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ABSTRACT

The Madden—Julian oscillation (MJO) is an equatorial planetary-scale circulation system coupled with
a multiscale convective complex, and it moves eastward slowly (about 5 m s~ ') with a horizontal quadrupole
vortex and vertical rearward-tilted structure. The nature and role of scale interaction (SI) is one of the elusive
aspects of the MJO dynamics. Here a prototype theoretical model is formulated to advance the current
understanding of the nature of SI in MJO dynamics. The model integrates three essential physical elements:
(a) large-scale equatorial wave dynamics driven by boundary layer frictional convergence instability (FCI),
(b) effects of the upscale eddy momentum transfer (EMT) by vertically tilted synoptic systems resulting from
boundary layer convergence and multicloud heating, and (c) interaction between planetary-scale wave mo-
tion and synoptic-scale systems (the eastward-propagating super cloud clusters and westward-propagating
2-day waves). It is shown that the EMT mechanism tends to yield a stationary mode with a quadrupole vortex
structure (enhanced Rossby wave component), whereas the FCI yields a relatively fast eastward-moving and
rearward-tilted Gill-like pattern (enhanced Kelvin wave response). The SI instability stems from corporative
FCI or EMT mechanisms, and its property is a mixture of FCI and EMT modes. The properties of the unstable
modes depend on the proportion of deep convective versus stratiform/congestus heating or the ratio of deep
convective versus total amount of heating. With increasing stratiform/congestus heating, the FCI weakens
while the EMT becomes more effective. A growing SI mode has a horizontal quadrupole vortex and rearward-
tilted structure and prefers slow eastward propagation, which resembles the observed MJO. The FCI sets the
rearward tilt and eastward propagation, while the EMT slows down the propagation speed. The theoretical
results presented here point to the need to observe multicloud structure and vertical heating profiles within the
MIJO convective complex and to improve general circulation models’ capability to reproduce correct parti-
tioning of cloud amounts between deep convective and stratiform/congestus clouds. Limitations and future
work are also discussed.
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1. Introduction

The Madden—-Julian oscillation (MJO) features an
equatorially trapped, planetary-scale baroclinic circu-
lation cell (Madden and Julian 1971, 1994) coupled with
a multiscale convective complex (Nakazawa 1988) and
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propagates eastward slowly (about S5ms™') in the
Eastern Hemisphere (Knutson and Weickmann 1987).
The MJO circulation comprises equatorial Kelvin and
Rossby waves and shows a quadrupole vortex hori-
zontal structure when the MJO convection is located
over the equatorial Indian Ocean and western Pacific
(Rui and Wang 1990; Hendon and Salby 1994). The ver-
tical structure of the MJO is characterized by a bound-
ary layer moisture convergence preceding the major
convection region (Hendon and Liebmann 1994; Maloney
and Hartmann 1998; Sperber 2003; Tian et al. 2006).
The convective complex consists of mesoscale and syn-
optic disturbances with a variety of cloud types such
as deep and shallow convection, stratiform, and congestus
clouds (Johnson et al. 1999). The aforementioned
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characteristics provide focal points for theoretical inter-
pretations.

Earlier theories of the MJO were built on a direct
interaction between large-scale dynamics and bulk pa-
rameterization of convective heating, including wave—
convective instability of the second kind (CISK) (e.g.,
Lau and Peng 1987), evaporation-wind feedback (Emanuel
1987; Neelin et al. 1987; Wang 1988a), and boundary
layer frictional convergence instability (FCI) or frictional
CISK (Wang 1988b; Wang and Rui 1990). Later, cloud—
radiation interaction (Hu and Randall 1994; Raymond
2001; Fuchs and Raymond 2005) and convection—
moisture feedback (Woolnough et al. 2001; Grabowski
and Moncrieff 2004; Raymond and Fuchs 2009) were
recognized to play a significant role in maintaining the
MIJO. These studies, however, did not elaborate the scale
interactive processes embedded in the MJO circulation
and convective complex.

Recent theoretical studies of the MJO have focused
on understanding the roles of the scale interaction (SI)
by developing the multiscale models (Majda and Biello
2004, hereafter MB04; Biello and Majda 2005, hereafter
BMO5; Majda and Stechmann 2009a). It has been dem-
onstrated that the eddy momentum transfer (EMT) gen-
erated by the rearward-tilted super cloud clusters (SCCs)
may make an MJO-like system (MB04). An improved
multiscale model developed by BMO05 includes both con-
gestus clouds and SCCs, which are located respectively
in the eastern and western part of the convective com-
plex. The BM05 model reproduced a realistic quadrupole
vortex structure. These MJO “muscle” models are built
on the feedback of synoptic activity on planetary-scale
motion but do not include the modulation of MJO on
synoptic-scale disturbances. Majda and Stechmann (2009a)
studied interaction between zonal mean flow and EMT
on the equator without considering earth rotation. The
model produced an intraseasonal oscillation in the mean
flow but left eastward propagation unexplained.

Majda and Stechmann (2009b) proposed a minimal
dynamical model for the MJO “‘skeleton” through an im-
plicit representation of the lower tropospheric synoptic
activity in the thermodynamic equation. The model was
able to capture some fundamental features of the skeleton
of MJO, such as slow phase speed, a horizontal quadru-
pole vortex structure, and the wave dispersion relation-
ship. But the effect of the upscale momentum transfer,
which was recognized as more important than the eddy
heat transfer (MBO04), is not explicitly represented in this
skeleton model.

The present paper articulates a prototype model for
SI in the MJO with an explicit representation of the
effects of the EMT by SCCs and 2-day waves and the
MJO modulation on these synoptic activities. The present
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model integrates three essential physical processes: (a)
large-scale FCI of the equatorial waves; (b) effects of up-
scale EMT by vertically tilted synoptic systems resulting
from boundary layer convergence and multicloud (deep
convective, stratiform, and congestus clouds) heating;
and (c) the interaction between the planetary-scale MJO
and SCCs and 2-day waves. Thus, the model describes
an instability resulting from the interaction among
planetary-scale MJO circulation, boundary layer dynam-
ics, and synoptic disturbances embedded in the MJO
convective complex.

2. Physical consideration

The interaction of the equatorial waves, boundary
layer dynamics, and collective effects of convective heat-
ing is of central importance to large-scale MJO dynamics
(Wang 2005). The planetary-scale circulation of MJO
involves semigeostrophic, low-frequency equatorial Kel-
vin and Rossby waves. Observation has established that
shallow convection and congestus clouds that moisten
and precondition the lower troposphere in front of the
deep convection region are organized by planetary bound-
ary layer convergence (Hendon and Salby 1994; Maloney
and Hartmann 1998; Sperber 2003; Tian et al. 2006). The
moisture convergence in the boundary layer, which is
jointly generated by the low-frequency Kelvin and Rossby
waves, generates an equatorial heating in the low pres-
sure of the Kelvin wave. This provides a critical mech-
anism that couples eastward-propagating Kelvin wave
and westward-propagating Rossby waves together and
selects preferred eastward movement (Wang and Rui
1990). In a basic state that is stable to wave-CISK, the
addition of boundary layer convergence-induced heat-
ing may provide an instability source, namely frictional
convergence instability (Wang 1988b), as does addition
of an evaporation-wind feedback mechanism (Emanuel
1987; Neelin et al. 1987, Wang and Li 1994). The FCI
does not suffer the short-wave “blow-up” problem be-
cause the phase of the boundary layer convergence leads
that of the wave convergence and acts to couple the
lowest baroclinic mode and the barotropic mode; so the
resulting available potential energy conversion to kinetic
energy is more effective for long waves (Wang 1988b).
The crude representation of the bulk cumulus heating
in the FCI model precludes scale interactive processes.

The convective complex, which is coupled with the
planetary-scale circulation and brings an active (wet) phase
of the MJO, can be viewed as an envelope of myriad
multiscale convective systems with multiple-cloud heating
involved. The convective systems embedded in the com-
plex can move either eastward (such as convectively
coupled Kelvin waves or SCCs) or westward (2-day
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waves and squall lines) (Nakazawa 1988; Straub and
Kiladis 2003; Haertel and Kiladis 2004; Moncrieff 2004).
Both the eastward-propagating moist Kelvin waves and
westward-propagating inertio-gravity (WIG) waves have
a backward-tilted structure in vertical against its propa-
gation direction. This type of vertical structure is valid
for a hierarchy of cloudiness, temperature, and humidity
within convectively coupled equatorial waves, from the
mesoscale to the MJO scale (Mapes et al. 2006; Kiladis
et al. 2009). Observations have shown that these distur-
bances involve multicloud structure: a deep convection
core proceeded by shallow convection/congestus clouds
and tailed by upper tropospheric stratus clouds (Lin
and Johnson 1996; Johnson et al. 1999; Houze et al. 2000;
Mapes et al. 2006). The impact of the multicloud heating
on high-frequency disturbances may produce instability
(Kuang 2008) and vertically tilted structures (Khouider
and Majda 2006, 2007).

Another key factor responsible for this generic back-
ward tilt is the planetary boundary layer convergences
that lead the free tropospheric wave convergence and
vertical motion. Figure 1 shows such examples for
the eastward-propagating Kelvin waves and westward-
propagating inertio-gravity waves. In general, the steady
boundary layer convergence on an equatorial beta plane
can be determined by the pressure field associated with
the wave motions at the top of the boundary layer
(Wang and Li 1994). It can be shown that for other types
of equatorial waves the boundary layer convergences
also lead the free tropospheric wave convergences. This
universality for the equatorial waves is rooted in their
intrinsic dynamic structures.

The vertically tilted structures of the mesosynoptic
systems allow nonzero EMT from the synoptic distur-
bances to planetary-scale MJO. On the convective scale,
the convective momentum transfer (CMT) is a process
that converts convective available potential energy to
large-scale horizontal kinetic energy. While the CMT,
on average, damps large-scale motions, in the westerly
burst regime of the MJO the CMT can transfer momen-
tum to large-scale motion (Tung and Yanai 2002a,b).
Moncrieff (2004) proposed that the upscale (i.e., from
small to large scale) momentum and heat transfer may
play an important role in maintaining the MJO. The
theoretical model of MB04 has demonstrated that the
upscale EMT induced by SCCs can alter large-scale mean
flows and generate planetary-scale features that look like
the MJO.

On the other hand, the synoptic wave activity is or-
ganized by large-scale equatorial wave convergences.
As such, the interaction between planetary-scale circu-
lation and synoptic convective systems is potentially
a critical process involved in the MJO.
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FIG. 1. The relationship between the free tropospheric wave
convergence (red contour) and the boundary layer convergence
(blue contour) for (a) eastward-propagating equatorial Kelvin
waves and (b) westward-propagating inertio-gravity waves (n = 1)
of zonal wavenumber 5. Only the negative contours are plotted.
Vectors represent lower tropospheric winds.

Based on these contemplations, an effort is made in
the present study to formulate a new SI model to ad-
vance our understanding of essential MJO dynamics.
The SI model consists of a boundary layer FCI that
mimics the planetary-scale component of the MJO and
an explicit representation of EMT effects based on the
MB04 and BM05 models. The FCI controls the locations
and regulates the strength of the EMT, which in turn
feeds back to the FCI by upscale westerly/easterly mo-
mentum transfer.

3. The model formulation

a. The dynamic framework for low-frequency
planetary-scale motions

Large-scale hydrostatic motion in the tropics can be
described by the following primitive equations written on
equatorial B-plane and vertical pressure P coordinates:

U - BYV + &, = FY — au, (1)
BYU + @, =0, )
p o T
—_ - = + —
T, = wSW =S+ Fl—al, (3)
p

RT
(I)P = _?, 4)
Uy +Vy + W, =0, 5)
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FIG. 2. Schematic diagram describing the model vertical struc-
ture, the vertical profile of the basic state specific humidity g(P),
and the heating profiles associated with the stratiform (S), deep
convective (D), and congestus (C) clouds, respectively.

where (U, V, W) denote the zonal X and meridional Y
winds and vertical pressure P velocity, respectively; T
and ® are the temperature and geopotential height; R =
287 T kg ' K™ ! is the specific gas constant; C, = 1004
T kg ' K™ is the specific heat at constant pressure; and
S = (T/6)(90/0P) is the static stability parameter. For
simplicity, the momentum and thermal damping coeffi-
cients take the same value d in the free troposphere. The
terms FY and F” are respectively momentum and heat
transfer from synoptic systems to planetary-scale motion,
and Q is condensation heating rate per unit mass.

The vertical structure of the theoretical model is il-
lustrated in Fig. 2, where Py, P., P,,, and P, stand for
pressure at the surface, the top of boundary layer, the
middle troposphere, and the tropopause, respectively.
The latent heat released in the deep cumulonimbus clouds
warms up the entire tropospheric column with a maximum
in the middle troposphere. Cumulus congestus clouds
warm up the lower troposphere and cool down the upper
troposphere. In contrast, the stratiform clouds warm
the upper troposphere and cool the lower troposphere
(Khouider and Majda 2006, 2007; Waite and Khouider
2009).

For low-frequency motion, Q can be estimated by
steady-state water vapor conservation equation, which
links QO to the lower tropospheric moisture convergence
g (Wang and Rui 1990); that is, Q = qug/AP and

q= qE + q[w (6)

In (6), the first term g, =[(q, — q,)/g]W, repre-
sents moisture convergence due to the boundary layer
Ekman pumping W, (Wang 1988b); the second term
q.= —(1/g) j?’V- [q(P)V]dP represents the lower tropo-
spheric moisture convergence. Also, L, = 2.5 X 10° Jkg ™!
denotes the latent heat of condensation, g the gravity,
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AP the half pressure depth of the free troposphere, and
V horizontal velocity; g, and ¢. stand for mean specific
humidity of the boundary layer and the lower tropo-
sphere, respectively (Fig. 2), which can be calculated from
mean state moisture profile ¢(P) that is assumed to de-
crease upward exponentially from ¢, at the surface with
an e-folding scale (water vapor density scale height) of
22 km (Wang 1988b). The basic-state surface specific
humidity is estimated based on an empirical dependence
on sea surface temperature (SST): ¢, = (0.972SST —
8.92) X 10~° (Li and Wang 1994). In this study, SST is
taken a constant value of 28°C at the equator and de-
cays exponentially poleward with an e-folding scale of
15° of latitude. Therefore, the condensational heating
rate is determined by the lower tropospheric and bound-
ary layer moisture convergence and vertical distribution
of specific humidity (or SST). The values of constant pa-
rameters in (1)-(5) are S = 3 X 10 ®*m?s 2 Pa % P, =
1000 hPa, and P, = 100 hPa. The choice of P, value can
switch on/off the boundary layer dynamics and automat-
ically adjust the layer depths. Other parameters are listed
in Table 1.

The Ekman pumping at the top of the boundary layer
was derived from the steady boundary layer momentum
equation for the low-frequency motion (Wang and Li 1994):

_BYV;,

~®,, — EU,, ()

BYU, = —®,,, — EV,. 8)

The variables ®,, U, and V,, denote the geopotential
height and zonal and meridional velocity in the baro-
tropic boundary layer, and E is a damping coefficient;
d,, is assumed to equal the geopotential perturbation in
the lower troposphere. The Ekman pumping velocity
can be obtained from (7) and (8):

W, = AP, (d,V*®, + d,d,, + d;d,,), (9

where d; = EI(E* + B°Y?), d, = —B(E> + B*Y)(E> +
B°Y?)? and d; = —2EBY/(E* + B*Y?)*. For simplicity, we
focus on the equatorial region where E > BY,sod; = 1/E,
dy = —B/E* and d; = 0.

b. Parameterization of the EMT

The eddy forcing terms in (1) and (3), FY and F7, are,
respectively, momentum and heat transfer from synoptic
systems to planetary-scale motion. Since the heat trans-
fer is only about 7 of the momentum transfer (MB04),
only momentum transfer FV = —(UV), — (UW), is
included.

Based on the assumption that (a) synoptic-scale mo-
tions satisfy the weak temperature gradient assumption
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TABLE 1. List of the SI model parameters for wavenumber 1. The values listed here were used in the numerical computation unless
otherwise noted. Parameters not listed here take the same values as in the standard case (Wang 1988b).

Parameter Description Value
B Meridional variation of the Coriolis parameter 23%x10 " mts7!
Cy Gravity wave speed of the gravest baroclinic mode 49ms!
d Momentum and heat damping (dimensional) coefficient in the free troposphere 3x1077s7!
E Ekman damping coefficient 3%x107s7!
bo Spatial lag between stratiform and deep convective heating %
e Ratio of deep convective heating to total heating 1-0.5
A Dimensional amplitude of the EMT 0.1 sin(¢o) m s 2
AP, Depth of the boundary layer Py — P,
P,
q. Mean specific humidity in the lower free troposphere Alipj q(P)dP
P
1 (P
q» Mean specific humidity in the boundary layer E[ q(P)dP
bIP,
. . 4A sin(z;bo)
c1 Constant associated with EMT EE———
37C,\/BC,
' C iated with boundary 1 i vBG Apy LR
c onstant associated with boundary layer moisture convergence Tp—(q » —d,) 2c
M 0“p
. . N AP L,R
c3 Constant associated with lower tropospheric moisture convergence P4 cc
M 0~p

(Majda and Klein 2003), (b) synoptic heating involves
two vertical modes, deep convective [sin(z)] and stratiform
[sin(2z)] (Fig. 2), and (c) the stratiform heating lags deep
convective heating by a spatial phase ¢, MB04 and BMO05
derived the upscale momentum transfer for the superclu-
ster system, which can be written under the P coordinate:

FY = AF(X)’a(1 = )V, (P)M(Y).  (10)

N =

Here A represents the dimensional amplitude, which
is controlled by sin(¢g), the tilt of the supercluster
(MBO04). Also, F(X) is the zonal envelope function of
the synoptic scale motions, and its structure will be de-
scribed in the SI model; « stands for the relative strength
of deep convective to the total heating. The strength of
the stratiform and congestus heating are assumed to be
equal [i.e., (1 — a)/2]. The amplitude of the EMT is thus
a(l — @)/2. The vertical structure V,,(P) = cos[(P,-P)/
(P,—P)m] —cos[3(P.—P)/(P.— P,)m] results from inter-
action between the stratiform and deep convective
heating. Finally, M(Y)=2H? + YHHy, with H = ¢ 2V
denoting meridional structure of synoptic waves.

c. The SI model

In the present model, two types of synoptic systems
are considered to interact with the MJO: eastward-
propagating SCCs and westward-propagating 2-day waves
(or the WIG waves), as observed by Nakazawa (1988).
The interaction between the planetary-scale MJO (rep-
resented by FCI) and synoptic disturbances is illustrated

schematically in Fig. 3. Based on observations, the eastward-
propagating SCCs tilt westward with height (“‘rearward
tilt”” with respect to the MJO) (Kiladis et al. 2009), while
the westward-propagating 2-day waves tilt eastward
with height (“frontward tilt”” with respect to the MJO)
(Takayabu et al. 1996; Haertel and Kiladis 2004).

The SCCs involve heavy precipitation and fully de-
veloped deep convection and stratiform clouds, which
show a westward tilt in the Rossby-gyre region of the
active MJO (Moncrieff and Klinker 1997; Houze et al.
2000). These observations suggest that the westward
tilted SCCs tend to be located in the western part of the
convection center. Moreover, the MJO has multicloud
structure: shallow convection/congestus clouds are lo-
cated to the east and stratiform clouds to the west of the
deep convections (Kiladis et al. 2009). Because SCCs
involve deep convection and stratiform clouds, they
must prevail in the central and western part of the MJO.
Therefore, we assume that SCCs prevail in the rear part
of the MJO convective complex (Fig. 3).

On the other hand, the westward-propagating 2-day
waves are assumed to prevail in the front part of the
MJO convective complex. Biello and Majda (BMO05)
used the same assumption. Unfortunately, there was no
observational support at that time. In a recent study,
Kikuchi and Wang (2010) used spatial-temporal (2D)
wavelet transform to detect the nonstationary wave
propagation signals from a time—space domain of outgoing
longwave radiation (OLR) and found that the enhanced
2-day waves occur to the east of the MJO convective
center (i.e., in the front part of the MJO convective
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FIG. 3. Schematic diagram describing multiscale structure asso-
ciated with the model MJO. The red ellipse and thick arrows rep-
resent, respectively, the convective complex and planetary-scale
zonal circulations associated with the MJO. The blue ellipses and
thin arrows denote vertically tilted mesosynoptic disturbances
(SCCs and WIG waves) and associated convergence/divergence,
respectively. The thick blue arrows represent eddy-induced up-
scale easterly/westerly momentum transfer (UEMT/UWMT). The red
thin arrows represent the boundary layer Ekman pumping (BLEP).

complex). This observed evidence lends support to our
assumption and Biello and Majda’s assumption.

With the multiscale structure shown in Fig. 3, the
SCCs in the rear part of the MJO complex can generate
upscale lower tropospheric westerly momentum flux
represented by (10). On the other hand, the frontward-
tilted 2-day waves can generate upscale lower tropo-
spheric easterly momentum flux:

FU = —%AF(X)za(l — )V, (PM(Y). (1)

Thus, the upscale easterly/westerly momentum trans-
fer occurring in the front/rear portion of the convective
complex is in phase with the MJO easterly/westerly in the
lower troposphere (Fig. 3). As such, (10) and (11) can be
combined into one equation:

Ve (PYM(Y).
(12)

FU= %sgn[U(X, Y, P, )JAF(X)*a(1 — a)

The use of the sgn(U) function in (12) does not mean
the zonal wind physically controls the types of synoptic
waves or their EMT. A number of factors may be in-
dicative of the types of synoptic waves that may occur in
the MJO envelope, such as the lower tropospheric mean
zonal flow, the moisture gradient, and the types of
boundary layer convergence. The use of zonal wind as an
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indicator is not unique, but convenient. The amplitude of
EMT is mainly controlled by F(X ). The sgn(U) function
was used to signify the relative locations of occurrence for
the SCCs and 2-day waves with respect to the convective
complex center. Note that if sgn(U) was used alone,
a discontinuity occurs at the MJO center, where U = 0.
This singularity would cause computational difficulty. To
overcome this we adopted U/|U|yax to replace sgn(U),
where |U| . = max (JU(X,Y,P,t)|). Equation (12) then
becomes '

1 URX.Y,P1)
2|U(X, Y, P, 1)

max

FY = AF(X)*a(l — @)V, (P)YM(Y),

(13)

where U/|U|pax > 0 for westerly and U/|U|pax < 0 for
easterly.

This first-order parameterization renders EMT = 0 at
the MJO center and yields a smooth transition from the
SCC-induced EMT to the 2-day wave-induced EMT
across the MJO center (U = 0). Physically this smooth
transition is more reasonable than a “jump” and com-
putationally it overcomes the difficulty caused by the
singularity. This parameterization functions as a smoother
for the EMT near the MJO center. The results calcu-
lated from sgn(U) with an artificial smoother near the
convective complex center have similar results to those
calculated with this first-order approximation.

To couple the FCI and EMT mechanisms, it is assumed
that g, determines the location and strength of synoptic
disturbances; meanwhile, the synoptic systems feed back to
the large-scale motions through upscale easterly/westerly
momentum transfer. Hence the zonal structure of FY in
(13), F(X )2 = qp; here the square term was used to keep
the SIinstability at the same order of magnitude as the FCI.
The meridional structure of FY can also be represented by
that of the g, and thus the idealized meridional function
M(Y) in (13) is no longer necessary. Now (13) becomes

1 UX.,Y, P
2|UX,Y, P, 1)

max

FY = Aa(l — @)V, (P)qp. (14)

Although U has a planetary scale, the normalized U
only determines the direction of EMT. It is . that de-
termines the amplitude of EMT, so the moisture con-
vergence supports the growth in its convective envelope.
In building the SI model, the meridional structure of
EMT is assumed to be determined by the moisture con-
vergence, and |U(X,Y, P,t)| = max(|U(X,O0, P, 1)])is
defined along the equator. X

The large-scale motion in the free troposphere is
dominated by the first baroclinic mode. For simplicity,

max
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we project the vertical structures of EMT to the
first baroclinic mode in a two-level model and assume
that the convergent moisture produces diabatic heating
on the first baroclinic mode. Keep in mind that the first
baroclinic mode of temperature and deep convective
heating all have a maximum at the middle troposphere
P,,. The upscale EMT (14) that is projected to the
first baroclinic mode can be simplified as FU~
4U,Aa(1 — a)q,,/(37|U,|,,,)- We can simplify g,
from (6) as —APq.(Uy. + V1,)/g, where the subscript 1
denotes the first baroclinic mode.

Using characteristic velocity scale C, = /SAp?/2 ~
49ms~! (the gravest internal gravity wave speed; Wang
1988b), length scale L, = ,/C,/B ~ 1460 km, time scale
T.=1/\/BC,=0.34day, and geopotential height scale
C2, a dimensionless governing equation for the SI model
becomes

U —YV, +® UKD g —au
- =C o — q - N
1 1P T AT (X0 Fl 1
(15)

YU1 + (DIY =0, (16)

CI)lt + (UlX + VlY) = _a(qu + qFl) - dfbl, 17)
g = Cz(vchl - Dy, (18)

dp = —3(Upy + Viy)s (19)

where the nondimensional coefficients ¢, ¢, and c3
and all other parameters are explained in Table 1. The
terms involving ¢y, ¢;, and c; denote, respectively, the
magnitudes of the EMT, the boundary layer moisture
convergence, and the lower tropospheric moisture con-
vergence.

In terms of model parameters, three distinct dynamic
regimes can be identified: 1) a pure FCI regime with
P, < P (presence of boundary layer) and & = 1 (i.e.,
only deep convective cloud is present, and the EMT
vanishes because the absence of vertical tilt of synoptic
systems); 2) a pure EMT regime with P, < Py, and ¢; = 0,
which means the absence of the BL frictional conver-
gence (or FCI), in which case the solution corresponds
to a pure EMT regime if @ < 1; and 3) an SI regime
with & < 1 and ¢, > 0, which represents a general case
involving both FCI and EMT mechanisms.

The SI model (15)—(19) was solved as an initial value
problem. The initial perturbation was a small-amplitude,
equatorial Kelvin wave convection centered at 90°E—
thatis, U, = —0.2sin[m(X — X,)/X,Je- """’ and U; = 0
when | X — Xo| > X;, where X = 90°E, X; = 30°,and Y, =
10°. In the present model, only a single vertical mode
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FIG. 4. Maximum heating rate as a function of time for three modes:
SI, FCI, and EMT. Here a = 0.6.

was considered and the role of the barotropic mode is ne-
glected. This simplification removed the scale selection
mechanism elaborated by Wang (1988b). To suppress the
fast growth of short waves, the spectral expansion tech-
nique (Majda 2003) is used to solve the equations, and only
waves with wavenumber smaller than 5 are included. The
time step is 4 min. The zonal boundary condition is peri-
odic and no fluxes of mass, momentum, and heat are ap-
plied at the meridional lateral boundaries of 30°N and 30°S.

The growths of these three modes are demonstrated in
Fig. 4, and we assume that any prediction variable G can
be writtenas G = Goeg_r’ ,where g is the averaged growth
rate (averaged from day 2 to day 20), which is defined as

20 20
DG, (t-2) = 2.G,.
=2 t=2

(20)
Also, the phase speed P; is defined as
Lo(t,) — Lo(t
P, = o( 2) o( 1), 1)
L=h

where t; = 2 day and £, = 20 day are two different times,
and Lo represents the location of the maximum con-
vective heating. Here different selection of #; and £, does
not affect the phase speed.

4. Properties of the SI mode
a. Growth rate

The growth rate of the SI mode is expected to vary
with «, which represents the fraction of deep convective
versus total heating. In (15) and (17), note that « also
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FIG. 5. The properties of the FCI, EMT, and SI modes for
wavenumber 1. (a) Growth rate and (b) phase speed as functions of
a. Other parameter values used are listed in Table 1.

depicts the proportion of condensational heating that
is projected onto the gravest baroclinic mode of FCI
and affects the strength of EMT feedback and the cou-
pling between the FCI and EMT. When the amount of
stratiform/congestus clouds equals that of deep con-
vection, «a is 0.5. Because the EMT comes from the
interaction between deep convective heating with am-
plitude of a and stratiform/congestus heating with am-
plitude of 1 — «, the maximum interaction occurs when
both deep convective and stratiform/congestus heating
have comparable magnitude (i.e., « = 0.5).

Figure 5a shows the growth rate as a function of « for
wavenumber 1. The growth rate of FCI mode decreases
with decreasing a because when « decreases, the amount
of deep convective heating that projected to the FCI
mode decreases accordingly, and thus the effective (or
gross) static stability of the basic state would increase. As
a result, the boundary layer moisture convergence can no
longer support an unstable mode. The previous works
used the unstable FCI mode as a model analog to MJO
witha = 1 (Wang 1988b; Wang and Li 1994). Here for the
given thermal and momentum damping the FCI modes
decay for a < 0.85.

In sharp contrast, the growth rate of EMT mode in-
creases with decreasing «, or increasing amount of
nondeep convective clouds (Fig. 5a). When a = 0.9, the
EMT mode is strongly damped because the stratiform/
congestus cloud heating is too weak to support instability.
When the stratiform/congestus heating rate increases, the
EMT mode strengthens when o < 0.7. For a reference,
MBO04 used the one-way feedback EMT mode with a =
0.6 to explain the “‘westerly wind burst’” process associ-
ated with the MJO.
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The most interesting feature of Fig. 5a is that the SI
mode driven by the interaction between the FCI and
EMT produces growing modes regardless of the value
of a. The SI mode shows fast growth when 0.7 < a < 0.9
for which the FCI or EMT mechanism alone produces a
damped mode, suggesting that the FCI and EMT interact
cooperatively to contribute to the SI instability. When o =
0.8, the maximum growth rate reaches 0.18 day . This
value depends on the thermal and momentum damping
parameters used.

b. Eastward propagation

Figure Sb compares propagation speed of these three
modes. For the FCI mode, phase propagation is largely
controlled by the background effective static stability.
When a =1, the effective static stability reaches mini-
mum and the FCI mode moves eastward slowly; but with
increasing stratiform/congestus cloud heating, the con-
vective heating projected onto FCI mode decreases,
thereby increasing the effective static stability and the
phase speed.

On the other hand, in the absence of FCI mechanism,
the free tropospheric equatorial waves interact with the
EMT mechanism. When a > 0.85, the EMT effect is
very weak; thus, the phase speed is dominated by the
eastward-propagating dry Kelvin wave, resulting in a
fast propagation (Fig. 5b). With an increase in the
amount of stratiform/congestus clouds (or decreasing
a), the EMT mechanism plays an increasingly important
role, which slows down the eastward propagation. How-
ever, once EMT further increases (o < 0.85), the EMT
mode becomes a stationary system with a Rossby wave—
like structure.

It is interesting that the phase speed of the SI mode
follows that of FCI mode when @ = 1 or 0.9 but then
rapidly decreases and remains below 10 m s~ ! thereaf-
ter, indicating that the EMT mechanism has played an
effective role in slowing down the eastward propagation.
When a < 0.85, the instability of the SI mode mainly
comes from the coupled eastward FCI mode and the
stationary EMT mode. The EMT mode has enhanced
Rossby wave responses (Fig. 6b), which can efficiently
slow down the eastward propagation of the SI mode.
Observed slow propagation often occurs when stratiform/
congestus clouds are fully developed. Results shown in
Fig. 5b indicate that the phase speed of SI mode is
comparable with the observed MJO (0-10 m s~ ') that
has fully developed stratiform/congestus in its con-
vective complex.

c. Horizontal structures

To compare horizontal structures of the three modes
generated by different mechanisms, we select & = 0.6 for
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FIG. 6. Horizontal structures of the (a) FCI, (b) EMT, and (c) SI
modes for a = 0.6 at the seventh day. Shown are planetary-scale
winds (vectors) and areas of heating rate (red dashed contour),
as well as the streamfunctions (black contours). The vectors and
heating rate contours are scaled to their respective maximum mag-
nitudes: (a) 1.5 ms !, 02 K day ; (b) 3.7ms !, 045 K day };
and (c) 40ms !, 0.6 K day !. (d) Time-longitude diagram of
the simulated heating core regions associated with the FCI, EMT,
and SI modes. Contour interval is 0.4 for the heating rate and 0.2
for the streamfunctions. Zero contours are not drawn and nega-
tive streamfunctions are dashed. The amplitude is a growing
function of time.

which the instability of the SI mode comes from the
coupled weak FCI and strong EMT modes. The initial
disturbance was placed on 90°E. It took a day or so for
initial disturbances to adjust (changing horizontal struc-
ture and phase speed), so we contrast their evolutions
starting from the second day with the same zonal wind
amplitude. To facilitate comparison, we aligned the lo-
cation of the three modes on day 2 at 90°E. Figure 6
compares the lower free tropospheric wind structures of
the three modes at day 7. The horizontal structure of
damping FCI mode resembles a Gill-like pattern (Gill
1980) with a very weak Rossby wave component (Fig. 6a).
The FCI mode moves eastward at a fast speed of about
27 ms ™! (Fig. 5b), so on day 7 its center is located at
150°W (Fig. 6d). The horizontal structure is basically
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consistent with the previous results (Wang and Li 1994),
but the Kelvin wave component has stronger intensity
than the Rossby wave component, and thus the equato-
rial easterlies are too strong compared to the equatorial
westerlies. A large portion of the convective region oc-
curs in the lower tropospheric easterly region.

The unstable EMT mode arising from multicloud in-
teraction alone is a stationary Rossby wave-like system
at a = 0.6 (Figs. 5b and 6b) due to the heating. There is
strong convergence between the prominent equatorial
westerly and easterly anomalies (Fig. 6b). In off-equatorial
regions, a pair of weak anticyclones associated with the
equatorial easterlies leads a pair of strong cyclones that
are associated with the equatorial westerlies (Fig. 6b). In
contrasting to the FCI mode, the EMT mode has an en-
hanced Rossby wave component at the equatorial west-
erly region of the MJO.

When the FCI and EMT mechanisms are coupled
(i.e., the planetary-scale motion is driven jointly by the
FCI and EMT), the unstable SI mode exhibits a hori-
zontal quadrupole vortex structure (Fig. 6¢) with a pair
of relatively weak anticyclones leading a pair of strong
cyclones and propagating eastward at a slow speed of
6 m s ' (Fig. 5b), so that at day 7 the center moves to
around 115°E (Fig. 6d). The SI mode has a convective
envelope similar to the FCI mode and a quadrupole
vortex structure similar to the EMT mode. This mixed
structure is consistent with the fact that the SI comes
from both FCI and EMT mechanisms (Fig. 5a). The SI
mode overcomes the unrealistic structure of the FCI
mode (a large portion of convection occurs in the east-
erly region) and the unrealistic propagation of the EMT
mode (stationary), leading to an improved agreement
with the observed MJO.

Note also that the results shown in Figs. 5 and 6 are
for wavenumber 1, in which a single isolated perturba-
tion is initiated. How do the horizontal structure and
phase speed depend on the wavelength? When the pa-
rameters used are the same as those for wavenumber 1 the
wavenumber-2 SI mode has almost the same horizontal
structure and same phase speed as the wavenumber-1
disturbance. For the pure FCl-induced moist Kelvin—
Rossby wave packet, the propagation speed of the un-
stable mode changes from 5 to 15 m s~ ' (see Fig. 3 of
Wang and Rui 1990), which is an unrealistic feature
comparing with the observed MJO. With the EMT in-
cluded, the phase speed of the SI mode does not depend
on the wavelength; hence the EMT plays a role in cor-
rection of the unrealistic dependence of the phase speed
on wavelength for the FCI mode.

The amplitude of the unstable mode shown in Fig. 6
grows forever in time if a fixed high SST is assumed.
However, the growth rate is determined by model’s
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F1G. 7. Evolution of the model SI mode in a longitude-dependent
SST setting. (b) A contour plot of normalized heating rate of
SI mode calculated from (a) an idealized sinusoidal SST. The
maximum heating rate is 0.8 K day~' and contour interval is
0.2 K day ™ '. Here a = 0.6 and initial heating are located at 60°E.

parameters, especially the SST, which controls the mag-
nitude of the moisture convergence and heating rate as
it represents the moist static energy sources. In a re-
alistic setting of SST, the MJO-like disturbance will not
grow forever. It will grow in the warm-pool ocean re-
gion and decay over the cold-tongue regions in the
eastern Pacific and Atlantic. This longitudinal depen-
dence behavior of the MJO was demonstrated by Li
and Wang (1994). Under an idealized sinusoidal SST
(Fig. 7a), the ST mode exhibits a development and slow
eastward propagation in the warm ocean region but
shows a decay and fast eastward propagation in the cool
ocean region (Fig. 7b).

d. The vertical structure

As shown in (6), the condensational heating includes
the boundary layer contribution and free tropospheric
wave contribution. What is the phase relationship be-
tween these two contributions? Figure 8 shows that sim-
ilar to the FCI model (Fig. 8a) in the SI mode (Fig. 8b),
the boundary layer convergence leads the free tropo-
spheric heating because the boundary layer convergence
is in phase with the equatorial low pressure (Wang and Li
1994) and the lower tropospheric low pressure leads the
free tropospheric convergence (vertical motion). The
vertical structure of the SI mode is in good agreement
with one of the basic observed properties of the MJO; that

FIG. 8. Relationship between the lower tropospheric (red con-
tours) and boundary layer (blue contours) convergences for the (a)
FCI and (b) SI modes. The contour interval is as in Fig. 6. Maximum
convective heating (associated with the lower tropospheric and
boundary layer convergence) and velocity magnitude are (a) 0.13 K
day™',0.07 K day ', 1.5 ms ' and (b) 0.44 K day ', 0.16 K day ',
40ms

is, the MJO is characterized by boundary layer moisture
convergence preceding major convection region.

5. Concluding remarks

A conceptual model is developed to advance our un-
derstanding of scale interaction (SI) dynamics associ-
ated with the MJO. The model combines two instability
mechanisms. The first results from large-scale wave dy-
namics driven by the boundary layer frictional conver-
gence instability (FCI) (Wang 1988b; Wang and Rui
1990), and the second is rooted in the eddy momentum
transfer (EMT) from synoptic-scale motions to the MJO
(MB04; BMO05). In this model, the planetary-scale motion
controls the location and strength of the synoptic EMT,
which in turn feeds back to planetary-scale motion.

We show that the SI instability stems from the com-
bined effect of FCI and EMT mechanisms and thus its
property is a mixture of the two modes. The properties
of the unstable modes depend on the proportion of deep
convective versus stratiform/congestus heating or the
ratio of deep convective versus total amount of heating
a. When stratiform/congestus heating accounts for only
a small portion of the total heating (a > 0.85), the FCI
produces a growing mode (Fig. 5a), which propagates
eastward at a speed of 15-20 m s~ ! (Fig. 5b) and pos-
sesses a Gill-like pattern (Fig. 6a) and a backward-tilted
structure (Fig. 8a). On the other hand, when the amount
of stratiform/congestus clouds increases to a certain
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criterion (a < 0.7), the EMT generates a growing mode
(Fig. 5a) that is stationary (Fig. 5b) and displays
a quadrupole vortex pattern (Fig. 6b) without vertical
tilt (no boundary layer is included in the EMT mode).
The SI instability comes from both the EMT and FCI
and possesses fast growth when 0.7 < o < 0.9 even when
the pure FCI or EMT mechanism alone produces a dam-
ped mode (Fig. 5a). The SI mode propagates eastward
slowly (5-10 m s~ ') and has a mixed structure of the pure
EMT and FCI modes—that is, a horizontal quadrupole
vortex (Fig. 6¢) and backward-tilted structure (Fig. 8b).
These properties are equally valid for wavenumber-2
disturbances. Overall, the SI mode resembles the observed
MJO in slow eastward propagation, the quadrupole vortex
horizontal structure, and the backward-tilted vertical
structure, which all are essential features of the MJO.

Because a pure growing EMT mode is stationary, the
eastward propagation of the SI mode comes from the
contribution of the FCI mechanism, suggesting that
the FCI mechanism is essential for selecting the eastward
propagation. The FCI also supports the backward-tilted
vertical structure. While the EMT mechanism alone
does not explain eastward propagation, it favors a
quadrupole vortex structure with an enhanced Rossby
wave component and plays a critical role in slowing
down the eastward propagation of the MJO convective
complex.

Numerical experiments with general circulation mod-
els (GCMs) have demonstrated that stratiform rains play
a critical role in maintaining the MJO and strong MJO
exists when stratiform cloud amount exceeds 30% of the
deep convection (Fu and Wang 2009). The observation
shows that a large portion of stratiform rains exists in
mesoscale and synoptic convective systems, which con-
sists of about 40% of all rainfall types in the MJO
(Schumacher and Houze 2003). The result of the present
theoretical model indicates that the SI mode is favored
when the deep convective cloud amount is comparable
with stratiform/congestus clouds. Thus, the model result
here is consistent with observations and with GCM ex-
perimental results.

It is important to note that the positive contribution of
the upscale EMT to MJO development depends on the
assumed spatial phase relationships between the MJO
and the embedded supercluster (occurring in the rear
portion of the MJO) and 2-day waves (occurring in the
front portion). When the phase relationships change, the
corresponding effect of upscale EMT may be different.

The theoretical results here have important ramifica-
tions. First, the boundary layer moisture convergence
and multicloud heating associated with the equatorial
Kelvin and westward-propagating inertio-gravity waves
within the convective complex (wet phase) of MJO are
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essential for creating vertical tilts of mesosynoptic-scale
disturbances or upscale EMT to affect planetary-scale
wave dynamics. In this regard, documentation of the
vertical heating profiles and multicloud structures
should be encouraged. Further, adequate simulation of
the MJO in general circulation models may depend on
the models’ ability to reproduce correct partitioning
of the cloud amounts among deep convective and
stratiform/congestus clouds. Many GCMs tend to sim-
ulate a considerably higher percentage of deep convec-
tive clouds compared to the satellite observations. In
this case, the EMT mechanism and the SI may be un-
derrepresented.

While EMT can favor a quadrupole vortex structure,
this is not the only reason why MJO has such a structure.
The quadrupole vortex structure can also be excited,
without EMT, by a dipole heating or a wavelike heating
as shown by Matsuno (1966). When MJO convection is
active over the Indian Ocean, the convection is sup-
pressed over the western Pacific and vice versa. This forms
a dipole heating that can stimulate a typical quadrupole
vortex structure. Rui and Wang’s (1990) composite MJO
quadrupole structures were made for these two cases.
However, when convective heating is located over the
Maritime Continent, the corresponding suppressed con-
vection is weak (although it tends to occur to both sides of
the enhanced convection). In this case, the MJO heating is
similar to a monopole heating, and a Gill-type pattern is
expected as shown by Hendon and Salby (1994).

In this study, a critical assumption made is that SCCs
and 2-day waves prevail respectively in the rear and
front part of the MJO convection center. While obser-
vational evidences support to some degree this as-
sumption, further observational studies are required to
clarify the spatial phase relationship among SCCs, 2-day
waves, and MJO. In the present SI model, only the first
baroclinic mode is considered so that all the moisture
convergence produced by the boundary layer Ekman
pumping stimulates only the first baroclinic mode. This
oversimplified representation neglects the coupling effect
of the boundary layer convergence on the vertical modes
and cannot favor the long wave growth (Wang 1988b).
Inclusion of higher vertical modes in description of EMT
mechanism and the role of boundary layer moisture
preconditioning would provide a more realistic model for
investigating MJO dynamics. We have also assumed
a fixed phase lag between the synoptic activity (EMT)
and the MJO convective complex and an equal amount of
stratiform and congestus clouds, which yields a stationary
EMT mode. Further consideration of the wavelength-
dependent phase lags and study of the impact on phase
propagation of EMT mode under different multicloud
structure are warranted.
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