date line are dominated by westerly Kelvin struc-
ture, which emanates from the current cycle of con-
vection near 130°E. Again, the 1000-mb flow east of
the date line exhibits a substantial meridional compo-
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F1G. 2. As in Fig. 1 except at lag —5 days.

nent that converges onto the equator, while the 850-mb
and 200-mb flows are predominantly zonal. The con-
vective anomaly has shifted farther westward relative
to the temperature perturbation and surface conver-
gence. Consequently, the positive convective anomaly
is now near the node of the temperature anomaly, and
slightly more of the convection along the equator over-
lies surface divergence than surface convergence. Sup-
pressed convection, ascribed to the current cycle of the
oscillation (cf. 850-mb divergence), now occurs along
the equator near 60°E. The accompanying 1000-mb di-
vergence is shifted some 40°-50° eastward to near
100°E.

At lag +25 days (Fig. 5), anomalous convection has
shifted to near 160°E and has continued to weaken. The

convective anomaly has also drifted slightly south of
the equator, where it tracks along the time-mean or cli-
matological convection, which, in the windowed re-
cords, is situated just south of the equator and merges
with the SPCZ (cf. SH, Figs. 3, 6b, 7). Enhanced con-
vection along the equator has shifted farther into sur-
face divergence and into the cold anomaly. Suppressed
convection of the current cycle has intensified slightly
from lag +15 and shifted eastward to near 90°E. Sim-
ilarly, the 1000-mb divergence along the equator has
shifted to near 135°E. The cyclonic gyres east of the
date line, seen in the 200-mb wind and MSUT at lag
+15 days, have disappeared, while the anticyclonic
gyres associated with the present cycle of convection
have maintained their strength. New cyclonic gyres are
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FiG. 3. As in Fig. 1 except at lag +5 days.

now beginning to form farther west over the Indian
Ocean and Africa, in response to the intensifying neg-
ative convective anomaly of the current cycle. East of
the date line, the tongue of 200-mb westerlies and
MSUT, associated with the Kelvin structure, has weak-
ened and advanced at some 10 m s ' to Africa. Because
of periodicity of the composite, however, the structure
along the equator over Africa and the Atlantic Ocean
may also be interpreted as resulting from inflow
into the intensifying negative convective anomaly
near 90°E.

Since the regressed fields are approximately peri-
odic, the behavior at lag +35 days (not shown) is sim-
ilar to that at lag —15 days. One cycle of the distur-
bance ends near lag 425 days (Fig. 5), with anomalous

convection decaying near the date line and suppressed
convection intensifying near 90°E, while the next cycle
begins at lag —15 days (Fig. 1), with anomalous con-
vection developing off the east coast of Africa. How-
ever, composite amplitudes fall off by more than a fac-
tor of 3 at lags greater than *+25 days, which reflects a
sharp decrease of correlation beyond one cycle of the
disturbance. Thus, the characteristic lifetime of the
MJO and, in particular, of the convective anomaly as-
sociated with it is only about one 50-day cycle.

4. Phase relationships

Over the course of the life cycle, the phases between
convection, temperature, and surface convergence






