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“convection organization”
WHAT DO WE MEAN BY ORGANIZATION? 

• organization by the boundary  

• self - organization of the atmosphere 

• through (dry) dynamics 

• through moisture 
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at seasonal to interannual (& longer) scales  
organization is from the boundary 
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Figure 7. Seasonal evolution of the zonal mean (a) moist static energy (K), (b) temperature (K), (c) meridional gradient of
temperature (10!6 K/m), and (d) Laplacian of temperature (10!12 K/m2) at the lowest model level (! = 0.989) in shading
in Aqua20m. The open circles are "EFE,actual, the open triangles "#=0, and the asterisks "PITCZ

. Solid thick black lines
show their annual harmonic. Vertical black dashed lines indicate pentads 11–15 August and 6–10 December,
respectively, shown in Figure 5, which have the same ITCZ location, shown by the horizontal blue dashed line but
di!erent EFE, denoted by the green $ symbol. The horizontal thin black line indicates the equator. The cyan and purple
dots represent location (equator) and times (11–15 August and 6–10 December, respectively) for the vertical cross
sections shown in Figures 8c and 8d.

To understand how oppositely signed cross-equatorial energy transport is e!ected at these two pentads, the
corresponding vertical profiles of v and h at the equator are shown in Figures 8c and 8d, for the August and
December pentad, respectively. The MSE vertical profiles at both pentads are consistent with observed typical
profiles in the tropical atmosphere, with a minimum in the middle-to-lower troposphere and values at upper
levels being larger than those close to the surface. While largely similar, these profiles di!er in the lower atmo-
sphere, with slightly higher MSE values below the minimum being found over a deeper layer in the retreating
phase. Vertical profiles of the meridional wind, however, feature more pronounced di!erences. More specifi-
cally, in the retreating phase, the cross-equatorial Hadley cell develops a shallow return flow at heights where
the MSE minimum is located. This is also evident in the structure of the stream function (Figure 8b). That the
di!erences in the circulation (or meridional wind) vertical structure are more important than the di!erences
in the MSE vertical structure for the sign reversal of the GMS in the retreating phase of the winter Hadley cell
can be more accurately quantified by decomposing the anomalous mean MSE flux according to

!%(&v &h)" = !&v% &h" + ! &h% &v", (10)

where % represents the di!erence between the December and August fields (6–10 December minus 11–15
August) and we neglect the quadratic term. The first term represents the contribution to the anomalous mean
MSE flux due to changes in the MSE vertical profile, while the second term represents the contribution due
to changes in the meridional wind vertical profile. As shown in Figure 9, in the tropics di!erences in the total
MSE flux between the two pentads are almost entirely accounted for by di!erences in mean MSE flux, which in
turn are primarily dominated by di!erences in the circulation vertical structure rather than di!erences in MSE
profiles. In other words, it is the presence of the shallow return flow near the MSE minimum, rather than MSE
increases at lower levels, that causes the vertically integrated energy transport to be in the direction of the
lower-level mass transport in the retreating phase, resulting in a negative GMS. At other pentads, the retreat-
ing cell does not always feature a shallow return flow as well defined as that seen around 6–10 December.
Nonetheless, the structure of the associated stream function is very di!erent from that of the winter cell in its
expanding phase, with the upper- and lower-level meridional flow being confined in very thin layers, which
also favors negative GMS (not shown). This means that while the EFE evolves seasonally almost in phase with
the insolation, the surface temperature, the Hadley cell, and its ascending branch cannot change as rapidly.
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self-organization of the atmosphere
•  through (dry) dynamics: Equatorial Waves 

•  through (maybe) moisture: The MJO

•  (mostly) away from land 

•  sub-seasonal



MJO Eq. Rossby Kelvin MRG

A diversity of convectively-coupled waves and modes

Ángel F. Adames  
University of Michigan



Symmetric Anti-symmetric

How to diagnose tropical waves: 

the Wheeler and Kiladis diagram (1/5)

1. Decompose (IR) into components that are symmetric 
and anti-symmetric about the equator. (This takes care of 
the y-direction)



2. Take 2-D Fourier transformation of a(x, t)         A(k, n) 
3. Plot A2(k, n) : Power spectrum

→

CLAUS Tb power spectrum, 15ºS-15ºN, 1983–2006 (Symmetric)

after Wheeler and Kiladis, 1999

CLAUS Tb power spectrum, 15ºS-15ºN, 1983–2006 (Antiymmetric)

CLAUS Tb power spectrum, 15oS-15oN, 1983–2006 (after Wheeler and Kiladis, 1999).

Antisymmetric 

How to diagnose tropical waves: 

the Wheeler and Kiladis diagram (2/5)

Symmetric 



CLAUS Tb power spectrum, 15ºS-15ºN, 1983–2006 (Symmetric)

after Wheeler and Kiladis, 1999

larger wavenumber  
==  

smaller zonal scale

How to diagnose tropical waves: 

the Wheeler and Kiladis diagram (3/5)

larger frequency  
==  

faster time scale
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How to diagnose tropical waves: 

the Wheeler and Kiladis diagram (4/5)

4. Determine “background” spectrum by smoothing raw 
spectra

CLAUS Tb power spectrum background, 15ºS-15ºN, 1983–2006

→

CLAUS Tb power spectrum, 15ºS-15ºN, 1983–2006 (Symmetric)

after Wheeler and Kiladis, 1999



How to diagnose tropical waves: 

the Wheeler and Kiladis diagram (5/5)

5. Divide raw spectra by background spectra to determine 
signals standing above the background

CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Antisymmetric)CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Symmetric)

Antisymmetric Symmetric 



CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Symmetric)CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Antisymmetric)

Enhanced power in the Wheeler and Kiladis 
diagram corresponds to known tropical waves 

Antisymmetric Symmetric 

There is a good match to the dispersion relation of  
dry equatorially trapped waves found by Matsuno (1966) 



Equatorial Shallow Water (unforced, undamped)Linearized Shallow Water Equations 
(Matsuno, 1966)
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SW:  
incompressible  
and Lz >>Lx,y 

Linearized around a 
basic state at rest 

Two restoring forces:  
Gravity and Rotation 
=> wave solution  



To the board: 

let’s sketch how we get to the wave solutions 



The dispersion relation of SW Equatorially Trapped Waves Tropical wave theory, 5

Kiladis et al., Rev. Geopys., 2009 (following Matsuno, 1966, J. Meteor.

Soc. Japan).
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al., 2004]). Remarkably, the dispersion characteristics and
structure of these CCEWs broadly correspond to those
predicted by linear theory, even without considering the
potential effects of the basic state flow and despite the
potential for nonlinearities arising from coupling with
convection. As will be discussed in more detail in section
2, the observed phase speeds of these waves are consider-
ably slower than their dry counterparts because of this
coupling. Recent studies have focused on reconciling the
dynamical structures of observed CCEWs within a theoret-
ical framework, which currently comprises a very active
area of research in tropical meteorology and is the subject of
this article.

2. THEORY OF CONVECTIVELY COUPLED
EQUATORIAL WAVES

2.1. Shallow Water Theory

[13] As discussed in section 1, a portion of deep tropical
convection appears to be controlled by dynamics consistent
with Matsuno’s [1966] SW theory. However, the applica-
bility of classical SW theory to the observed CCEWs is by
no means self-evident [e.g., Lindzen, 2003]. However, the
fact that the observed waves display the dispersive proper-
ties derived from SW theory (Figure 1) suggests its useful-
ness as a place to start. Although it has been extensively
covered elsewhere (see references given by Lindzen [2003]
and Hoskins and Wang [2006]), here we touch upon some
background theory useful for our later discussions of
observed CCEWs, focusing on relevant points not previ-
ously emphasized in the literature.
[14] The SW equations govern the vertically independent

motions of a single thin layer of incompressible, homoge-
neous density fluid on a rotating sphere, as also known as
Laplace’s tidal equations. The SW equations can be derived
from the mathematical separation of the vertical versus
horizontal and time-varying portions of the flow from the
full primitive equations, although the assumptions required
to perform this separation and derive the vertical depen-
dence of motion are far from trivial.
[15] Matsuno [1966] considered inviscid SW equations

that were linearized about a motionless basic state. The
Coriolis parameter, f, was assumed to be linearly propor-
tional to distance from the equator (i.e., f = by), a suitably
valid approximation for motions in the tropics. The equa-
tions are
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Here ul and vl are the zonal and meridional velocities, fl is
the geopotential, g is the acceleration due to gravity, and he
is the depth of the undisturbed layer of fluid. Equations (1)
and (2) are the horizontal momentum equations, and (3) is a
consequence of mass conservation, linking changes in the
geopotential to the divergence. We use the subscript l to
denote that in the context of the full three-dimensional
atmospheric flow, these equations model the horizontal (x
and y) and time (t) varying components of the flow only.
That is, they govern the motions of a particular vertical
mode, l, for which an appropriate choice of he must be
made.
[16] Matsuno [1966] was the first to derive the complete

set of zonally propagating wave solutions to these equations
[see also Andrews et al., 1987; Gill, 1982a; Pedlosky, 1987;
Wheeler, 2002; Holton, 2004]. Briefly, one seeks zonally
propagating wave solutions of the form
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where k is zonal wave number and w is frequency.
Substitution and rearrangement yields a second-order
differential equation in v̂ only:
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Solutions to this equation that decay away from the equator
are well known, from which it follows that the constant part
of the coefficient in parentheses must satisfy

#######
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This equation gives a relation between w and k, for each
positive integer n, thus defining the horizontal dispersion
relation for the waves. The equation is cubic in w, resulting
in three classes of solutions corresponding to the EIG, WIG,
and ER waves. Special consideration is required for the n =
0 solution, corresponding to the MRG wave, and an
additional solution to (1)–(3) not covered by (5) is the

Figure 1. Wave number–frequency power spectrum of the (a) symmetric and (b) antisymmetric component of Cloud
Archive User Services (CLAUS) Tb for July 1983 to June 2005, summed from 15!N to 15!S, plotted as the ratio between
raw Tb power and the power in a smoothed red noise background spectrum (see WK99 for details). Contour interval is 0.1,
and contours and shading begin at 1.1, where the signal is significant at greater than the 95% level. Dispersion curves for
the Kelvin, n = 1 equatorial Rossby (ER), n = 1 and n = 2 westward inertio-gravity (WIG), n = 0 eastward inertio-gravity
(EIG), and mixed Rossby-gravity (MRG) waves are plotted for equivalent depths of 8, 12, 25, 50, and 90 m. Heavy solid
boxes represents regions of wave number–frequency filtering (see section 3).
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Kelvin Wave Theoretical Structure

Wind, Pressure (contours), 
Divergence, blue negative

Horizontal  Structure of the Kelvin Wave

v = 0 everywhere 
u = 𝜙 (contours) 

symmetric, decaying 

divergent 



Equatorial Rossby Wave Theoretical Structure

Wind, Pressure (contours), 
Divergence, blue negative

Horizontal  Structure of the Equatorial Rossby Wave

symmetric, 

rotational 



n=1 Westward Inertio-gravity Wave Theoretical Structure

Wind, Pressure (contours), 
Divergence, blue positive

Horizontal  Structure of Inertio-Gravity Waves

symmetric, 

divergent 



Mixed Rossby-Gravity Wave Theoretical Structure

Wind, Pressure (contours), 
Divergence, blue negative

Horizontal  Structure of Mixed Rossby-Gravity Waves

anti-symmetric, 

rotational 



Key parameters for the SW Equatorially Trapped Waves 

Rossby Radius of Deformation:  

c = gh Re =
c
β

Gravity Wave Speed 

what is h? 

full atmosphere is called the ‘‘equivalent depth.’’ In the
context of the real atmosphere, however, in no way should
the equivalent depth be thought of as a physical depth but as
an important parameter of the theory, as discussed further in
section 2.2.1.

2.2. Relating Shallow Water Equations to Equations of
Atmospheric Motion

[25] While the applicability of SW theory to CCEWs is
evident, there is neither a unique nor a standard way to
relate the full three-dimensional equations of atmospheric
motion to the SW equations of motion, especially when
circulations are forced by or coupled to convective heating.
Rather, there are multiple ways to derive such a relation,
which differ in the choice of vertical structure and the
manner in which diabatic effects are included. Here we
summarize several possibilities and note the impacts of the
different choices on the corresponding theoretical dispersive
properties and wave structures.
2.2.1. Dry Waves
[26] When the effects of moisture are neglected, and, in

particular, the heating and cooling due to condensation and
evaporation, it is relatively straightforward to derive solu-
tions for atmospheric waves whose horizontal structures are
governed by SW equations. Consider the hydrostatic prim-
itive equations with the log pressure vertical coordinate z
[e.g., Holton, 2004, p. 317], linearized about a motionless
basic state:
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where z = –Hlog(p/ps), p is pressure, the subscript s denotes
fixed surface values, w is the vertical velocity, H = RTm/g is
the scale height for a layer mean temperature Tm, R is the
gas constant, r0(z) = rsexp(–z/H), N2 = (R/H)(dT0/dz + g/cp)
is a measure of the static stability where dT0/dz is an
average lapse rate, and cp is the specific heat of dry air at
constant pressure. For simplicity we assume N2 is constant,
and we neglect heating and frictional effects. Combining (9)
and (10) to eliminate w,
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where L = (1/r0)(@/@z)(r0)(@/@z) is a linear operator. Now
assume that f has a vertical structure, fv, that is an
eigenfunction of L; that is,

L fv& ' # !lfv; $12%

where l is a constant. Then (11) becomes
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Note that (7), (8), and (13) are algebraically equivalent to
the SW equations (1)–(3) with an equivalent depth of

he # N2= gl$ % $14%

and that this equivalence is independent of the method of
approximating the Coriolis parameter by an f plane or b
plane. Therefore, we can construct solutions to (7)–(10)
whose horizontal structures come from solutions to the SW
equations and whose vertical structures are derived from
eigenfunctions of L. We might expect such solutions to
provide insights about the structures and dispersive proper-
ties of observed CCEWs. However, the first complication is
that even for dry waves, there are two fundamentally
different types of vertical structures that are eigenfunctions
of L:

exp z=2H$ % exp imz$ % $15a%

or

exp z=2H$ % sin mz" b$ %; $15b%

where m is a vertical wave number and b is the phase (a
constant). The first structure (15a) is for a radiation upper
boundary condition [Lindzen, 1974, 2003], while (15b) is
for a rigid lid at the upper boundary [see Haertel et al.,
2008]. The real parts of these choices are essentially the
same: sinusoidal functions that increase in amplitude with
height. However, their different imaginary parts lead to
different wave structures when the vertical structure is

TABLE 1. Vertical Structure Values for Dry Waves in a
Constant N Atmospherea

he Lz (km)
#######

ghe
p

(m s!1) Re (Degrees Latitude)

H = 7.3 km, dT0/dz = !7.0 K km!1 (Troposphere)
10 6.0 9.9 6.0
20 8.5 14.0 7.1
50 13.4 22.1 9.0
100 19.2 31.3 10.7
200 27.9 44.3 12.7
500 47.5 70.0 15.9

H = 6.1 km, dT0/dz = +2.5 K km!1 (Lower Stratosphere)
10 2.6 9.9 6.0
20 3.7 14.0 7.1
50 5.8 22.1 9.0
100 8.3 31.3 10.7
200 11.8 44.3 12.7
500 18.9 70.0 15.9

aAs calculated from equation (17).
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Back to the board: 

we relax the  shallow water assumption 



CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Antisymmetric)CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Symmetric)

There  is a continuum of equivalent depths 
he in the observed CCEW 

Antisymmetric Symmetric 

25m
50m

25m
50m



One more type of “wave”:  

Tropical Depressions (and Easterly Waves) 

Antisymmetric Symmetric 

Space-Time Spectrum of JJA Symmetric OLR, 15S-15NSpace-Time Spectrum of JJA Antisymmetric OLR, 15S-15N

“TD” band

JJA Tb



since this retains the full signal of the wave in those regions
where convection is confined to one hemisphere and thus
projects equally onto each component [see Straub and
Kiladis, 2002]. The filters shown in Figure 1 are based on
more expanded space-time domains than used by WK99
(except for the EIG wave), which better match the spectral
peaks in Figure 1. The ‘‘TD-type’’ filter used to isolate EWs
is not shown but is identical to that used by Kiladis et al.
[2006] to encompass the prominent 2–6 day westward
spectral peak found during northern summer (WK99).
Figure 5 shows the distribution of Tb variance for the
various CCEWs, along with some information on their
propagation and impacts, to be discussed further in sections
4–8. These patterns compare well with those estimated

using OLR by WK99, Wheeler et al. [2000] (hereinafter
referred to as WKW00), and Roundy and Frank [2004a].
[33] The space-time filtered Tb of a particular CCEW at a

given grid point is correlated and regressed against unfil-
tered dynamical and Tb fields to obtain a ‘‘composite’’
picture of the wave’s evolution. This technique is similar
to that used by WKW00 except that we do not window by
wave activity amplitude but instead use the entire period
available regardless of season. General features of the
results are not sensitive to the details of this approach.
For all of the plots in this article, the perturbations are scaled
to a –20 K Tb anomaly at the chosen base grid point, a
typical minimum value seen during the convective phase of
a moderately strong wave event. Positive/negative lags refer

Figure 5. Distribution of annual mean variance of CLAUS Tb filtered for the (a) Kelvin, (b) n = 1 ER,
(c) tropical depression (TD), (d) MRG, (e) n = 0 EIG, and (f) WIG bands. Also shown are preferred
direction of propagation and preferred location of tropical cyclone (TC) genesis associated with each
mode.

RG2003 Kiladis et al.: CONVECTIVELY COUPLED EQUATORIAL WAVES
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Observed Wave Activity 
Annual-mean variance in Tb and TC genesis

Kelvin

Rossby

TD & AEW

Mixed Rossby-Gravity

Inertia-Gravity



CLAUS Brightness Temperature (2.5S–7.5N), April-May 1987

Kelvin: 15 m s-1

WIG: 23 m s-1

A superposition of criss-crossing CCEW
CLAUS Brightness Temperature (2.5S–7.5N), April-May 1987 



Day 0

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-MayHorizontal  Structure of the observed moist Kelvin Wave(s)

Regression against Kelvin filtered Tb anomalies   
(DAY 0 at 2.5N, 0E, March-May)  
200 hPa Streamfunction (contours 5 X 105 m2 s-1)  
Wind (vectors, largest around 2 m s-1) 
Tb (shading starts at +/- 4°K), negative blue 



Day-4

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-May

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue



Day-3

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-May



Day-2

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-May



Day-1

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-May



Day 0

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-May



Day+1

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-May



Day 0

Streamfunction (contours 5 X 105 m2 s-1)
Wind (vectors, largest around 2 m s-1)

Tb (shading starts at +/- 4°K), negative blue

Tb and 200 hPa Flow Regressed against Kelvin filtered                   
Tb anomalies at 2.5N, 0E, for March-MayHorizontal  Structure of the observed moist Kelvin Wave(s)

Regression against Kelvin filtered Tb anomalies   
(DAY 0 at 2.5N, 0E, March-May)  
200 hPa Streamfunction (contours 5 X 105 m2 s-1)  
Wind (vectors, largest around 2 m s-1) 
Tb (shading starts at +/- 4°K), negative blue 



Temperature at Majuro (7N, 171E) Regressed against                    
Kelvin-filtered OLR (scaled -40 W m2) for 1979-1999  

OLR (top, Wm-2)
Temperature (contours, .1 °C), red positive 

from Straub and Kiladis 2002

Wave Motion
Vertical  Structure of the observed moist Kelvin Wave(s)

temperature

zonal wind
(contours .25 m s-1), red positive 

at Majuro (7N, 171E) Regressed against Kelvin-filtered OLR (1979-1999) 

(contours, .1 °C), red positive 



Specific Humidity at Majuro (7N, 171E) Regressed against                   
Kelvin-filtered OLR (scaled -40 W m2) for 1979-1999  

from Straub and Kiladis 2002
OLR (top, Wm-2)

Specific Humidity (contours, 1 X 10-1 g kg-1), red positive

Wave Motion

Vertical  Structure of the observed moist Kelvin Wave(s)

specific humidity
(contours, 1 X 10-1 g kg-1), red positive 

from Kiladis et al., 2009

Generalized 
Evolution of a 
Convectively 
Coupled 
Equatorial Wave

Generalized Evolution of 
a Convectively Coupled 
Equatorial Wave 
(self similar organization?)



OBSERVATIONS OF KELVIN WAVES AND THE MJO
Time–longitude diagram of CLAUS Tb (2.5S–7.5N), January–April 1987Time–longitude diagram of CLAUS Tb (2.5S–7.5N), January–April 1987 

The main mode of intraseasonal variability: 
the Madden-Julian Oscillation (MJO)

MJO: 5 m s-1

Madden and Julian



CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Antisymmetric)CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Symmetric)

The  MJO is slower, 

hence  not a Kelvin Wave 

Antisymmetric Symmetric 



• Organized planetary scale system 
• Characterized by convectively active 

and inactive phases 
• Convective signal strongest in Indian 

Ocean and West/Central Pacific. 
• Phases connected by deep overturning 

zonal circulations  
• Zonal winds reverse between lower 

and upper-level 
• Dynamic signal seen throughout the 

tropics. 
• Moves eastwards at about 5m/s 
• Intraseasonal time scale (30-60 days)

Phenomenology of the MJO

Indian Pacific
Madden and Julian



MJO signal in rainfall



MJO signal in sea-level pressure



Tropical wave theory, 9

Or we can study the steady, forced-dissipative problem (Webster 1972;
Gill 1980)
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With zonally and meridionally localized forcing centered on the equator.
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Tropical wave theory, 10

(a) Vertical velocity (contour) & low-level horizontal velocity; (b)
horizontal velocity and pressure; (c) circulation in longitude-height plane.

Gill (1980, Q. J. Royal Met. Soc.).
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Gill 1980

Q = single equatorial heating

Let’s go back to the equations to seek a  
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Fig. 1. Horizontal structure of a zonal wavenumber 2 (left column) linear moist wave
(as derived in Section 3), its Rossby wave contribution (middle column) and Kelvin wave
contribution (right column), for values of the dissipation lengthscale L of (a) 1 , (b) 13,200
km and (c) 5,000 km. �0 is shown as the shaded field, u0 is contoured and the horizontal wind
field V

0 is shown as arrows. Contour interval 0.75 m s�1. The largest arrows correspond to
wind anomalies of ⇠1.6 m s�1. Magnitudes corresponds to an initial moisture perturbation
of hbiq̂ = 1Lv J m�2 and r = 0.2. The red circle depics the region where q

0 is a maximum.
The wind and � anomalies are scaled to a surface value of ⇤.
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4 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

Variable Symbol Definition Value/Units
Vertical velocity basis function W Eq. (A7) hWi= 7300 d p/g Pa kg m�2

Baroclinic wind/ geopotential basis function L Eq. (A8) L(ps) = 0.28, hLi=�28 kg m�2

Temperature basis function a Eq. (A9) hai= 0.41 d p/g kg m�2

Moisture basis function b Eq. (A10) b(ps) = 1, hbi= 0.32 d p/g kg m�2

Integrated moisture advection constant n hLbi �0.07 d p/g kg m�2

Parabolic cylinder functions D j Eq. (A5)
Specific heat of dry air at constant pressure Cp 1004 J kg �1 K�1

Latent heat of vaporization Lv 2.43 ⇥106 J kg �1

Gas constant for dry air Rd 287 J kg �1 K�1

Acceleration due to gravity g 9.8 m s�2

Depth of the troposphere d p ps � pT 900 hPa
Surface pressure ps 1000 hPa
Tropopause-level pressure pT 100 hPa
Phase speed of free Kelvin waves in the troposphere c Eq. (3) 50 m s�1

Free-tropospheric dissipation coefficient e 0.30 days�1

Equatorial Rossby radius of deformation Re
p

c/(2b ) ⇠1050 km (10�)
Dissipation length scale of free Kelvin waves L c/e 1.32⇥107 m
Surface mean specific humidity value at y=0 q̄0 ⇠0.018 Lv J kg�1

Initial moisture perturbation hbiq̂ 1 Lv J m�2

Convective adjustment timescale tc Eq. (28) 13.7 hours
Moist wave’s angular frequency w̃ s�1

Moist wave’s zonal wavenumber k m�1

Magnitude of wind response to precipitation/heating V̂ cg/{d pLvL(ps)} 8.0⇥10�9 (J m�2)�1

Magnitude of geopotential response to heating F̂ c2g/{d pLvL(ps)} 4.0⇥10�7 m s�1 (J m�2)�1

TABLE 1. Basic variables and definitions used for Sections 3 and 5.

diabatic heating in terms of observable surface and top
of the atmosphere (TOA) variables, as in Kiranmayi and
Maloney (2011); Andersen and Kuang (2012); Sobel et al.
(2014), among many others. Variables with angle brackets
will denote a mass-weighted vertical integral from 100-
1000 hPa:

hbi= 1
g

Z ps

pT
bd p

where pT = 100 hPa and ps = 1000 hPa. From here on the
vertically-integrated basis functions will be shown explic-
itly and variables with primes and overbars will implicitly
incorporate the pararabolic cylinder functons q0(x,y, t) =
q00(x, t)D0(yR�1

e ).
The truncated, vertically integrated equations for mo-

mentum, mass continuity and latent heat (moist static en-
ergy) on an equatorial beta (b ) plane take the form

�byv0+ eu0 =�∂f 0

∂x
(1a)

byu0 =�∂f 0

∂y
(1b)

ef 0+ c2
✓

∂u0
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∂v0
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◆
=� c2

M̄s

�
P0 �R0� (1c)

hbi∂q0

∂ t
=�hF 0i�hy 00

q i�hLbiv0 ∂ q̄
∂y

�M̃P0�(1�M̃)R0+E 0

(1d)

where e is a Rayleigh damping coefficient, L is the ver-
tical structure function associated a first internal baro-
clinic mode (a function exhibiting opposite polarities in
the upper and lower troposphere, see Appendix), f 0 is the
anomalous geopotential, hF 0i is the net moistening asso-
ciated with ascent forced by frictionally-driven boundary
layer convergence and hy 00

q i = hLbi(V00 ·—q00)0 is the net
moistening associated with the horizontal moisture advec-
tion by MJO-related high-frequency eddy activity. P0, R0

and E 0 are the anomalous precipitation, longwave radia-
tion and surface latent heat flux expressed in units of W
m�2. M̃ is the normalized gross moist stability (Neelin
and Held 1987, see also Raymond et al. 2009 for a review
on gross moist stability), defined as

M̃ =
M̄s � M̄q

M̄s
(2a)

where M̄s and M̄q are the mean gross dry stability and the
gross moisture stratification, respectively, defined as

M̄s =�
⌧

W ∂ S̄
∂ p

�
(2b)

M̄q =

⌧
W ∂b

∂ p

�
q̄0D0 = M̄q0D0 (2c)

where S̄ =CpT̄ + f̄ is the mean dry static energy, assumed
constant, and W is a structure function associated with
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Matsuno-Gill model.

Matsuno-Gill response to heat source/sink

Figure: 
Horizontal structure of a 
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Fig. 1. Horizontal structure of a zonal wavenumber 2 (left column) linear moist wave
(as derived in Section 3), its Rossby wave contribution (middle column) and Kelvin wave
contribution (right column), for values of the dissipation lengthscale L of (a) 1 , (b) 13,200
km and (c) 5,000 km. �0 is shown as the shaded field, u0 is contoured and the horizontal wind
field V

0 is shown as arrows. Contour interval 0.75 m s�1. The largest arrows correspond to
wind anomalies of ⇠1.6 m s�1. Magnitudes corresponds to an initial moisture perturbation
of hbiq̂ = 1Lv J m�2 and r = 0.2. The red circle depics the region where q

0 is a maximum.
The wind and � anomalies are scaled to a surface value of ⇤.
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(a) Vertical velocity (contour) & low-level horizontal velocity; (b)
horizontal velocity and pressure; (c) circulation in longitude-height plane.
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Building a Theory of the MJO: 

•Why does it propagate eastward?  

•What sets the propagation speed? 
•the spatial scale? 
•the intra-seasonal time scale? 

•Why is it much stronger over the Indo-Pacific? 
•What is its energy source? 

•What is the connection to the embedded fast waves? 

Yang, D., A. Adames, B. Khouider, B. Wang, C. Zhang, 2019: A Review of MJO Theories. The Global Monsoon System, (Eds 
C. P. Chang et al.). World Scientific Series on Asia-Pacific Weather and Climate, World Scientific, Singapore (in press). 
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Abstract 
The Madden-Julian Oscillation (MJO) is a planetary-scale subseasonal rainfall pattern that initiates in the 
Indian Ocean and slowly propagates eastward at about 5 m s-1. Reasons for its slow eastward propagation 
speed and large spatial scale have remained elusive. Our lack of understanding of the MJO ranks among 
the most important problems in tropical meteorology. Several theories have been proposed to explain the 
MJO dynamical and physical features.  Here, four contemporary MJO theories are reviewed and compared. 
The four theories are the gravity-wave theory, the trio-interaction theory, the moisture-wave theory, and 
the skeleton theory. We describe the essential ingredients and assumptions of the four theories and discuss 
their success and limitations.  
 
1. Introduction 
 
The Madden-Julian Oscillation (MJO) consists of a planetary-scale envelope of enhanced and suppressed 
rainfall activity and associated circulation. This rainfall envelope initiates over the Indian Ocean and slowly 
propagates eastward at about 5 m s-1. The MJO has been referred to as the Storm King in the tropics (Hand, 
2015) due to its strong influence on both local and global weather as well as climate variabilities, including 
frequency of wildfires, flooding, tropical cyclones, and the strength of El Nino events (Zhang, 2013). 
However, current weather models cannot accurately forecast the MJO and many climate models cannot 
reproduce its basic statistical behavior (Hung et al., 2013). Meanwhile, there is no universally accepted 
MJO theory.  
 
In this chapter, we review and compare four contemporary theories of the MJO.  Our focus will be on the 
processes that lead to MJO’s slow eastward propagation and select its planetary scale. The four models 
include the gravity-wave model (Yang & Ingersoll, 2013, 2014), the trio-interaction model (Wang et al., 
2016), the moisture-wave model (Adames & Kim, 2016; Sobel & Maloney, 2013), and the skeleton model 
(Majda & Stechmann, 2009). This chapter includes four schematic diagrams to illustrate the key 
mechanisms proposed by these theories.  We aim to provide some basic physical intuition of MJO 
dynamics.  

A recent review of 4 modern MJO theories



The MJO as a moisture mode. Rationale:  

The slow propagation 
speed is limited to the 
Warm Pool, where the 
MJO has a strong 
convective component

Intraseasonal rain variance 

Northern 
Summer 

Southern 
Summer 

Observation:  Intraseasonal rainfall variance is greater over 
ocean than land.  Suggests a role for net surface heat flux. 

Sobel, Maloney, Bellon, and Frierson 2008:  Nature Geosci., 1, 653-657. 

Intraseasonal rainfall variance 
is greater over warm SST and 
greater over ocean than land, 
which suggests a role for net 
surface heat flux (likely 
dominated by latent heat flux).  

MJO CLIVAR Sobel et al, 2008



The MJO as a moisture mode. Basic Idea:  Moisture Mode  
N*mode ! 1 !g ! !c

After time !g

Moist Kelvin wave
N*mode " 1 !g " !c

After time !g

A large-scale moist 
instability. Hence, the 
timescale is slower than 
the speed of gravity 
waves, so that we are in 
the WTG and CQE regime.

Adames
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= − MP′ + E′ − (1 − M)R′ 

(energy 
units) Precipitation is a 

restoring force

Energy Fluxes are the 
sources of energy

Sobel and Maloney (2012,2013)
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background spectrum is shown in
Figure 17. Consistent with previous
studies, we find a steady increase in
MJO-band variability with increasing
convective entrainment, as well as an
increase in Kelvin wave variability.

7. Summary and Discussion

We have presented results from nonro-
tating global simulations with SP-
CAM3.5, which exhibit a form of con-
vective self-organization. The global
domain was found to partition into dis-
tinct dry and humid regions with a
characteristic scale of !1000 km. This
phenomenon is similar to the self-
aggregation seen in cloud-system-
resolving models (CSRMs), with the pri-
mary differences being the larger scale
and the appearance of multiple distinct
humid regions within the model
domain. Process-oriented diagnostics
show additional similarities. As with
aggregation in CSRMs, the convective
organization seen here requires long-

wave radiative feedbacks. A budget for the spatial variance of column moist static energy indicates a domi-
nant role for cloud-longwave feedbacks in increasing MSE anomalies, and in experiments with globally
homogenized longwave heating, aggregation does not occur. Separately eliminating the radiative effects of
liquid and ice clouds suggests that it is primarily high clouds that drive the aggregation process, although
shallow clouds may play a supporting role. Simulations with homogenized surface fluxes show somewhat
weaker aggregation.

As the aggregation becomes established, a shallow large-scale circulation develops which transports
MSE up-gradient between dry and humid regions. The MSE spatial variance budget suggests that this
is the dominant mechanism maintaining the mature organized state. A similar shallow circulation was
also seen in aggregation in CSRMs [Bretherton et al., 2005; Muller and Held, 2012]. Sensitivity experi-
ments in which surface temperature is increased suggest the aggregation depends on SST, again simi-
lar to the behavior in CSRMs. Aggregation does not occur at all when SST is fixed at 108C, and occurs
only weakly at 208C. The model simulates systematically higher relative humidity in moist regions and
stronger accompanying circulations as SST is increased. Additional simulations with the conventional
version of CAM show that aggregation does not occur when the parameterized convective entrainment
rate is small, and that the distribution of precipitable water broadens as the entrainment rate is
increased.

Aggregation in CSRMs appears to occur via a sharp bifurcation; the domain is clearly aggregated or disag-
gregated. In contrast, the global-scale organization presented here exhibits a relatively smooth parameter
dependence. Varying SST or convective entrainment results in gradual increases in the degree of aggrega-
tion (Table 1).

When rotation is restored and boundary conditions remain uniform, the model produces an eastward prop-
agating disturbance with structure similar to the observed Madden-Julian oscillation (MJO). Like the nonro-
tating aggregation, an MSE budget suggests the model MJO is principally supported by longwave
feedbacks, consistent with previous modeling studies [Andersen and Kuang, 2012; Arnold et al., 2013;
Hannah and Maloney, 2014; Crueger and Stevens, 2015] and observations [Sobel et al., 2014]. When longwave
heating is made globally uniform, the MJO-like variability is significantly reduced, although it does not

Figure 16. Equatorial precipitable water over time, in a rotating simulation with
uniform longwave heating. MJO-like disturbances develop, but are weaker than
in the case with longwave feedbacks.
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wavenumber 1 and a period of 60
days. We note that Shi and Brether-
ton [2014] also find an MJO-like
spectral peak in globally uniform
aquaplanet simulations, although
they suggest it may be a convec-
tively coupled Kelvin wave.

We create composites of the
MJO using a regression approach
based on Andersen and Kuang
[2012]. Meridionally averaged
(58S–58N) OLR is filtered to retain
zonal wave numbers 1–3 and peri-
ods 20–100 days. The filtered OLR
time series from each longitude
are then concatenated to produce
a single reference series. Latitude-
longitude and height-longitude
fields of interest are similarly con-
catenated after shifting in longi-
tude so they remain aligned with
the OLR series, and then linearly
regressed against the reference
series. Regression coefficients are
scaled by two standard deviations
of the reference series, or 16

W=m2. The composites were compared with an alternative compositing approach based on Benedict and
Randall [2007], which produced qualitatively similar results.

The resulting composites of precipitation and 200 hPa horizontal wind and geopotential height anoma-
lies are shown in Figure 13a. The quadruple gyre pattern characteristic of the MJO is clearly visible. Ver-
tical profiles of specific humidity anomalies and vertical wind structure are shown in Figure 13b. A low-
level moisture anomaly is visible to the east of the precipitation maximum, coincident with low-level

moistening by subgrid processes
and a shallow vertical circulation
(not shown).

To relate the MJO to the nonrotat-
ing aggregation, we can examine
whether they are supported by sim-
ilar physical processes. To this
end, a column moist static energy
budget for the composite MJO is
shown in Figure 14. The total tend-
ency is quite similar to the MSE
anomaly pattern but shifted 908 to
the east, indicating eastward propa-
gation, as expected. The longwave
term is positive in regions of high
MSE, and highly correlated with
MSE anomalies near the equator,
clearly contributing to MSE anomaly
growth. The lack of a visible zonal
lag differs from other model studies
of the MJO, where equatorial MSE

Figure 11. Equatorial (108S–108N) precipitable water over time (kg m22) in a rotating
simulation with uniform SST. MJO-like disturbances are visible propagating slowly
eastward. Black contours indicate positive precipitation anomalies, in increments of
1 mm d21.

Figure 12. Wave number-frequency spectrum of OLR symmetric across the equator,
158S–158N. The ratio of total power over the estimated background spectrum is
shown. Dispersion curves use 12, 25, and 50 m equivalent depths.

Journal of Advances in Modeling Earth Systems 10.1002/2015MS000498
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Control 
simulation

No radiative 
feedbacks Arnold and Randall 2015 JAMES

Radiation is the main destabilizing process 
Yang, D., A. Adames, B. Khouider, B. Wang, C. Zhang, 2019: A Review of MJO Theories. The Global Monsoon System, (Eds 
C. P. Chang et al.). World Scientific Series on Asia-Pacific Weather and Climate, World Scientific, Singapore (in press). 
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Figure 5.2 Schematic describing the mechanism in which the interactions between convection and radiation may lead to planetary-
scale selection. Blue arrows correspond to ascent occurring in association to deep convection while orange arrows correspond to 
ascent in association to radiative heating. Note that the radiative heating covers a greater zonal extent than the regions of convective 
heating. This non-local nature of radiatively-driven ascent can cause growth of large-scale rainfall at the largest scales.  
  
The MJO dispersion relation takes the following 
form: 

6 ≃ √D, 
 
where Q ≤ 1 is the background moisture 
gradient, and G is a dimensional parameter 
that sets the strength of the moisture and 
wave activity interaction, and R is the 
background radiative cooling rate. 
 
In essence the skeleton model suggests the 
following: 

1. The quadrupole vortex structure is 
fundamental to the MJO;  

2. The slow eastward propagation of the 
MJO comes from positive low-level moisture 
anomalies east of the convection center (a priori); 

3. Both nonlinearity and stochastic noise 
can give rise to MJO irregularity; 

4. The group velocity of the MJO is zero; 
5. The MJO is neutrally stable, which 

cannot self-initiate and self-sustain without 
upscale fluxes emanating from naturally unstable 
synoptic- and meso-scale convective systems.   
 
Figure 6.2 shows the results in a linear Skeleton 
model, as well as in a stochastic version. There 
are two oscillating solutions in the skeleton 
model: one propagating westward at timescales 
longer than the MJO’s, and the other propagating 
eastward with intraseasonal timescales using 
their parameter values. Because they are neutral 
modes, there is no apparent scale selection 
mechanism—amplitudes of different 
wavenumbers are comparable. Synoptic and 

mesoscale wave activity, which is the main 
source of growth, accumulates at the planetary 
scale and oscillates against the low-level moisture 
as demonstrated by numerical simulations using 
the stochastic version of this model (Thual et al., 
2014).  Furthermore, by adding other dynamical 
processes (or muscles to the skeleton) to this 
model (Majda & Stechmann, 2011), such as 
nonlinear dynamics, stochasticity, and refined 
vertical structure, additional features such as the 
intermittency and vertical tilt can be captured by 
this model (Thual & Majda, 2015).  The addition 
of stochastic forcing in particular can capture the 
MJO intermittency, amount of primary and 
subsequent MJO events, and termination (Thual 
et al., 2014).   

Figure 6.1 MJO modulated wave activity as an envelope of 
synoptic and mesoscale cloud clusters. Adaped from Majda 
and Stechmann (2016). 
 
Chen & Wang (2017) found that large-scale 
precipitation and moisture anomalies of the MJO 
are in phase in satellite and reanalysis datasets as 
opposed to be in quadrature in the skeleton 
model. This result challenges the fundamental 

High cirrus in deep 
convection reduce 
OLR and causes a 
net warming, which 
is balanced by 
upward motion and 
moisture import 
into the free 
troposphere.

Adames



Need a better representation of moisture 
advection for Eastward propagation 

Gill (1980) wind and geopotential for localized heating (at 0,0) 
linear, damped, steady dynamics on equatorial beta plane 

Equatorial zonal wind response 
to equatorial delta function  
(in x) heating 

Equatorial zonal wind response  
(red) to sinusoidal heating (blue) 
- westerlies lag heating 

u u 

x (Ld) x (Ld) 

MoistureLongitude

La
tit

ud
e

Moist

Dry

Dry

Drying

Horizontal Advection: meridional advection by the MJO 
wind of the background moisture gradient 

(during DYNAMO, zonal advection did the moistening to the east of the main convection) 



vertical moisture advection: Frictional convergence and 
a shallow circulation to the East create a positive 
moisture (and MSE) tendency.

Hsu, P., & Li, T. (2012)

Need a better representation of moisture 
advection for Eastward propagation 



details and add-on’s…


WISHE enhances 
surface fluxes when u’ 
reinforces the mean 
wind

synoptic eddies affect 
dry/moist advection and 
help propagate the 
convective region 
(Maloney 2009, Andersen and 
Kuang 2012,Adames, 2017) 

Wave propagation 

Mean flow Perturbation flow 

Enhanced  
sfc flux 

Emanuel (87) and Neelin et al. (87) proposed that the MJO 
is a Kelvin wave driven by wind-induced surface fluxes  
(�WISHE�) 

θ=θ1+Δθ 

θ=θ1 
cool warm 

MJO westerlies MJO easterlies 

longitude 

la
tit

ud
e 

Dry subtropical air 

Dry subtropical air 

In simulations, MJO modulation of dry air advection by  
synoptic-scale transients has been found to act as anomalous 
MSE source that leads convection (Maloney 2009, Andersen  
and Kuang 2012) 

synoptic-scale eddies 

synoptic-scale eddies 
suppressed by  
MJO-scale easterlies 



Assumptions and issues with a pure moisture mode: 


negative GMS needed for circulation to 
import energy and lead to amplification

�28

M̃ > 0, moisture is being lost to precipitation

M̃ < 0, moisture supply exceeds loss to precipitation

M̃ = 0, moisture supply equals loss to precipitation

M̃ =
Demand� Supply

Demand

GROSS MOIST STABILITY

M̃ > 0

M̃ < 0

Yang, D., A. Adames, B. Khouider, B. Wang, C. Zhang, 2019: A Review of MJO Theories. The Global Monsoon System, (Eds 
C. P. Chang et al.). World Scientific Series on Asia-Pacific Weather and Climate, World Scientific, Singapore (in press). 

10 

 
 

Figure 5.2 Schematic describing the mechanism in which the interactions between convection and radiation may lead to planetary-
scale selection. Blue arrows correspond to ascent occurring in association to deep convection while orange arrows correspond to 
ascent in association to radiative heating. Note that the radiative heating covers a greater zonal extent than the regions of convective 
heating. This non-local nature of radiatively-driven ascent can cause growth of large-scale rainfall at the largest scales.  
  
The MJO dispersion relation takes the following 
form: 

6 ≃ √D, 
 
where Q ≤ 1 is the background moisture 
gradient, and G is a dimensional parameter 
that sets the strength of the moisture and 
wave activity interaction, and R is the 
background radiative cooling rate. 
 
In essence the skeleton model suggests the 
following: 

1. The quadrupole vortex structure is 
fundamental to the MJO;  

2. The slow eastward propagation of the 
MJO comes from positive low-level moisture 
anomalies east of the convection center (a priori); 

3. Both nonlinearity and stochastic noise 
can give rise to MJO irregularity; 

4. The group velocity of the MJO is zero; 
5. The MJO is neutrally stable, which 

cannot self-initiate and self-sustain without 
upscale fluxes emanating from naturally unstable 
synoptic- and meso-scale convective systems.   
 
Figure 6.2 shows the results in a linear Skeleton 
model, as well as in a stochastic version. There 
are two oscillating solutions in the skeleton 
model: one propagating westward at timescales 
longer than the MJO’s, and the other propagating 
eastward with intraseasonal timescales using 
their parameter values. Because they are neutral 
modes, there is no apparent scale selection 
mechanism—amplitudes of different 
wavenumbers are comparable. Synoptic and 

mesoscale wave activity, which is the main 
source of growth, accumulates at the planetary 
scale and oscillates against the low-level moisture 
as demonstrated by numerical simulations using 
the stochastic version of this model (Thual et al., 
2014).  Furthermore, by adding other dynamical 
processes (or muscles to the skeleton) to this 
model (Majda & Stechmann, 2011), such as 
nonlinear dynamics, stochasticity, and refined 
vertical structure, additional features such as the 
intermittency and vertical tilt can be captured by 
this model (Thual & Majda, 2015).  The addition 
of stochastic forcing in particular can capture the 
MJO intermittency, amount of primary and 
subsequent MJO events, and termination (Thual 
et al., 2014).   

Figure 6.1 MJO modulated wave activity as an envelope of 
synoptic and mesoscale cloud clusters. Adaped from Majda 
and Stechmann (2016). 
 
Chen & Wang (2017) found that large-scale 
precipitation and moisture anomalies of the MJO 
are in phase in satellite and reanalysis datasets as 
opposed to be in quadrature in the skeleton 
model. This result challenges the fundamental 

radiative feedbacks need to be scale 
dependent for the unstable modes to 
select planetary scale

precipitation only a function of moisture
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Fig. 1. Horizontal structure of a zonal wavenumber 2 (left column) linear moist wave
(as derived in Section 3), its Rossby wave contribution (middle column) and Kelvin wave
contribution (right column), for values of the dissipation lengthscale L of (a) 1 , (b) 13,200
km and (c) 5,000 km. �0 is shown as the shaded field, u0 is contoured and the horizontal wind
field V

0 is shown as arrows. Contour interval 0.75 m s�1. The largest arrows correspond to
wind anomalies of ⇠1.6 m s�1. Magnitudes corresponds to an initial moisture perturbation
of hbiq̂ = 1Lv J m�2 and r = 0.2. The red circle depics the region where q

0 is a maximum.
The wind and � anomalies are scaled to a surface value of ⇤.

62

Figure: 
Horizontal structure of a 
wavenumber 2,  linear moist 
wave. P’ contoured, ɸ shaded.
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Wind anomalies 
advect moisture

Advection slowly 
propagates rain 
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13Adames

depends on background moisture 
gradients for eastward propagation



Spatial scale remains unchanged when radiative 
feedbacks are switched off

background spectrum is shown in
Figure 17. Consistent with previous
studies, we find a steady increase in
MJO-band variability with increasing
convective entrainment, as well as an
increase in Kelvin wave variability.

7. Summary and Discussion

We have presented results from nonro-
tating global simulations with SP-
CAM3.5, which exhibit a form of con-
vective self-organization. The global
domain was found to partition into dis-
tinct dry and humid regions with a
characteristic scale of !1000 km. This
phenomenon is similar to the self-
aggregation seen in cloud-system-
resolving models (CSRMs), with the pri-
mary differences being the larger scale
and the appearance of multiple distinct
humid regions within the model
domain. Process-oriented diagnostics
show additional similarities. As with
aggregation in CSRMs, the convective
organization seen here requires long-

wave radiative feedbacks. A budget for the spatial variance of column moist static energy indicates a domi-
nant role for cloud-longwave feedbacks in increasing MSE anomalies, and in experiments with globally
homogenized longwave heating, aggregation does not occur. Separately eliminating the radiative effects of
liquid and ice clouds suggests that it is primarily high clouds that drive the aggregation process, although
shallow clouds may play a supporting role. Simulations with homogenized surface fluxes show somewhat
weaker aggregation.

As the aggregation becomes established, a shallow large-scale circulation develops which transports
MSE up-gradient between dry and humid regions. The MSE spatial variance budget suggests that this
is the dominant mechanism maintaining the mature organized state. A similar shallow circulation was
also seen in aggregation in CSRMs [Bretherton et al., 2005; Muller and Held, 2012]. Sensitivity experi-
ments in which surface temperature is increased suggest the aggregation depends on SST, again simi-
lar to the behavior in CSRMs. Aggregation does not occur at all when SST is fixed at 108C, and occurs
only weakly at 208C. The model simulates systematically higher relative humidity in moist regions and
stronger accompanying circulations as SST is increased. Additional simulations with the conventional
version of CAM show that aggregation does not occur when the parameterized convective entrainment
rate is small, and that the distribution of precipitable water broadens as the entrainment rate is
increased.

Aggregation in CSRMs appears to occur via a sharp bifurcation; the domain is clearly aggregated or disag-
gregated. In contrast, the global-scale organization presented here exhibits a relatively smooth parameter
dependence. Varying SST or convective entrainment results in gradual increases in the degree of aggrega-
tion (Table 1).

When rotation is restored and boundary conditions remain uniform, the model produces an eastward prop-
agating disturbance with structure similar to the observed Madden-Julian oscillation (MJO). Like the nonro-
tating aggregation, an MSE budget suggests the model MJO is principally supported by longwave
feedbacks, consistent with previous modeling studies [Andersen and Kuang, 2012; Arnold et al., 2013;
Hannah and Maloney, 2014; Crueger and Stevens, 2015] and observations [Sobel et al., 2014]. When longwave
heating is made globally uniform, the MJO-like variability is significantly reduced, although it does not

Figure 16. Equatorial precipitable water over time, in a rotating simulation with
uniform longwave heating. MJO-like disturbances develop, but are weaker than
in the case with longwave feedbacks.
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wavenumber 1 and a period of 60
days. We note that Shi and Brether-
ton [2014] also find an MJO-like
spectral peak in globally uniform
aquaplanet simulations, although
they suggest it may be a convec-
tively coupled Kelvin wave.

We create composites of the
MJO using a regression approach
based on Andersen and Kuang
[2012]. Meridionally averaged
(58S–58N) OLR is filtered to retain
zonal wave numbers 1–3 and peri-
ods 20–100 days. The filtered OLR
time series from each longitude
are then concatenated to produce
a single reference series. Latitude-
longitude and height-longitude
fields of interest are similarly con-
catenated after shifting in longi-
tude so they remain aligned with
the OLR series, and then linearly
regressed against the reference
series. Regression coefficients are
scaled by two standard deviations
of the reference series, or 16

W=m2. The composites were compared with an alternative compositing approach based on Benedict and
Randall [2007], which produced qualitatively similar results.

The resulting composites of precipitation and 200 hPa horizontal wind and geopotential height anoma-
lies are shown in Figure 13a. The quadruple gyre pattern characteristic of the MJO is clearly visible. Ver-
tical profiles of specific humidity anomalies and vertical wind structure are shown in Figure 13b. A low-
level moisture anomaly is visible to the east of the precipitation maximum, coincident with low-level

moistening by subgrid processes
and a shallow vertical circulation
(not shown).

To relate the MJO to the nonrotat-
ing aggregation, we can examine
whether they are supported by sim-
ilar physical processes. To this
end, a column moist static energy
budget for the composite MJO is
shown in Figure 14. The total tend-
ency is quite similar to the MSE
anomaly pattern but shifted 908 to
the east, indicating eastward propa-
gation, as expected. The longwave
term is positive in regions of high
MSE, and highly correlated with
MSE anomalies near the equator,
clearly contributing to MSE anomaly
growth. The lack of a visible zonal
lag differs from other model studies
of the MJO, where equatorial MSE

Figure 11. Equatorial (108S–108N) precipitable water over time (kg m22) in a rotating
simulation with uniform SST. MJO-like disturbances are visible propagating slowly
eastward. Black contours indicate positive precipitation anomalies, in increments of
1 mm d21.

Figure 12. Wave number-frequency spectrum of OLR symmetric across the equator,
158S–158N. The ratio of total power over the estimated background spectrum is
shown. Dispersion curves use 12, 25, and 50 m equivalent depths.

Journal of Advances in Modeling Earth Systems 10.1002/2015MS000498
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Control simulation No radiative feedbacks

Arnold and Randall 2015 JAMES

Amplitudes 
become smaller

Issue:



The “MJO” eastward propagation is not always sensitive 
to horizontal moisture advection

Pritchard and Yang 2016, J. Climate
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•  SPCAM	simula?ons	with	uniform	SSTs	

•  The	first	MJO	study	over	a	wide	range	of	climates	

•  Global	RCE—the	most	idealized	setup	

Two tropical rainfall peaks
Tropics is dry; subtropics is humid

Anti-Hadley circulation emerged

The MJO still propagates to the east

Issue:
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Randall, 2015; Ma & Kuang, 2016). Furthermore, 
although Adames & Kim (2016) showed that the 
MJO may be characterized by a westward group 
velocity, Chen & Wang (2018) showed that this 
group velocity may be a result of the filtering 

processes. Their study suggests that the MJO’s 
group velocity is close to zero.  A more 
comprehensive study of the MJO’s propagation 
can be obtained from idealized modeling studies, 
as discussed in Section 7.  

 

 
Figure 5.1 Schematic showing the structure and propagation mechanism of the MJO as interpreted by the moisture mode 
framework. Regions of enhanced and suppressed column moisture (dark and light gray-shaded ovals, respectively) are co-located 
with enhanced and suppressed convection (green arrows), respectively.  Suppression of outgoing longwave radiation (thin wiggling 
arrows) acts to warm the troposphere. This warming is balanced by enhanced vertical motion, which advects moisture upward, 
maintaining the region of enhanced precipitation (orange arrows). The inverse occurs in the region of suppressed convection.  The 
anomalous heating and associated patterns of divergence lead to planetary wave responses (blue arrows). These modulate the 
distribution of moisture through horizontal and vertical moisture advection. For example, horizontal moisture advection induces 
moistening by advecting moisture down the mean meridional moisture gradient.  The sum of all these moist processes results in a 
moisture tendency (dash-dot line) and as such the precipitation anomalies propagate eastward. 
  
6. The skeleton model 
Majda & Stechmann (2009) proposed that the 
MJO could be a neutral large-scale wave 
envelope, where the energy comes from smaller 
scales. In their model, the small scales, however, 
are parameterized, and only the large-scale 
envelope was explicit. The key ingredients 
include planetary-scale wave dynamics (I1) and 
QE convection (I2.2 with both moisture and 
precipitation equations). It is worth to note that 
although their convection parameterization 
represents the collective effect of individual 
storms on large-scale circulations (QE, I2.2), 
their parameterization significantly differs from 
the QE schemes in the moisture mode and CRK 
models as explained below.  
 
The Skeleton model of Majda and Stechmann is 
based on the idea that the MJO is essentially a 
planetary-scale envelope of synoptic and meso-
scale convective systems (Fig. 6.1). The main 
assumptions of the skeleton model include: 

1. The planetary-scale structure of the 
MJO consists of super-positioned Gill-type  
Rossby and Kelvin waves (Gill, 1980) under the 
equatorial long-wave approximation. 

2. Synoptic- and meso-scale convective 
systems (wave activity) are organized within a 
planetary-scale envelope of the MJO, as 
illustrated in Figure 6.1. 

3. The wave activity tendency is 
proportional to the product of the wave activity 
and low-level moisture. 
 
In this fashion the low-level moisture anomalies 
are set to oscillate freely against the wave activity 
on the intraseasonal scale, in the manner of a 
harmonic oscillator, together driving the Kelvin-
Rossby wave dynamics. The skeleton model 
equations (not reproduced here for simplicity) 
result in a nearly dispersionless neutrally stable 
intra-seasonal MJO-mode in addition to a 
slower and westward moving Rossby mode.  

• Distinct (but can co-exist) with buoyancy-driven (gravity) modes. 
Flow dominated by rotational component. 


• Destabilized (at least partly) by moisture mode instability. 
Instability can occur from: cloud radiation feedbacks, negative 
gross moist stability, and air-sea interaction.


• Exhibit slow or no propagation. 


• The processes that change column moisture determine 
propagation of the disturbance. 

The MJO as a moisture mode. Summary:  

Adames; Yang et al 2019



OBSERVATIONS OF KELVIN WAVES AND THE MJO
Time–longitude diagram of CLAUS Tb (2.5S–7.5N), January–April 1987

Another kind of self organization: 

The MJO as an envelope of interfering  WIG s and EIGs

CLAUS Tb power spectrum/background, 15ºS-15ºN, 1983–2006 (Symmetric)



A multi-scale theory: The MJO is a large-scale envelope of small-scale high-
frequency eastward and westward inertia-gravity (IG) waves.

Yang and Ingersoll 2013, 2014
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lo
g(
k̂
)

0.6 0.7 0.8 0.9 1
0

1

2

3

4

5

6

7

Frequency (CPD)

Sp
ee

d 
(m

 s
−1

)

c = 0.5(cE − cW ).

Sp
ee

d 
(m

/s
) 

Frequency (CPD)

Convection excites a quasi standing IG wave, which triggers more convection 
events in the vicinity of recent convection events. Because of the non-linearity of 

the trigger mechanism, convection excites a range of frequencies.

The gravity-wave model



The zonal asymmetry of IG 
waves set the propagation 
speed of the MJO:

c = 0.5(cE − cW)

Tropical wave theory, 5

Kiladis et al., Rev. Geopys., 2009 (following Matsuno, 1966, J. Meteor.

Soc. Japan).
Adam Sobel (Columbia) Lecture 4 December 3, 2013 7 / 26
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The zonal asymmetry of inertia-gravity waves determines 
the MJO propagation speed. 

c = 0.5(cE − cW ).

Yang and Ingersoll 2013, JAS 
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This figure presented 60 simulations with a wide 
range of parameter values. Each marker 

represents a simulation. The curves correspond to 
the theoretical MJO speed. The lower one is 

associated with the lowest meridional structure.

The gravity-wave model
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lo
g(
k̂
)

0.6 0.7 0.8 0.9 1
0

1

2

3

4

5

6

7

Frequency (CPD)

Sp
ee

d 
(m

 s
−1

)

c = 0.5(cE − cW ).

Sp
ee

d 
(m

/s
) 

Frequency (CPD)

The zonal scale is set by the mean free path (MFP) 
of gravity waves

Fewer, stronger storms (large MFP) lead to large zonal scale of the MJO
Faster gravity waves (small MFP) lead to small zonal scale of the MJO

The gravity-wave model

=> faster, bigger, and stronger MJOs in warmer climates. 
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Results from a one-layer atmosphere model (shallow water model)

Yang and Ingersoll 2013, JAS

Dynamic Field 
(U)

simulations. We solve these equations in spherical co-
ordinates by using the spectral dynamical core of the
Geophysical Fluid Dynamics Laboratory (GFDL)
FlexibleModeling System. Each simulation is initialized
with random noise. Although we do not have a moisture
variable explicitly in our model, our model does illus-
trate the importance of moisture to the MJO.

3. Simulation results

Figure 1 shows Hovm!oller diagrams of our shallow-
water simulation fromday 500 to day 600. Figure 1 shows

the symmetric components of the geopotential, zonal
wind, and convective heating and the antisymmetric
components of meridional wind. The symmetry is with
respect to the equator. Such meridional symmetry ex-
cludes the even meridional-wind modes and leaves the
odd modes. Figure 1a shows the geopotential. There are
two major large-scale events labeled A and B. These are
the MJO-like signals. They move eastward at approxi-
mately 3.0ms21. Small-scale waves are present, and they
include Kelvin waves, IG waves, and Rossby waves. Since
the IGwaves are small-scale waves, the absolute values of
their speed are close to the Kelvin wave speed, which is
approximately 16ms21. Figure 1b shows the zonal wind.
The white represents westward zonal wind, and the black
represents eastward zonal wind. The edge between the
white and black indicates the divergence of zonal wind.
Two regions of large-scale divergence are observed, and
they are collocated with events A and B in Fig. 1a. Figure

TABLE 1. Parameter values in the control simulation.

fc (m s21)2 Ro (8) tc (day) _So (m22 s21)

250 3 0.25 1.12 3 10217

FIG. 1. Hovm!oller diagrams of the (a) geopotential, (b) zonal wind, (c)meridional wind, and (d) convective heating
of our shallow-water simulation from2158 to 158 latitude. The geopotential, zonal wind, and convective heating are
symmetric components about the equator, and the meridional wind is the antisymmetric component. The white
(black) represents low (high), and the contour interval is linear. The forcing amplitude is arbitrarily small. Therefore,
the absolute value of our model output is not important. The dashed and solid lines represent MJO events A and B,
respectively, and the propagation speeds are both about 3.0m s21.
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convection

The gravity-wave model



Strong MJO

Kikuchi 2010

Observation supports the multi-scale theory 
(in spectral — but not physical –– space)

Weak MJO
No eastward waves

Eastward & westward waves

Validating the gravity-wave model:



Conclusions:

• The tropical atmosphere self-organizes at sub-
seasonal and intraseasonal time scales. 

• All CCEWs have dry-atmosphere counterparts 
(gravity, and rotation are their restoring forces), but 
are slowed down by moist convection. 

• The MJO is (probably, partly) a moisture mode:  
convection in near-balance with the L-S flow 
destabilized by radiation, surface fluxes, and GMS 
propagating because of moisture advection 
• The MJO could be lots of other things… (combining 

Equatorial Waves, Convection, Radiation, and 
Boundary Layer Processes) 

• Tropical Cyclones are a whole other ball of wax…



CAVEAT: What about the background?

CLAUS Tb power spectrum background, 15ºS-15ºN, 1983–2006





“convection organization”
WHAT DO WE MEAN BY ORGANIZATION? 

• organization by the boundary 

• self - organization of the atmosphere 

• through (dry) dynamics 

• through moisture 

WHAT DO WE MEAN BY CONVECTION? 

• deep clouds? rainfall? PW?
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We have assumed that  <q> and P are tightly linked: 

is that so over land?

Kuni Inoue (in prep)





Active MJO convection

Suppressed MJO Adames (2017)

RH = ⟨q⟩/⟨qs⟩
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Radiation and GMS in the MJO



Interaction of convection with large-scale waves -12

Montgomery et al. (2010, Atmos. Chem. Phys. 10, 9879-

Adam Sobel (Columbia) Lecture 4 December 3, 2013 25 / 26A current theory of tropical cyclogenesis, known as ”marsupial” (Dunkerton et al. 
2009, Atmos. Chem. Phys) holds that the incipient cyclone is essentially a blob of 
moist air that needs to be protected by closed streamlines against dry air advection. 

TCs as moisture modes.


