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Learning outcomes for today:
• Describe what the Madden-Julian Oscillation is and how to identify it
• Explain why it exists
• Explain what causes it to propagate eastward



Madden Julian Oscillation (MJO)
Basics



https://www.youtube.com/watch?v=UsWHHE_jkGE

https://www.youtube.com/watch%3Fv=UsWHHE_jkGE


https://www.youtube.com/watch?v=V3HE7WMm-KM

https://www.youtube.com/watch%3Fv=V3HE7WMm-KM


http://www.weathernationtv.com/news/madden-julian-oscillation-matters-winter/

MJO: an eastward propagation

Duration: 𝜏~1 − 2 months
Frequency: 1 − 2 months

(4-8 m/s)

• A pulsing of organized 
enhanced rainfall that begins 
over the Indian Ocean

• Driven by internal 
atmospheric feedbacks –
only starting to be better 
understood!



Enhanced rainfall
Suppressed rainfall

8 phases of the MJO

timePhase 1

Phase 8

~3 days/phase

[mm/day]
https://www.researchgate.net/figure/Composite-MJO-
precipitation-anomalies-in-eight-phases-figure-courtesy-
of-US-CLIVAR_fig1_255244827

Wheeler and Hendon (2004)

https://www.researchgate.net/figure/Composite-MJO-precipitation-anomalies-in-eight-phases-figure-courtesy-of-US-CLIVAR_fig1_255244827


Hartmann Fig 8.7

Tropical OLR anomalies
15S-15N

Band-pass filtered: 15-90 day periods only

Negative OLR anomaly
(enhanced deep convective clouds)

Positive OLR anomaly
(suppressed deep convective clouds)

Contour interval = 10 W/m2
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You could think of this translation 
speed as a group velocity.
But it isn’t really a true wave; it’s a 
difficult-to-describe disturbance 
that moves coherently eastward.



Wheeler and Hendon (2004)

Wind vector and OLR associated with 1st/2nd EOFs
of 200 hPa and 850 hPa zonal wind, Oct-Mar

Hartmann Fig 8.8

Negative OLR anomaly
(enhanced deep convective clouds)
Positive OLR anomaly
(suppressed deep convective clouds)
Contour interval = 2 W/m2

First EOF (~Phase 2-3) Second EOF (~Phase 4-5)

MJO enhanced precipitation MJO enhanced precipitation

More about EOFs and their pros/cons:
https://journals.ametsoc.org/doi/pdf/10.1175/2009JCLI3062.1

https://journals.ametsoc.org/doi/pdf/10.1175/2009JCLI3062.1


https://www.cpc.ncep.noaa.gov/product
s/precip/CWlink/MJO/whindex.shtml

Real-time daily MJO tracking
Wheeler and Hendon (2004) 
MJO phase diagrams

Phase and amplitude of the MJO based on the principal 
component time series of the leading two EOFs from a 
combined EOF analysis using 850 hPa zonal wind, 200 hPa
zonal wind and OLR.

Counter-clockwise movement around the diagram indicates an 
eastward propagating signal across eight phases from the 
Indian Ocean to the Pacific and later the western hemisphere. 

Color of lines distinguish different months and dates are 
annotated.

The farther away from the center of the circle the stronger the 
MJO signal.

(EOF1)
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https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/whindex.shtml


MJO teleconnections: an example daily mean precipitation 
[mm/day]

daily mean
Temperature [K]

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/Composites/Temperature/

(Not all 
statistically 
significant!)

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/Composites/Temperature/


Physics



https://www.youtube.com/watch?v=chIzYtJjxhc
System for Atmospheric Modeling (SAM)

white contours = isosurfaces of condensate amounts (liquid and ice)

Small domain: Lx,y = 198 km
(Regular convection)

Large domain: Lx,y = 510 km
(Aggregated convection)

If given enough time (~10s of days), convection spontaneously self-aggregates in uniform non-rotating radiative-convective equilibrium

https://www.youtube.com/watch%3Fv=chIzYtJjxhc


What creates the MJO and why does it move eastward?

Khairoutdinov, M.F. and Emanuel, K., 2018. Intraseasonal variability in a cloud-permitting near-global 
equatorial aquaplanet model. Journal of the Atmospheric Sciences, 75(12), pp.4337-4355.

Khairoutdinov and Emanuel (2018, JAS)
How an MJO forms and moves an aquaplanet without SST gradients

Intraseasonal Variability in a Cloud-Permitting Near-Global Equatorial
Aquaplanet Model

MARAT F. KHAIROUTDINOV

School of Marine and Atmospheric Sciences, and Institute for Advanced Computational Science,
Stony Brook University, State University of New York, Stony Brook, New York

KERRY EMANUEL

Lorenz Center, Massachusetts Institute of Technology, Cambridge, Massachusetts

(Manuscript received 31 May 2018, in final form 26 September 2018)

ABSTRACT

Recent studies have suggested that the Madden–Julian oscillation is a result of an instability driven mainly by
cloud–radiation feedbacks, similar in character to self-aggregation of convection in nonrotating, cloud-permitting
simulations of radiative–convective equilibrium (RCE). Here we bolster that inference by simulating
radiative–convective equilibrium states on a rotating sphere with constant sea surface temperature, using the
cloud-permitting System for AtmosphericModeling (SAM)with 20-km grid spacing and extending to walls at
468 latitude in each hemisphere. Mechanism-denial experiments reveal that cloud–radiation interaction is the
quintessential driving mechanism of the simulated MJO-like disturbances, but wind-induced surface heat
exchange (WISHE) feedbacks are the primary driver of its eastward propagation. WISHE may also explain
the faster Kelvin-like modes in the simulations. These conclusions are supported by a linear stability analysis
of RCE states on an equatorial beta plane.

1. Introduction

Since its discovery in the early 1970s (Madden and
Julian 1971), the MJO has challenged our basic
understanding of tropical atmospheric dynamics and
thermodynamics [see the review by Zhang (2005)].
Early on, it was noticed that the structure and propa-
gation of the MJO in some ways resemble those of a
classical equatorially trapped Kelvin wave (Matsuno
1966), but the observed wave travels at a small fraction
of the predicted Kelvin wave speed, given its first
baroclinic-mode-like vertical structure. This observa-
tion confirmed Madden and Julian’s supposition that
coupling to deep convection is fundamental to the os-
cillation. Initial formulations used the wave–conditional
instability of the second kind (CISK) formalism (e.g.,
Lindzen 1974) to account for latent heat release, but
these also produced Kelvin waves that were too fast and
suffered the ultraviolet catastrophe of largest growth
at the smallest scales. This defect was to some extent

remedied by tying latent heat release specifically
to frictionally induced convergence (Moskowitz and
Bretherton 2000), but the CISK formalism depends on
ambient conditional instability, which is small in the
tropics (Betts 1982; Xu and Emanuel 1989).
Thus, while convective coupling might help explain

the discrepancy between observed and dry Kelvin-mode
propagation speeds, it could not explain the energy
source of the waves. This led Neelin et al. (1987) and
Emanuel (1987) to propose that intraseasonal variability
was driven by a feedback between surface winds and
surface enthalpy fluxes, a feedback known variously
as evaporation-–wind feedback and wind-induced sur-
face heat exchange (WISHE). Simple linear models in-
corporating this process produce eastward-propagating
modes that have largest growth rates at small scales
unless coupling to the stratosphere is included (Yano and
Emanuel 1991) or small lags in convective response
are accounted for (Emanuel 1993). Thesemore advanced
theories produced a promising explanation for the
higher-frequency equatorially trapped modes beautifully
revealed by the wavenumber–frequency decomposition
of satellite-observed outgoing longwave radiation (OLR)
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stonybrook.edu
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water anomalies (Fig. 4). One can see an eastward-
propagating, planetary-scale, that is, zonal wavenumber-1,
MJO-like disturbance (Fig. 4a), which is even better
revealed when all the modes with scales shorter than zonal
wavenumber-1 mode are filtered away (Fig. 4b). The pe-
riod of the MJO-like disturbance is about 50–55 days,
corresponding to the speed of about 8–9ms21. There are
also westward-propagating small-scale disturbances that
could be the equatorially trapped Rossby waves and also
disturbances advected by the equatorial easterlies.
The observed MJO propagates somewhat more

slowly over the Indo-Pacific warm pool (about 5ms21;
e.g., Zhang 2005) but then accelerates over cooler wa-
ters, having an overall period similar to those in our

simulations. We leave an analysis of this disparity in
phase speed to future work but speculate that the coarse
resolution of the model may lead to a gross moist sta-
bility that is too large and to other problems.
Wavenumber–frequency symmetric and antisymmet-

ric signal-to-background variance spectra of OLR in the
narrow equatorial belt, following the methodology of
Wheeler and Kiladis (1999), are shown in Fig. 5. The
symmetric spectrum (Fig. 5a) is dominated by a zonal
wavenumber-1 signal with a period longer than 40 days,
which is consistent with anMJO-like disturbance. There
is also a relatively strong Kelvin wave signal, which
seems to be spectrally separate from the MJO-like
signal, as often seen in observed OLR spectra. There

FIG. 1. Time evolution of (a) precipitation rate and (b) mean (black), minimum (blue), and maximum (red)
precipitable water.

FIG. 2. Snapshots of column-integrated water vapor on (top) day 15 and (bottom) day 280.
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Composites of the MJO-like disturbance are created
by tracking theminimumof the surface-pressure anomaly
in the 108N–108S equatorial belt of the eastward-
propagating zonal wavenumber-1 signal with a period of
40–80 days, starting from day 80. The surface pressure
anomaly is chosen as the tracking anomaly because
pressure is one of the least noisy fields. The time series of

the longitude of the pressure minimum is then used to
reposition the other fields of interest so that they are all
centered for each time sample at a chosen central lon-
gitude. In addition, to reduce the noise associated with
shorter spatial and temporal scales, the composite fields
are filtered to retain only zonal wavenumbers from 1 to 4
and periods from 30 to 80 days before averaging in time.

FIG. 4. Hovmöller diagram of equatorial (108S–108N) precipitable water anomalies in the CTRL simulation for
(a) unfiltered and (b) only zonal wavenumber-1 mode remaining.

FIG. 5. Wavenumber–frequency (left) symmetric and (right) antisymmetric spectra about the equator of OLR
over the equatorial belt (108S–108N). The ratio of the total power over the background power is shown. The thin
lines represent the 12-, 25-, and 50-m equivalent depth of shallow-water theory.
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MJO spectral signature



This disparity may be the result of the weak meridional
gradient of water vapor in this study because of the ab-
sence of a meridional gradient of SST.

b. Mechanism-denial experiments

Wenow present the results of a fewmechanism-denial
experiments that may help to shed some light on the
importance of surface enthalpy fluxes and radiative
heating for the development, maintenance, and propa-
gation of the MJO-like disturbance. We start with the
surface enthalpy fluxes. As mentioned in the previous
section, although these fluxes seem to play a relatively
minor role in maintaining the mature MJO-like distur-
bance in our simulation, they do seem to facilitate its
eastward propagation.
In the first mechanism-denial experiment, HOM-SFC,

the surface latent and sensible heat fluxes are zonally
homogenized. Specifically, fluxes are first computed the
usual way, that is, taking into account local values of
surface wind and surface-to-air differences of tempera-
ture and water vapor, but then they are zonally averaged

before being applied at each time step. One can see
(Fig. 9b) that in this case the zonal wavenumber-1
anomaly still develops, with even larger amplitude
than in the control (CTRL) case, while taking about the
same time to aggregate. However, there is no coherent
eastward propagation of the resulting disturbance, as
there is no surface flux anomaly now, illustrating the
importance of variable surface fluxes for the propaga-
tion of the disturbance. Homogenization of the surface
fluxes also seems to have a noticeable effect on Kelvin
waves, making them faster (Fig. 10b), and the mixed
Rossby–gravity waves are slightly reduced in amplitude
(Fig. 10g).
The surface flux of moist enthalpy is the product of

two factors: surface wind speed and the difference or
disequilibrium between the surface and air enthalpies.
Homogenization of the enthalpy flux in the HOM-SFC
cannot reveal the roles that these factors separately may
play in the evolution and propagation of the MJO-like
disturbance. For a given surface wind speed, the surface
enthalpy disequilibrium should have a damping effect

FIG. 7. Anomalies for the composite MJO-like disturbance with zonal wavenumbers larger than 4 filtered out for
(a) precipitation rate, (b) column MSE, and relative vorticity with corresponding wind at (c) 850 and (d) 200 hPa.
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The resultant anomaly composites of the MJO-like
disturbance for several fields are shown in Fig. 7. The
precipitation and iMSE anomalies show a characteristic
‘‘swallowtail’’ pattern often seen in the composites
of the observed MJO (e.g., Zhang and Ling 2012), when
the anomalies extend eastward from the center along
the equator and split into two off-equatorial branches
west of the center. The circulation around the core of
the MJO-like disturbance shows a strong quadrupole
pattern of vorticity anomalies, with a pair of low-level
cyclonic gyres to the west and a pair of anticyclonic
gyres to the east of the core. The vorticity patterns re-
verse sign in the upper troposphere. Such a quadrupole
gyre structure is a well-known characteristic of the
observed MJO.
It is instructive to look at the phase relationships and

amplitudes of the various contributors to the budget of
vertically integrated moist static energy (here denoted
as hmi). In a coordinate systemmoving with theMJO, in
which we assume the fields are steady, this budget may
be written

hV ! =mi1
!
v
›m

›p

"
5F0 1R 0 2R

t
, (1)

where the angle brackets denote vertical integrals
through the domain, in pressure coordinates; F0 is the
surface turbulent enthalpy flux; and R 0 and Rt are the
total upward radiative fluxes (longwave and shortwave)
at the surface and top of the troposphere, respectively.
Because of high-frequency variations in velocities and
moist static energy, computing the terms on the left side
of (1) can be problematic, and here we calculate them
as a budget residual [i.e., the sum of the terms on the

right side of (1)]. This does not permit the separation of
the advective terms into vertical and horizontal com-
ponents, though. We next transform (1) into an Earth-
fixed coordinate frame by adding in the effect of the
coordinate eastward translation at speed c, which will be
compensated by a local time derivative in the Earth-
fixed frame:

›hmi
›t

52c
›hmi
›x
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1F

0
1R

0
2R

t
.

(2)

Since the term involving c is linear, it is easy to calculate
from model output. The quantity V1 ĉi, where î is the
unit vector in the x direction, is just the ground-relative
horizontal velocity. Remember that the nonlinear terms
in (2) are calculated as a budget residual in the MJO-
relative coordinate frame and thatV is theMJO-relative
horizontal velocity. We will henceforth refer to the sum
of first three terms on the right of (2) as the ‘‘advective
terms.’’

The composite net radiative heating (R 0 2Rt) and
the surface enthalpy flux as well as the advective con-
tribution to the vertically integrated moist static energy
budget are shown in Fig. 8. As expected, the radia-
tive heating is collocated with the column-integrated
iMSE anomaly, contributing to the maintenance of the
MJO-like disturbance. On the other hand, the positive
surface flux anomaly is shifted one-quarter-wave zonal
distance to the east of the core, which optimally facili-
tates eastward propagation of theMJO-like disturbance.
The positive surface flux anomaly is collocated with
the enhanced easterly surface wind anomaly. At the
same time, the negative surface flux anomaly west of
the core correlates well with the enhanced westerly
surface wind. These anomalies, when added to the
background equatorial easterlies, can explain the local
surface enthalpy flux anomalies as driven predomi-
nantly by WISHE. In this simulation, the advective
terms mostly act to damp the moist static energy per-
turbations, consistent with the moist static energy bud-
get calculated from reanalysis data (Kiranmayi and
Maloney 2011). On the other hand, the combination of
the observed radiative and surface fluxes in Kiranmayi
and Maloney (2011) tends to counter the eastward
propagation of the MJO, contrary to what is seen in our
simulations. Note that the dominant role of the surface
fluxes in the eastward propagation of the MJO-like dis-
turbance in our simulation, while consistent with the
theory by Emanuel (1987), goes against the observed
dominant role of transport of water vapor in the eastward
propagation of the MJO (Maloney 2009; Pritchard and
Bretherton 2014; Sobel et al. 2014; Wang et al. 2015).

FIG. 6. Fractional growth rates (day21) of the spatial variance of
the column-integrated MSE normalized by the variance itself, due
to individual processes for net longwave radiation heating (LW),
net shortwave radiation heating (SW), surface enthalpy fluxes
(SFC), and advection (ADV).
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where d is the depth of the boundary layer, hb is the
moist static energy of the boundary layer (which is as-
sumed to be well mixed in the vertical), Vh is the large-
scale horizontal velocity in the boundary layer, Fh is the
surface enthalpy flux, hm is a characteristic value of
moist static energy in the free troposphere (see Fig. 1b),
and _Qb is the radiative cooling of the boundary layer. In
writing (2) we have assumed that the moist static energy
transported into the boundary layer by deep convective
downdrafts has the same value as that entrained into the
top of the boundary layer as a consequence of large-
scale subsidence. Thismay not be a good approximation,
but we apply it here in the spirit of maximum simplicity.
Boundary layer quasi equilibrium may be thought

of as the limit of (2) as the depth dof the boundary
layer becomes vanishingly small. In that case, (2) may
be approximated, after substituting (1) for the sum
Md1we, as

M
u
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F
h

h
b
2 h

m

. (3)

This is our simple way of dealing with deep moist con-
vection. While relatively crude, it has been used with
some success in a forecast model of tropical cyclones
(Emanuel and Rappaport 2000) and in models of

tropical intraseasonal variability (e.g., Yano and Emanuel
1991). It is important to note that a strong sensitivity of
convection to free-tropospheric moisture enters through
the denominator of the last term in (3), but this has
nothing to do with entrainment into convective clouds.
Also note that the convective updraft mass flux di-
agnosed with (3) is singular in the limit that the air just
above the boundary layer becomes saturated. In practice
[e.g., in the forecast model discussed in Emanuel and
Rappaport (2000)], feedbacks from convection to the
moist static energy above the boundary layer usually
prevent this from happening.
The representation of convection by (3) is capable of

predicting a negative convective mass flux, which is
unphysical. In this case we return to (2) and take the
mass flux to be zero. Various analyses (e.g., Bretherton
and Sobel 2002) show that the lateral advection of moist
static energy in the boundary layer cannot be neglected
in this case, so that in regions without deep convection,
boundary layer quasi equilibrium becomes

dV
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)2 _Q

b
d. (4)

Here, we have retained the radiative cooling of the
boundary layer as it can be important when boundary
layer clouds are present, as often happens in subsiding
regions. Equation (4) should be used wherever (3)
predicts a negative mass flux.
As stated above, cloud microphysics are represented

by a single precipitation efficiency !p, which is used to

FIG. 1. Illustrating the general conceptual framework for slow, convectively coupled processes. (a) A generic
cross section through the tropical atmosphere, showing deep and shallow convection. (b) Characteristic vertical
profiles of moist static energy, saturation moist static energy h* and large-scale vertical velocity are shown. The
colors in the subcloud layer represent the magnitude of moist static energy, and the green vertical line separates the
deep convectively coupled region at left from the region free of deep convection at right. Deep convective updraft
mass fluxes are represented byMu , downdrafts associated with deep convection byMd, and the vertical velocity in
the clear air by we. See text for detailed description.
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on MSE anomalies, as found in previous studies of
self-aggregation (e.g., Andersen and Kuang 2012; Wing
and Emanuel 2014; Arnold and Randall 2015) as most
water vapor is concentrated in the boundary layer.
This notion is supported by the next mechanism-denial
experiment, NO-WISHE, in which only the surface
wind speed is zonally homogenized in latent and sensi-
ble heat flux computations. The result of such a ho-
mogenization is virtually complete suppression of the
zonal wavenumber-1 disturbance, which fails to develop
(Fig. 9c) as the result of damping of the corresponding
moisture and temperature anomalies before they have
a chance to amplify. The damping effect of surface en-
thalpy disequilibrium is, in fact, so strong that not only
does it suppress the initial development of theMJO-like
disturbance, but it also suppresses the already developed
disturbance in CTRL. This is demonstrated by Fig. 11,
which shows the result of homogenization of the surface
wind applied to the CTRL after day 280.

It is interesting that in NO-WISHE, unlike the HOM-
SFC, the speed and, to a certain degree, the magnitude
of Kelvin waves (Fig. 10c) do not seem to differ from
the CTRL.
In the next mechanism-denial experiment, WISHE-

ONLY, we eliminate the effect of thermodynamic dis-
equilibrium on the surface flux anomalies, that is, only
the water vapor and temperature at the first model layer
are zonally homogenized in the surface flux calculations,
while the local effect of the surface wind on the flux
remains; thus, the effect of surface fluxes on the iMSE
anomalies is now purely because of WISHE. The result
is a strong zonal wavenumber-1 anomaly developing
even faster than in CTRL (Fig. 9d), which is consistent
with eliminating anomaly damping by surface disequi-
librium. Unlike the HOM-SFC, though, the anomalies
in WISHE-ONLY do propagate, albeit slower and not
as coherently as in CTRL, mostly to the east, with some
periods of hesitation and even reversal to the western

FIG. 8. Composite budget of the column-integrated MSE tendencies for the composite MJO-like disturbance in
the CTRL simulation due to (a) surface enthalpy flux, (b) net radiation heating, (c) advection of MSE, and (d) net
local tendency due to all processes. The center of MJO-like disturbance is marked by a dot.
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The resultant anomaly composites of the MJO-like
disturbance for several fields are shown in Fig. 7. The
precipitation and iMSE anomalies show a characteristic
‘‘swallowtail’’ pattern often seen in the composites
of the observed MJO (e.g., Zhang and Ling 2012), when
the anomalies extend eastward from the center along
the equator and split into two off-equatorial branches
west of the center. The circulation around the core of
the MJO-like disturbance shows a strong quadrupole
pattern of vorticity anomalies, with a pair of low-level
cyclonic gyres to the west and a pair of anticyclonic
gyres to the east of the core. The vorticity patterns re-
verse sign in the upper troposphere. Such a quadrupole
gyre structure is a well-known characteristic of the
observed MJO.
It is instructive to look at the phase relationships and

amplitudes of the various contributors to the budget of
vertically integrated moist static energy (here denoted
as hmi). In a coordinate systemmoving with theMJO, in
which we assume the fields are steady, this budget may
be written

hV ! =mi1
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where the angle brackets denote vertical integrals
through the domain, in pressure coordinates; F0 is the
surface turbulent enthalpy flux; and R 0 and Rt are the
total upward radiative fluxes (longwave and shortwave)
at the surface and top of the troposphere, respectively.
Because of high-frequency variations in velocities and
moist static energy, computing the terms on the left side
of (1) can be problematic, and here we calculate them
as a budget residual [i.e., the sum of the terms on the

right side of (1)]. This does not permit the separation of
the advective terms into vertical and horizontal com-
ponents, though. We next transform (1) into an Earth-
fixed coordinate frame by adding in the effect of the
coordinate eastward translation at speed c, which will be
compensated by a local time derivative in the Earth-
fixed frame:
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Since the term involving c is linear, it is easy to calculate
from model output. The quantity V1 ĉi, where î is the
unit vector in the x direction, is just the ground-relative
horizontal velocity. Remember that the nonlinear terms
in (2) are calculated as a budget residual in the MJO-
relative coordinate frame and thatV is theMJO-relative
horizontal velocity. We will henceforth refer to the sum
of first three terms on the right of (2) as the ‘‘advective
terms.’’

The composite net radiative heating (R 0 2Rt) and
the surface enthalpy flux as well as the advective con-
tribution to the vertically integrated moist static energy
budget are shown in Fig. 8. As expected, the radia-
tive heating is collocated with the column-integrated
iMSE anomaly, contributing to the maintenance of the
MJO-like disturbance. On the other hand, the positive
surface flux anomaly is shifted one-quarter-wave zonal
distance to the east of the core, which optimally facili-
tates eastward propagation of theMJO-like disturbance.
The positive surface flux anomaly is collocated with
the enhanced easterly surface wind anomaly. At the
same time, the negative surface flux anomaly west of
the core correlates well with the enhanced westerly
surface wind. These anomalies, when added to the
background equatorial easterlies, can explain the local
surface enthalpy flux anomalies as driven predomi-
nantly by WISHE. In this simulation, the advective
terms mostly act to damp the moist static energy per-
turbations, consistent with the moist static energy bud-
get calculated from reanalysis data (Kiranmayi and
Maloney 2011). On the other hand, the combination of
the observed radiative and surface fluxes in Kiranmayi
and Maloney (2011) tends to counter the eastward
propagation of the MJO, contrary to what is seen in our
simulations. Note that the dominant role of the surface
fluxes in the eastward propagation of the MJO-like dis-
turbance in our simulation, while consistent with the
theory by Emanuel (1987), goes against the observed
dominant role of transport of water vapor in the eastward
propagation of the MJO (Maloney 2009; Pritchard and
Bretherton 2014; Sobel et al. 2014; Wang et al. 2015).

FIG. 6. Fractional growth rates (day21) of the spatial variance of
the column-integrated MSE normalized by the variance itself, due
to individual processes for net longwave radiation heating (LW),
net shortwave radiation heating (SW), surface enthalpy fluxes
(SFC), and advection (ADV).
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on MSE anomalies, as found in previous studies of
self-aggregation (e.g., Andersen and Kuang 2012; Wing
and Emanuel 2014; Arnold and Randall 2015) as most
water vapor is concentrated in the boundary layer.
This notion is supported by the next mechanism-denial
experiment, NO-WISHE, in which only the surface
wind speed is zonally homogenized in latent and sensi-
ble heat flux computations. The result of such a ho-
mogenization is virtually complete suppression of the
zonal wavenumber-1 disturbance, which fails to develop
(Fig. 9c) as the result of damping of the corresponding
moisture and temperature anomalies before they have
a chance to amplify. The damping effect of surface en-
thalpy disequilibrium is, in fact, so strong that not only
does it suppress the initial development of theMJO-like
disturbance, but it also suppresses the already developed
disturbance in CTRL. This is demonstrated by Fig. 11,
which shows the result of homogenization of the surface
wind applied to the CTRL after day 280.

It is interesting that in NO-WISHE, unlike the HOM-
SFC, the speed and, to a certain degree, the magnitude
of Kelvin waves (Fig. 10c) do not seem to differ from
the CTRL.
In the next mechanism-denial experiment, WISHE-

ONLY, we eliminate the effect of thermodynamic dis-
equilibrium on the surface flux anomalies, that is, only
the water vapor and temperature at the first model layer
are zonally homogenized in the surface flux calculations,
while the local effect of the surface wind on the flux
remains; thus, the effect of surface fluxes on the iMSE
anomalies is now purely because of WISHE. The result
is a strong zonal wavenumber-1 anomaly developing
even faster than in CTRL (Fig. 9d), which is consistent
with eliminating anomaly damping by surface disequi-
librium. Unlike the HOM-SFC, though, the anomalies
in WISHE-ONLY do propagate, albeit slower and not
as coherently as in CTRL, mostly to the east, with some
periods of hesitation and even reversal to the western

FIG. 8. Composite budget of the column-integrated MSE tendencies for the composite MJO-like disturbance in
the CTRL simulation due to (a) surface enthalpy flux, (b) net radiation heating, (c) advection of MSE, and (d) net
local tendency due to all processes. The center of MJO-like disturbance is marked by a dot.
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precipitation and iMSE anomalies show a characteristic
‘‘swallowtail’’ pattern often seen in the composites
of the observed MJO (e.g., Zhang and Ling 2012), when
the anomalies extend eastward from the center along
the equator and split into two off-equatorial branches
west of the center. The circulation around the core of
the MJO-like disturbance shows a strong quadrupole
pattern of vorticity anomalies, with a pair of low-level
cyclonic gyres to the west and a pair of anticyclonic
gyres to the east of the core. The vorticity patterns re-
verse sign in the upper troposphere. Such a quadrupole
gyre structure is a well-known characteristic of the
observed MJO.
It is instructive to look at the phase relationships and

amplitudes of the various contributors to the budget of
vertically integrated moist static energy (here denoted
as hmi). In a coordinate systemmoving with theMJO, in
which we assume the fields are steady, this budget may
be written
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where the angle brackets denote vertical integrals
through the domain, in pressure coordinates; F0 is the
surface turbulent enthalpy flux; and R 0 and Rt are the
total upward radiative fluxes (longwave and shortwave)
at the surface and top of the troposphere, respectively.
Because of high-frequency variations in velocities and
moist static energy, computing the terms on the left side
of (1) can be problematic, and here we calculate them
as a budget residual [i.e., the sum of the terms on the

right side of (1)]. This does not permit the separation of
the advective terms into vertical and horizontal com-
ponents, though. We next transform (1) into an Earth-
fixed coordinate frame by adding in the effect of the
coordinate eastward translation at speed c, which will be
compensated by a local time derivative in the Earth-
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Since the term involving c is linear, it is easy to calculate
from model output. The quantity V1 ĉi, where î is the
unit vector in the x direction, is just the ground-relative
horizontal velocity. Remember that the nonlinear terms
in (2) are calculated as a budget residual in the MJO-
relative coordinate frame and thatV is theMJO-relative
horizontal velocity. We will henceforth refer to the sum
of first three terms on the right of (2) as the ‘‘advective
terms.’’

The composite net radiative heating (R 0 2Rt) and
the surface enthalpy flux as well as the advective con-
tribution to the vertically integrated moist static energy
budget are shown in Fig. 8. As expected, the radia-
tive heating is collocated with the column-integrated
iMSE anomaly, contributing to the maintenance of the
MJO-like disturbance. On the other hand, the positive
surface flux anomaly is shifted one-quarter-wave zonal
distance to the east of the core, which optimally facili-
tates eastward propagation of theMJO-like disturbance.
The positive surface flux anomaly is collocated with
the enhanced easterly surface wind anomaly. At the
same time, the negative surface flux anomaly west of
the core correlates well with the enhanced westerly
surface wind. These anomalies, when added to the
background equatorial easterlies, can explain the local
surface enthalpy flux anomalies as driven predomi-
nantly by WISHE. In this simulation, the advective
terms mostly act to damp the moist static energy per-
turbations, consistent with the moist static energy bud-
get calculated from reanalysis data (Kiranmayi and
Maloney 2011). On the other hand, the combination of
the observed radiative and surface fluxes in Kiranmayi
and Maloney (2011) tends to counter the eastward
propagation of the MJO, contrary to what is seen in our
simulations. Note that the dominant role of the surface
fluxes in the eastward propagation of the MJO-like dis-
turbance in our simulation, while consistent with the
theory by Emanuel (1987), goes against the observed
dominant role of transport of water vapor in the eastward
propagation of the MJO (Maloney 2009; Pritchard and
Bretherton 2014; Sobel et al. 2014; Wang et al. 2015).

FIG. 6. Fractional growth rates (day21) of the spatial variance of
the column-integrated MSE normalized by the variance itself, due
to individual processes for net longwave radiation heating (LW),
net shortwave radiation heating (SW), surface enthalpy fluxes
(SFC), and advection (ADV).
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direction (Fig. 9d). Thus, indeed, WISHE appears to be
essential for development and propagation of the MJO-
like disturbance, although it seems that some degree of
added damping of the anomaly by the surface enthalpy
disequilibrium is somehow also beneficial for its co-
herent eastward propagation.

The radiation feedback is the crucial mechanism for
development and maintenance of the MJO-like distur-
bance in CTRL; therefore, the next logical step is to
suppress the effect of radiation on the iMSE anomalies
by homogenizing radiative heating, which is done in the
HOM-RAD experiment. One would expect, based on

FIG. 9. Hovmöller diagrams of equatorial (108S–108N) zonal wavenumber-1-filtered OLR anomalies in CTRL and various mechanism-
denial experiments (see text for acronyms).

FIG. 10. Wavenumber–frequency spectra (signal-to-background ratio) in an equatorial belt (108S–108N) (a)–(e) symmetric and
(f)–(j) antisymmetric about the equator for various mechanism-denial experiments (see text for acronyms).
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herent eastward propagation.

The radiation feedback is the crucial mechanism for
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dominance of radiation feedback in the development
and maintenance of theMJO-like disturbance in CTRL,
that the zonal wavenumber-1 mode should not then
develop. Perhaps surprisingly, the mode still develops in
HOM-RAD (Fig. 9e), although the variance anomaly is
not as large as in the CTRL case. The corresponding
frequency–wavenumber spectrum (Fig. 10e) suggests
that the zonal wavenumber-1 disturbance has a some-
what faster speed (higher frequency) than the MJO-like
disturbance in CTRL, with the propagation period de-
creasing from 45–55 to 30–35 days. Such a period puts
the disturbance virtually right on the dispersion line for
the Kelvin waves. Also, there seems to be no spectral
gap now between the zonal wavenumber-1 disturbance
and Kelvin waves, which was a feature of the CTRL.
Homogenizing the radiation has virtually no effect on
the asymmetric modes (Fig. 10j).
The composite precipitation anomaly in HOM_RAD

(Fig. 12a) does not have as clear a swallowtail shape as

the pattern seen in CTRL (cf. Fig. 7a) and that is a
characteristic of the observedMJO. Also, the maximum
of the surface enthalpy flux anomaly is collocated with
the iMSE anomaly maximum (not shown), and, there-
fore, cannot be effective in moving the disturbance
eastward, though it is responsible for its amplification
and maintenance. As the radiative heating is horizon-
tally homogenized, there is no other diabatic forcing to
affect the iMSE anomaly and to facilitate its eastward
propagation. Therefore, the zonal wavenumber-1 dis-
turbance in RAD-HOM case propagates to the east as
any Kelvin wave, that is, simply by the gravity wave
mechanism.
One possible drawback of these mechanism-denial

experiments is that they also change the time-mean state
in ways that may affect the properties of the variability,
as shown by Ma and Kuang (2016). They also showed
that this effect can be mitigated by driving the model’s
time-mean state back toward that of the control run.
Given the expense of the current simulations, this was
not deemed feasible at present but should be im-
plemented in future work.

4. Linear stability analysis

We next interpret the results of our numerical simu-
lations using linear theory. In some ways, the develop-
ment here is similar to that of Fuchs and Raymond
(2005) and Fuchs and Raymond (2017), who interpreted
the MJO as a moisture mode whose eastward propaga-
tion is driven by WISHE, consistent with our present
numerical results.We use a slightly different framework,
but having many of the same key ingredients, including
wind-dependent surface fluxes, small but positive ef-
fective static stability, and a representation of cloud–
radiation interaction.
One of our key underlying assumptions is that deep

convection always maintains a moist adiabatic lapse rate
in the free troposphere, and as in previous work, this is
here represented by constant saturation moist entropy
s* is the free troposphere.We also assume that the large-
scale vertical velocity vanishes at the surface and at the
tropopause. [This latter assumption does not work very
well in the tropics, where upward radiation of wave
energy is an important sink for tropospheric wave en-
ergy, particularly at higher frequencies (Yano and
Emanuel 1991).] If these assumptions are satisfied, and
the flow is hydrostatic, then Emanuel (1987) showed
that the vertical structure of tropospheric disturbances is
constrained to be the first baroclinic mode, as also
demonstrated by Neelin and Yu (1994). Geopotential
fluctuations at the surface are related to saturation en-
tropy fluctuations of the free troposphere by

FIG. 11. Hovmöller diagrams of equatorial (108S–108N) zonal
wavenumber-1-filtered OLR anomalies in the CTRL case inter-
rupted at day 280 by homogenization of the surface wind speed in
surface enthalpy flux computations (similar to theNO_WISHE case).
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The MJO is not itself a unique wave mode.

It can look like a wave because it propagates. But it’s 
probably better thought of simply as a coherent disturbance.

It is a disturbance that emerges from slow (O(10 day)) 
feedbacks between moisture, radiation, and circulation.
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