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ABSTRACT

Interaction between the large-scale circulation and the convective pattern is investigated in a coupled system
governed by the linearized primitive equations. Convection is represented in terms of two components of heating:
A “‘climatological component’” is prescribed stochastically to represent convection that is maintained by fixed
distributions of land and sea and SST. An “‘induced component’” is defined in terms of the column-integrated
moisture flux convergence to represent convection that is produced through feedback with the circulation. Each
component describes the envelope organizing mesoscale convective activity.

As SST on the equator is increased, induced heating amplifies in the gravest zonal wavenumbers at eastward
frequencies, where positive feedback offsets dissipation. Under barotropic stratification, a critical SST of 29.5°C
results in positive feedback exactly cancelling dissipation in wavenumber 1 for an eastward phase speed of 6
m s~'. The neutral disturbance is dominated by Kelvin structure along the equator and Rossby gyres in the subtropics
of each hemisphere. Heating induced by the neutral disturbance is magnified in a neighborhood of the equator,
where nearly geostrophic balance in the boundary layer gives way to frictional balance. Moisture convergence
induced by the Kelvin and Rossby structures fuels heating that is positively correlated with the temperature anomaly.
Induced heating then generates eddy available potential energy, which offsets dissipation in the neutral disturbance.
This sympathetic interaction between the circulation and the induced heating is the basis for ‘‘frictional wave-
CISK,’* which is distinguished from classical wave~CISK by rendering the gravest zonal dimensions most unstable.
Under baroclinic stratification, the coupled system exhibits similar behavior. The criticat SST is only 26.5°C for
conditions representative of equinox, but in excess of 30°C for conditions representative of solstice. However, the
neutral disturbance is then no longer confined to the tropical troposphere. Forced by the induced heating, wave
activity radiates poleward into extratropical westerlies and vertically into the stratosphere.

Having the form of an unsteady Walker circulation, the disturbance produced by frictional wave-CISK compares
favorably with the observed life cycle of the Madden-Julian oscillation (MJO). SST above the critical value
produces an amplifying disturbance in which enhanced convection coincides with upper-tropospheric westerlies
and is positively correlated with temperature and surface convergence. Conversely, SST below the critical value
produces a decaying disturbance in which enhanced convection coincides with upper-tropospheric easterlies and is
nearly in quadrature with temperature and surface convergence. The observed convective anomaly, which propa-
gates across the Eastern Hemisphere at some 5 m s™', undergoes a similar shift between amplifying and decaying
stages of the MJO. During the same transition, enhanced convection remains phase-locked to inviscid convergence
above the boundary layer, as does induced heating in the calculations. Frictional wave—CISK also predicts season-
ality in accord with that observed. The coupled system is most unstable under equinoctial conditions, for which
climatological convection and maximum SST neighbor the equator. While sharing essential features with the MIO
in the Eastern Hemisphere, frictional wave~CISK does not explain observed behavior in the Western Hemisphere,
where the convective signal is lasgely absent. Comprised of Kelvin structure with the same frequency, observed
behavior in the Western Hemisphere can be understood as a propagating response that is excited in and radiates
away from the fluctuation of convection in the Eastern Hemisphere.

1. Introduction
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In efforts to explain the so-called Madden—Julian
oscillation (MJO: Madden and Julian 1972, 1994), a
number of studies have addressed the relationship be-
tween convection and fluctuations of the tropical cir-
culation. The MJO is a discrete eastward-propagating
disturbance of global dimension that is observed in dy-
namical properties across most of the Tropics. Similar
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behavior has been suggested of the convective pattern,
by observational analyses and by large-scale numerical
integrations (e.g., Lorenc 1984; Weickmann et al.
1985; Madden 1986; Hayashi and Sumi 1986; Lau et
al. 1988; Rui and Wang 1990). While they exhibit co-
herence between convection and the circulation and
share certain features in common with the MJO, these
studies differ from one another and from observed dy-
namical behavior in several key respects. As a result,
feedback between the tropical circulation and convec-
tion and the mechanism underlying the MJO remain
unclear.

A recent observational study (Salby and Hendon
1994; Hendon and Salby 1994; hereafter SH and HS)
shows that a discrete signal in convection is confined
along the equator to centers of mean or ‘‘climatological
convection’’ in the Eastern Hemisphere. A measure of
feedback between the circulation and the convective
pattern, that discrete signal modulates climatological
convection over the equatorial Indian Ocean and west-
ern Pacific. Covariance analyses of outgoing longwave
radiation (OLR), tropospheric mean temperature, and
horizontal motion suggest that frictional convergence
onto the equator in the planetary boundary layer plays
a key role in the amplification of the disturbance, a
hypothesis which has been advanced previously as an
explanation for the MJO (Wang and Rui 1990; Salby
1987). Further, the seasonal cycle of the convective
signal mirrors the semiannual migration of the inter-
tropical convergence zone (ITCZ) across the equator,
amplifying to a maximum shortly before vernal
equinox.

The structure and seasonality of the convective sig-
nal point to a close relationship between the MJO and
climatological convection, which is shaped in large part
by SST. We investigate feedback between the circu-
lation and the convective pattern in a coupled system
that involves two components of heating. A climato-
logical component, which represents convection that is
maintained by fixed properties of the general circula-
tion, is imposed as a second-order stochastic process.
A wave-induced component, which represents feed-
back between the convective pattern and the circula-
tion, is defined in terms of the column-integrated mois-
ture convergence. Section 2 describes the mathematical
framework, which is based on the linearized primitive
equations on the sphere. Details of the formulation are
provided in appendix A. In section 3, feedback between
the circulation and convection is examined in a baro-
tropically stratified atmosphere, wherein we explore the
roles of SST, boundary-layer friction, and static stabil-
ity. A simple analytical model, which illustrates salient
features of the observed feedback, is developed in ap-
pendix B. Influences that mean winds exert on the trop-
ical and global response of the coupled system are then
investigated in section 4 in baroclinic basic states con-
taining vertical and latitudinal shear. In section 5, in-
sights drawn from the numerical solutions are tied to-
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gether with the observational picture to interpret the
structure and seasonality of the MJO.

2. Formulation

Disturbances to the large-scale circulation are de-
scribed in the linearized primitive equations; for a de-
tailed discussion see Salby and Garcia (1987, hereafter
SG). The heating field used to force the linearized
primitive equations is defined in terms of two compo-
nents:

qzqc+qi’ (1)

a climatological component g, which is maintained by
external influences like land—sea contrast and SST that
are fixed on intraseasonal timescales, and an induced
component g, , which operates sympathetically with the
tropical circulation. The climatological component is
imposed, at least statistically, so it functions indepen-
dently of fluctuations in the circulation. In contrast, the
induced component is organized entirely by fluctua-
tions in the circulation, so it represents feedback be-
tween the motion and the convective pattern. Since
fluctuations of climatological heating stimulate dynam-
ical fluctuations, which in turn introduce anomalous
moisture convergence, the induced component of heat-
ing is coupled indirectly to the climatological compo-
nent.

a. Climatological heating

The climatological component of heating is repre-
sented by the space—time stochastic process

q.(x, 1) = °q(x, 1), (2)

where x = (\, ¢, &) denotes coordinates of longitude,
latitude, and log pressure, and the superscript refers to
the 6th realization in the stochastic ensemble. A formal
treatment of the stochastic equations is provided in ap-
pendix A. The random process (2) is specified by its
second-order statistics, which define the characteristic
space and time scales of heating fluctuations, and by a
variance envelope, which confines those fluctuations
horizontally (SG). Climatological heating is charac-
terized by the space—time power spectrum

S, (m,1,0,8) =

—(AZm24+8U24T262%) 2

2y ¢ q:(§), (3)
where m, [, and o denote zonal and meridional wave-
numbers and frequency, respectively, and the heating
profile g.(£) is a simple sinusoid that extends from the
surface to 2.0 scale heights (15 km). The Gaussian
spectrum (3) describes heating variability that is red,
with characteristic wavenumber and frequency scales
1/A, 1/®, and 1/T and autocorrelation scales 2A, 2®,
and T/7.

We consider zonally symmetric basic states. Longi-
tudinally uniform, climatological heating statistics then
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describe a simple zonally symmetric ITCZ, in which
mesoscale convective fluctuations occur. Heating fluc-
tuations are confined meridionally by a Gaussian vari-
ance envelope, which may be absorbed into the spec-
trum (3). Although it differs from observed convec-
tion, the idealization of longitudinally uniform mean
conditions provides a simple framework for studying
feedback and leads to a direct interpretation of ob-
served behavior associated with the MJO.

b. Wave-induced heating

The wave-induced component of heating is repre-
sented in terms of the column-integrated moisture flux
convergence. If g, is the specific latent heating rate for
an individual air parcel,

d
¢11=‘1_M

dt’ 4)

where [ is the latent heat of evaporation and y is the
water vapor mixing ratio (which is used interchange-
ably with the specific humidity). In pressure coordi-
nates, the local budget of water vapor may be expressed
Ou .
— +V-(uv)=¢€-c,
ot (uv)
with é and ¢ denoting the specific evaporation and con-
densation rates, respectively. Averaging over the col-
umn and over times long compared to the characteristic
lifetime of convective complexes leads to

(&)

Vvl = - £, (6.1)
Do
where
0
o) = — e d 6.2
( pody TP (6.2)
is the column average,
1J‘T/2
o] = — o dt 6.3
(-] T (6.3)

is a time average, v, is the anomalous horizontal ve-
locity, P = (po/g){¢ — é) is proportional to the pre-
cipitation rate, and the small tendency in [{u)] is ne-
glected relative to the moisture flux convergence.

Time-averaged latent heating that follows from (6.3)
is equivalent to an average over convective complexes,
so it describes the envelope organizing mesoscale con-
vective activity. That average is used to define the
large-scale induced heating

qi = Q(p)[(qi>](>\’ ¢9 t)’ (71)

where the heating profile Q(p) corresponds to ¢,(£) in
(3) and is normalized,

(@) =1, (7.2)
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and changes of ¢ are understood to be much longer than
the characteristic lifetime of individual convective
complexes. Then

g = —1Q(p)V-[{uvi)]

= "lQ(P)V'J; [uvile *d¢. (8)

The induced heating (8) is fueled by the column-
integrated moisture convergence, which is determined
by the anomalous motion v,, and the distribution of wa-
ter vapor mixing ratio

we, &) = Mo(¢)exp<‘—é—‘), (9

Abwe

where A&y is the characteristic depth of the moisture
layer. The surface mixing ratio in (9) is fixed by the
surface relative humidity and the saturation mixing ra-
tio

o = RHop(To), (10)

the latter following from the SST, T,, through the
Claussius—Clapeyron equation. Most of the calcula-
tions below rely on a surface relative humidity of RH,
= 0.90, a surface temperature distribution

Ty cos[————ﬂ(d)z; ¢O)] , ol <@

0, otherwise

To(é) = (11)

with ® = 75°, and a characteristic moisture depth of
A& = 0.25, which corresponds to an e-folding of
at 775 mb (e.g., Oort 1983). Figure 1 shows the surface:
temperature and mixing ratio as functions of latitude
for Ty = 30°C. Because of the exponential dependence:
on temperature of u,, surface moisture decreases
sharply with latitude, from 25 g kg ' over the equator
to 8 g kg ! by 40°.

c. Numerical framework

The numerical scheme used to integrate the linear-
ized primitive equations with random heating relies
upon the wavenumber—frequency transform

F[] =f dte""Lf dhe ™ o] (12)
e 27 J )

to calculate covariance properties of the large-scale re-
sponse (SG). For each wavenumber—frequency (m, o)
component, a boundary value problem in latitude and
altitude is solved. In the present application, the reso-
lution has been increased to 3.6° in latitude and 0.2
scale heights (~1.4 km) in altitude, with the useful
domain being global and extending upward from the
surface to about six scale heights (~45 km). Above
that altitude, an additional four scale heights in com-
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FiG. 1. Distributions of surface temperature (solid) and surface
mixing ratio (dashed) for Ty, = 30°C.

bination with strong dissipation serve to absorb any
wave activity reflected from the lid at ten scale heights
before it can influence behavior below in the useful
domain. In addition to convective feedback, the cal-
culation also includes a planetary boundary layer in
which Rayleigh friction increases exponentially from a
background rate of 1/15s days ™' to a maximum at the
surface.

Covariance properties of the response, like power
spectra and correlation functions, are calculated for
planetary wavenumbers between frequencies of o
= *0.10 cpd/2 with a spectral bandwidth of Ac
= 0.002 cpd/2." If the frequency in (12) is interpreted
as complex, simple disturbances correspond to a pole
in the complex o plane; a formal development is pro-
vided in appendix A. For neutral disturbances (i.e.,
those of constant amplitude), the pole coincides with
the real axis, whereas it lies in the negative (positive)
imaginary half-plane for decaying (amplifying ) distur-
bances. Simple disturbances are also marked by a peak
in the power spectrum, whose spectral width is in-
versely proportional to their e-folding time in physical
space (e.g., Bith 1974).

Induced heating that feeds back positively onto a
frictionally damped disturbance reduces its decay rate
by offsetting dissipation. As positive feedback is in-
creased, the e-folding time increases, so the pole in the
negative imaginary half-plane approaches the real axis
and the peak in spectral power becomes narrower.
When positive feedback cancels dissipation exactly, the
disturbance is neutral and the e-folding time is infinite.
The pole then coincides with the real axis and spectral
power is fully concentrated in a delta function. A fur-

' Disturbances with frequencies greater than 0.10 cpd/2 exert only
a limited influence in the troposphere because they propagate quickly
in the vertical (e.g., SG, Fig. 26).
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ther increase of positive feedback results in amplifica-
tion because it more than offsets dissipation. The pole
then moves into the positive imaginary half-plane and
the power spectral peak again assumes a finite width,
now inversely proportional to the e-folding time of am-
plification.

3. Feedback in a barotropically stratified
atmosphere

We consider first the dynamical response to (1) in a
resting atmosphere that is barotropically stratified ac-
cording to the profiles of temperature and Brunt— Vii-
sdld frequency shown in Fig. 2. Below two scale
heights, temperature decreases vertically at a constant
lapse rate of 6 K/km, which corresponds to weak static
stability that is typical of the Tropics. At higher alti-
tudes, the atmosphere approaches isothermal condi-
tions with strong static stability typical of the lower
stratosphere.

An envelope of climatological heating, 20° wide in
latitude, is imposed along the equator. Heating fluctu-
ations inside this variance envelope are assigned char-
acteristic scales of A = 20°, & = 10°, and T = 30 days,
which corresponds to a red spectrum with most of the
variance at periods longer than T/2m ~ 5 days. The
boundary layer has a depth of 0.12 scale heights (~1
km) with friction at the surface having a rate of 1.0
day'.

a. Dependence on SST

We consider first SST that maximizes on the equator
(¢o = 0), as is representative of equinox. Among prop-
erties of the response, the heating ¢ = g, + g; best
reflects feedback between the circulation and the con-
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FiG. 2. Temperature and Brunt—Viisili frequency squared
for barotropically stratified atmosphere.
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FIG. 3. Power spectrum of wavenumber-1 heating over the equator
and in the middle troposphere for equatorial surface temperatures of T,
= 26°C (dotted), Top = 28.5°C (dashed), and Ty, = 29.505°C (solid).

vective pattern. For equatorial temperatures Ty below
15°C, the heating spectrum does not differ appreciably
from that of climatological heating (3). However, as
T and surface moisture are increased, so too is large-
scale heating power at eastward frequencies. Figure 3
shows the power spectrum of wavenumber-1 heating
over the equator for three values of equatorial SST. For
To = 26°C (dotted), heating power is magnified at
eastward periods of 25 days and longer. For Ty
= 28.5°C (dashed), heating power has become con-
centrated about an eastward period of 80 days, where
the spectral density has increased by an order of mag-
nitude. At an equatorial SST of 29.505°C (solid), the
wavenumber-1 heating spectrum is fully concentrated
at an eastward period of about 80 days (a phase speed
of approximately 6 m s™'), where heating power is
now four orders of magnitude greater than that for SST
below 15°C.

A ‘‘cardinal realization’’ of the heating process (1)
is displayed in Fig. 4 for wavenumber 1. Analogous to
the autocovariance of ¢, the cardinal realization pro-
vides a snapshot of the random response and is a coun-
terpart of the composite life cycle derived from obser-
vations in HS; see SG and appendix A for details. For
Te = 26°C (Fig. 4a), the wavenumber-1 component
of heating undergoes a pulse at ¢ = 0, which reflects an
episode of climatological heating, but little induced
heating. For an equatorial SST of 28.5°C (Fig. 4b), the
wavenumber-1 component of heating again undergoes
a pulse associated with g.., but now includes an induced
component that drifts eastward for about half a cycle
before disappearing. The eastward drift and magnified
power in Fig. 3 reflect positive feedback that offsets
dissipation at eastward frequencies. Only a hint of such
feedback is evident for Ty = 26°C. At Ty, = 29.505°C
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(Fig. 4c), feedback cancels dissipation completely, so
the disturbance propagates eastward without loss of
amplitude.?

The neutral behavior in Figs. 3 and 4¢ describes a
disturbance that sustains itself through interaction with
the convective pattern. Moist static energy near the sur-
face is swept up by the anomalous circulation and con-
verted into eddy available potential energy (EAPE),
which is then converted into eddy kinetic energy
(EKE) to maintain the disturbance against dissipation.
A peak also appears in spectra of dynamical quantities.
However, below the critical SST, dynamical spectra are
characterized by the damped responses of the Kelvin
and Rossby modes (e.g., SG), rather than the positive
feedback that prevails in eastward components of the
heating spectrum (Fig. 3).

The amplitude and phase structure of the neutral dis-
turbance is shown in the geopotential in Fig. 5. Con-
fined to the tropical troposphere, the disturbance has
simple baroclinic structure with a node and nearly 180°
phase shift in the middle troposphere. Beneath the
node, the neutral disturbance is dominated by Kelvin
structure, with a much smaller Rossby component that
is accompanied by a continuous meridional phase tilt.
Above the node, Kelvin and Rossby structures are
equally prominent and are separated by a sharp phase
shift of nearly 180°. Beyond the phase shift, a contin-
uous meridional tilt reappears. That phase tilt describes
poleward propagation, albeit highly damped, which
gives the Rossby component a leaky modal structure.
The disturbance also propagates vertically above the
heating, but decays sharply in the stratosphere due to
thermal dissipation.

The combined Kelvin—~Rossby structure, which also
appears in observations ( Weickmann et al. 1985; Mad-
den 1986; SH), has been attributed to nonlinearity as-
sociated with positive-only heating and to CISK feed-
back that couples these components of the response
(Lau and Peng 1987; Hendon 1988). However, obser-
vations of OLR reveal negative as well as positive
anomalous convection in the Eastern Hemisphere,
where the convective signal associated with the MJO
is concentrated (HS). In the present calculations, the
combined structure results from friction, which causes
the Kelvin and Rossby responses to overlap at low fre-
quency (SG; see also Wang and Rui 1990). It is note-
worthy that similar structure appears at individual fre-
quencies in the absence of convective feedback, for ex-
ample, with RH, = 0.

The heating structure of the neutral disturbance is
shown in Fig. 6. Wave-induced heating, which domi-
nates g at this frequency, extends some 20° to either

2 Owing to its finite spectral bandwidth, (12) requires the behavior
to be periodic, so the disturbance in Fig. 4c reappears at negative
times (appendix A).
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