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ABSTRACT

Interhemispheric differences of the Madden—Julian oscillation (MJO) are investigated in a linearized primitive
equation model. Heating is prescribed from the observed life cycle of the MJO, in which anomalous convection
is concentrated in the Eastern Hemisphere. The dynamical response in the Eastern Hemisphere has the form of
a forced disturbance that involves Kelvin and Rossby components. These dynamical components propagate
eastward along with the prescribed heating and have zonal wavenumber-2 structure, in accord with observed
behavior. The behavior in the Eastern Hemisphere also resembles that emerging from frictional wave-CISK, in
which heating follows autonomously from the circulation. When the prescribed heating collapses near the date
line, the Rossby component dissipates. The Kelvin component, however, continues to advance across the Western
Hemisphere, where it propagates at more than twice the speed of the disturbance in the Eastern Hemisphere.
The disturbance in the Western Hemisphere, which likewise is in accord with the observed behavior, can be
understood as the radiating response to transient heating confined to the Eastern Hemisphere.

1. Introduction

A previous study (Salby et al. 1994) investigated the
interaction between organized convection and the trop-
ical circulation in a coupled system based on the linear-
ized primitive equations. Those calculations reveal pos-
itive feedback at eastward frequencies, where unsteady
components of the circulation are reinforced by heating
they induce. Interaction between the circulation and the
convective pattern is closely related to frictional con-
vergence onto the equator, where the wind field is in
frictional balance inside the boundary layer. Similar to
behavior in 21/z-layer calculations (Wang and Rui
1990), frictional motion at low latitude sharply in-
creases the convergence of moisture, and hence latent
heating, over the equator and shifts the heating toward
the temperature anomaly. Induced heating is then pos-
itively correlated with temperature, so it produces eddy
available potential energy that offsets dissipation and
allows eastward components to amplify.

This interplay between the circulation and anoma-
lous convection characterizes ‘‘frictional wave-CISK”’
(conditional instability of the second kind) which pro-
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vides an explanation for the selection of eastward fre-
quencies in the now familiar Madden—Julian
oscillation (MJO, Madden and Julian 1972). Kelvin
structure, which dominates the calculated response at
eastward frequencies, leads to induced heating that is
in phase with anomalous temperature. Production of
eddy available potential energy then reinforces east-
ward components. On the other hand, Rossby structure,
which dominates the response at westward frequencies,
leads to induced heating that is out of phase with anom-
alous temperature. Hence, westward components of the
response are suppressed by negative feedback. The
most unstable disturbance, which is coupled to the con-
vective pattern through frictional wave-CISK, is com-
prised of Kelvin structure along the equator, flanked by
Rossby gyres in the subtropics, which move eastward
with the convective anomaly. Frictional wave-CISK
renders the gravest zonal dimension most unstable.
Therefore, it predicts the amplifying disturbance to ex-
pand to the zonal dimension of the warmest SSTs over
which convection can be supported (typically ~28°C).
Near boreal spring equinox, SST exceeding 28°C spans
much of the Eastern Hemisphere. The most unstable
disturbance is then wavenumber 2, which propagates
eastward in the calculations at about 5 m s ™",

These and other features of the instability generated
by frictional wave-CISK are consistent with observed
behavior of the MJO in the Eastern Hemisphere (Hen-
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don and Salby 1994, hereafter HS94), where anoma-
lous convection modulates climatological convection.
However, frictional wave-CISK does not explain the
observed behavior in the Western Hemisphere. Colder
SST east of the date line does not support climatolog-
ical convection, and, correspondingly, little or no con-
vective signal of the MJO is observed there. When it
reaches the date line, anomalous convection accom-
panying the MJO collapses, as do the Rossby gyres
straddling the equator. Kelvin structure, which has the
form of an equatorial tongue of upper-tropospheric
westerlies and lower-tropospheric easterlies, then ad-
vances across the Western Hemisphere at some 10-15
m s~ '—more than twice as fast as the disturbance
moves across the Eastern Hemisphere, where it is cou-
pled to convection (see also Madden and Julian 1972).

In this paper, we show that the observed behavior in
the Western Hemisphere can be understood as a radi-
ating response to unsteady heating in the Eastern Hemi-
sphere, which in turn can be understood in terms of
frictional wave-CISK. Dynamical behavior is investi-
gated in calculations similar to those with self-induced
convective heating, but in a framework that accom-
modates the zonal variation of SST, a feature not rep-
resented in the frictional wave-CISK calculations of
Salby et al. (1994). In contrast to previous diagnostic
modeling studies that employed idealized heating
(Hayashi and Miyahara 1987; Itoh and Nishi 1990),
heating here is imposed directly from observed con-
vection in the composite life cycle of the MJO, which
accounts for the comparatively cold SST in the Western
Hemisphere. Composite heating is concentrated over
centers of climatological convection in the Indian and
western Pacific Oceans. The transient response to this
forcing can then be compared directly to the observed
composite life cycle of the MJO.

2. Model formulation

The dynamical response to observed convective
heating is considered in a multilevel, linear primitive
equation model. The model is that described by Hendon
and Hartmarn (1982), except that the vertical coordi-
nate is log pressure rather than pressure. The model
considers perturbations of the form

' =3 3 O.(h, 2)e’ 0 (D

about a zonally symmetric basic state, which is a func-
tion of latitude and height. In the present calculations
attention focuses on zonal wavenumbers m = 1-3. The
impact of including higher wavenumbers is discussed
in section 4. The model solves a single equation for the
geopotential perturbation ' on a 2.8° latitudinal grid.
Thirty equally spaced (log pressure) levels are used in
the vertical between the surface and 20 km. Solutions
are calculated independently for each zonal wavenum-
ber m and frequency w. Because this is a linear calcu-

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 12

lation, the total response to the prescribed heating Q'
can be synthesized from these individual spectral com-
ponents.

The basic-state zonal wind is an analytic represen-
tation of boreal spring equinoctial conditions {adapted
from Hendon and Hartmann (1982)] the season in
which the convective signal of the MJO is strongest
and to which the composite behavior in HS94 is dis-
criminated. A globally uniform lapse rate of 6.5
K km™' is prescribed from the surface to 16 km. Iso-
thermal conditions at 200 K are prescribed from 16 km
up to the model top at 20 km. Dissipation in the model
is included in the form of Rayleigh friction and New-
tonian cooling. The Rayleigh friction coefficient is set
to (10 days) ™' above 2 km and increases linearly to (1
d) ™' at the surface, where it represents boundary layer
drag. The Newtonian cooling coefficient is set to (10
d)~! below 16 km and increases linearly to (1 d) ™! at
20 km. Strong thermal dissipation at the top of the
model absorbs vertically propagating disturbances to
inhibit spurious reflection off the upper boundary.

The diabatic forcing Q' is prescribed from anoma-
lous outgoing longwave radiation (OLR) in the life cy-
cle of the MJO constructed by HS94. The composite is
based on wavenumbers 1-3 with eastward periods of
35-95 days, where the signal of the MJO is concen-
trated (Salby and Hendon 1994, hereafter SH94). A
Hovméller plot of anomalous OLR from the composite
life cycle is shown in Fig. la. The 70-d segment is
centered on the time of maximum convection at the
reference point (84°E, 0°). Note that the sign of the
brightness temperature anomaly has been reversed so
that positive values indicate enhanced convection.
Anomalous convection is concentrated between about
60°E and the date line, where it moves eastward at
about 5 m s ! with predominantly zonal wavenumber-
2 structure. The anomaly amplifies near 60°E, reaches
peak amplitude near 120°E, and decays as it approaches
the date line. Because the composite was formed from
intervals around boreal spring equinox, when the dis-
crete signal of the MJO is strongest, the composite
anomaly is confined within 10°~15° of the equator. It
also exhibits primarily zonal propagation with a high
degree of symmetry about the equator.

Heating Q' is prescribed to vary in longitude and
time, as does the composite anomalous OLR along the
equator (Fig. 1a). Only a small number of frequencies
need be included to capture the growth and decay of
anomalous OLR as it traverses the Indian and western
Pacific Oceans. The discrete frequencies of 3, 4, and 5
cycles per 200 days are sufficient. The solid line in Fig.
1b displays a 200-d segment of the original OLR com-
posite from HS94 at (0°, 85°E). The signal is seen to
be confined to within about 50 d of lag 0. The dotted
line is the OLR anomaly synthesized from these three
discrete frequencies, which is seen to reproduce most
of the temporal behavior of the original composite
anomaly. Heating Q' is prescribed to vary in the ver-












