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Boreal Winter (November-April) ISO: 

Madden-Julian Oscillation (MJO)

Boreal Summer (May-October) ISO: 

BSISO (Summer ISO)



Data:

- Global reanalysis products (winds, geopotential height, 

etc.)

- Satellites (rainfall, OLR, etc.)

- Ground stations (rainfall, temperature)

Analysis Tools:

- MJO/BSISO indices (e.g., RMM)

- Composites (selected averages)

- Regression

- Probability distribution function (PDF)

- Case studies

- Conceptual sketches

Source of Information: Journal articles, websites, lectures



Repeat, repeat, repeat. 

Ask, ask, ask. 



Background Mean State: 

The Seasonal Cycle and Asian Monsoons



Background Mean State: 

The Seasonal Cycle and Asian Monsoons

http://www.nature.com/articles/srep21370

Nath et al (2016)



https://iridl.ldeo.columbia.edu/maproom/Global/Climatologies/SST_Loop.html?bbox=bb%3A31.

46%3A-55.26%3A299.63%3A51.33%3Abb

Sea Surface Temperature (SST)



https://iridl.ldeo.columbia.edu/maproom/Global/Climatologies/SST_Loop.html?bbox=bb%3A31.

46%3A-55.26%3A299.63%3A51.33%3Abb

Precipitation



https://iridl.ldeo.columbia.edu/maproom/Global/Climatologies/SST_Loop.html?bbox=bb%3A31.

46%3A-55.26%3A299.63%3A51.33%3Abb













Dominant Tropical Intraseasonal

Variability: Propagation

MJO: Eastward

BSISO: Eastward and Northward



Wang and Rui (1990)

MJO

MJO

BSISO



Madden-Julian Oscillation

Basic observed features (or definition):

• intraseasonal timescale (20 – 90 days)

• planetary zonal scale (k = 1 – 3)

• slow eastward propagation (c ≈ 5 ms-1) in 

tropical deep convection and zonal winds

Madden and Julian (1972)





MJO



Surface Pressure



Sea Surface Temperature



(a) (b)U850 Precipitation



Basic Statistics of the MJO



Main Structure of the MJO



Climate.gov

Structure



Adames and Wallace (2014)

Temperature (contours)

(u, w) vectors

mass divergence r x Div (colors)



From International Science Roundtable for the Media. “Madden-Julian Oscillation.” 17 April 
2007. <http://www.igbp.net/prepcom4/wheeler_image.gif>



Hartmann and Hendon 2007



150 hPa u (contours) and Z (colors)OLR and 250 hPa T (contours)



Rui and Wang (1990)



MJO-mature



Zhang (1996)



Multi-Scale Structure of the MJO 



(a) (b)U850 Precipitation



Nakazawa (1988)

Multiscale Structure of the MJO



(a)

Chen et al (1996)

(c)



Seasonal and Interannual Variability

of the MJO 



Seasonal Cycle
U*850 & SST U*850 & U850

Precip* & Precip Precip* & Usfc

Precip* & Precip* & 

Zhang and Dong 2004



Seasonal Cycle



Teng and Wang (2012)



Barrier Effect of the Maritime Continent

on the MJO
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MJO Terminating Longitude



MJO vs. BSISO 



Dec-Feb Composite May-June Composite



Dec-Feb Composite May-June Composite



• 20-100day filtered, 80-100E averaged OLR is used

MJO

BSISO



Kikuchi et al. (2012)



Amplitude of ISO

BSISO
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May, June, November

Kikuchi et al. (2012)



Hazra and Krishnamurthy (2015)



Lee et al (2013)

ORL (contours)

850-hPa Winds

30 – 90 days



Lee et al (2013)

ORL (contours)

850-hPa Winds

10 – 30 days



Wang et al (2004)



Lawrence (2002)

OLR (shaded)
200-hPa Wind vectors
200-mb 
streamfunction
(contours) 



Hsu et al (2004)

Diabatic heating 

(contours)

Moisture 

divergence 

(shades)



Summary

1. Background state: Seasonal cycle – Monsoons

2. The most fundamental features of the MJO/BSISO:

(a)

(b)

(c)
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Summary

1. Background state: Seasonal cycle – Monsoons

2. The most fundamental features of the MJO/BSISO:

(a)

(b)

(c)

3. The basic structures of the MJO/BSISO:

(a)

(b)

(c)

4. Others

(a)

(b)

(c)



Mechanisms
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FIG. 9. (Continued)

necessary for development of instabilities similar of ob-
served oscillations. This process is usually referred to
as wind-induced surface heat exchange (WISHE). In-
creased surface fluxes in the region of large easterlies
are responsible for positive temperature perturbations
that cause the eastward propagation of the wave and
provide energy for growth of instability. However, the
results from the TOGA-COARE IOP (Lin and Johnson
1996) suggest that, contrary to the behavior postulated
by Emanuel (1987) or Neelin, in the warm pool region
the maximum surface fluxes associated with the pres-
ence of strong winds tend to develop underneath and
toward the west of the convective system, since equa-
torial westerlies (‘‘westerly bursts’’) are usually stronger
than easterlies (Gill 1980). In addition, the assumption
of mean easterly flow used by Emanuel and Neelin is
not always true, especially during the El Niño years.

In our hypothesis (Fig. 9c) the surface forcing nec-
essary for enhancement of the Kelvin wave is provided
by the SST distribution generated by the supercluster
itself. As we have shown in the previous section, in a
narrow band of strong westerlies underneath the cluster,
SST drops not only due to evaporation but also because
of oceanic vertical mixing and cloud shielding effects.
However, east of the convective source, in the region
of the weak easterly winds, the conditions exist for in-
crease in SST (Serra et al. 1997; Nakazawa 1995). This

configuration favors the increase of the surface moist

entropy east of the system and development of convec-
tion in the convergent region of the Kelvin wave.

Both our theory and WISHE emphasize the impor-
tance of surface fluxes in maintaining the convection.
However, if the ocean is treated as an infinite energy
source, the increased wind speed is necessary for raising
the surface moist static energy east of a convective com-
plex. If the ocean is allowed to respond to convection,
the surface forcing related to SST changes can provide
surface moist static energy anomalies, necessary for
growth and propagation of eastward propagating per-
turbations. When the modification of SST by convective
systems is allowed, the regions of weak surface winds—
rather than strong winds—become the preferred sites
for future convective development.

b. Model results

We examine the influence of local, convectively gen-
erated SST changes on the development of equatorial
convection in a general circulation model with wind-
dependent equatorial SST. The numerical model we use
here is a modified version of the Lau et al. (1989) R15
spectral model. Instead of a Kuo-like convective param-
eterization, which explicitly ties the convection to the
low-level convergence, and therefore favors the wave-
CISK mechanism, the Emanuel (1991) scheme, based
on CAPE, is used. All the experiments described in this

498 B.-M. KIM et al.

Figure 8. A schematic for the illustration of the tilting mechanism. (a) The meridional vorticity vectors
(grey pencil) of the Asian-Pacific jet due to the vertical shear of the zonal wind (black arrow). (b) Rotation
of the meridional vortex vectors (black arrow) due to the meridional gradient of the anomalous vertical wind

(thin arrow).

is weak near the solid square in Fig. 3(e), but also because the vertical shear of the
climatological jet is weak (Fig. 6(b)).

6. BAROTROPIC MODEL EXPERIMENT

A linear barotropic model experiment is conducted to see if the regressed dipole
pattern shown in Fig. 2(a) can be reproduced by the forcing BJS as a linear response.
A standard linearized single-level barotropic vorticity equation is used. The model
equation can be written as

∂

∂t
∇ 2ψ = − [Vψ ] ·∇ ζ − Vψ ·∇ [η] + BJS(t) − ζ − ν∇ 4ζ , (14)

where ψ is a perturbation stream function that is the only model variable, and the
Rayleigh friction coefficient and the biharmonic diffusion coefficient ν are set with

the values of 10 d− 1 and 2.338 × 1016 m2s− 1, respectively. Perturbation vorticity ζ and
perturbation non-divergent wind Vψ can be derived solely from ψ . The bracket and

the bar denote the zonal mean and time mean, respectively. Since the dipole pattern is
not steady at a subseasonal time-scale, the BJS forcing in (12) is assumed to be time
dependent and periodic by assuming the pressure velocity in the form

ω(t) = ω1i cos(2πt/ τ ) + ω2i sin(2πt/ τ ) (15)

during the MJO cycle period τ . We set τ = 45 days (a typical period of the MJO life
cycle) as the period of forcing. The zonally averaged climatological wintertime stream
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FIG. 1. Enhancement of surface fluxes for (a) undisturbed convec-
tive boundary layer and (b) disturbed boundary layer.

based on local measurements and assume horizontally
homogeneous parameters over the grid scale. However,
this assumption is not necessarily true. For example, the
impact study conducted by Miller et al. (1992) using
European Centre for Medium-Range Weather Forecasts
model data revealed the sensitivity of GCMs to the air–
sea flux parameterization at low surface wind speed.
Miller et al. showed the ‘‘dramatic positive impact’’ on
GCM simulations of employing an improved sea surface
flux parameterization. By taking into account the effect
of free convection on surface fluxes, they obtained a
more realistic simulation of the tropical circulation and
an improved prediction of the seasonal rainfall distri-
bution. In their climate simulations, Slingo et al. (1994)
and Ju and Slingo (1995) found that it was essential to
take into account the increase in wind speed due to
mesoscale motions. A pragmatic approach in repre-
senting the increase in surface fluxes due to winds as-
sociated with deep convection had a direct and beneficial
effect on the simulation of tropical circulation. For ex-
ample, the easterly zonal wind and temperature errors
were reduced and the hydrological cycle became more
intense.

Using TOGA array mooring data, Esbensen and
McPhaden (1996) found that the enhancement of evap-
oration due to mesoscale motions can reach up to 30%
of the total amount of evaporation. They showed that
this enhancement was mainly associated with the me-
soscale wind variability. Therefore, in order to meet the
objectives of TOGA COARE, it seems that coupled
GCMs need to be able to represent not only the net heat
budget but also, to some extent, the details of coupling
processes (e.g., Webster and Lukas 1992; Godfrey et al.
1998). As discussed in Jabouille et al. (1996) and Mon-
don and Redelsperger (1998) and schematized in Fig.
1, the mesoscale wind variability (or gustiness) origi-
nates mainly from two physical processes: fair weather
convective motions in the boundary layer and gust
winds from precipitating convection.

Godfrey and Beljaars (1991) addressed in term of
parameterization, the problem of gustiness in the bound-
ary layer for the case of fair weather convection (un-
disturbed conditions). Heating from the ocean surface
produces eddies in the boundary layer. The induced
gustiness is at the scales of these eddies, that is, on the
order of a kilometer. These motions are thus always
smaller than the grid scale of GCMs and need to be
represented by a subgrid parameterization. Godfrey and
Beljaars proposed a scaling of the effect of subgrid con-
vective motion on the wind speed by the free convection
velocity. One difficulty with this approach, though phys-
ically grounded, is to determine the empirical propor-
tionality coefficient relating these two quantities. Values
proposed in literature range from 0.6 to 1.25. Mondon
and Redelsperger (1998) recently addressed this issue
for a detailed case study of COARE, where they used
aircraft and ship measurements together with large eddy
simulations. They were able to reconcile a number of

existing approaches so as to obtain a measurement of
the empirical parameter in the proposed parameteriza-
tion of Godfrey and Beljaars. Nevertheless, the value
found by Mondon and Redelsperger (1998) was smaller
than the one deduced from measurements made during
the intensive observation period (IOP) of TOGA
COARE (Fairall et al. 1996). One of the objectives of
the present paper is to address this issue.

The impact of deep convection on the surface fluxes
is also important to consider. It represents a crucial com-
ponent of the feedback between ocean and atmosphere
(e.g., Webster and Lukas 1992). Results from TOGA
COARE (Godfrey et al. 1998) suggest that the transition
between supressed and active convective periods and
between low wind and high wind periods needs to be
represented in GCMs. Such phenomena include periods
where weak mean winds and convection are present at
the same time. This coupling is partly reproduced in
current GCMs through the increase of winds when deep
convective systems travel over the warm pool region
during the westerly wind bursts (WWBs).

A number of previous studies (e.g., Gaynor and Ro-
pelewski 1979; Johnson and Nicholls 1983; Young et
al. 1995; Esbensen and McPhaden 1996; Jabouille et al.
1996; Saxen and Rutledge 1998) have addressed the
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MJO as a Frictional Coupled Rossby-Kelvin Couplet
Wang (1987), Wang and Rui (1990), Wang and Li (1994)

Courtesy of Bin Wang



Advective
drying

Advective
moistening

“MJO as a moisture mode (convection-moisture coupling), driven by 

radiative-convective feedback and propagating due to horizontal 

moisture advection.” – Adam Sobel
Raymond and Fuchs (2009), Sobel and Maloney (2012), Adames and Kim (2015)
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Radiative warming

Courtesy of Adam Sobel



Benedict and Randall (2007)



Khouider and Majda (2008)

Multicloud, Multiscale, Stochastic Model of the MJO
Biello and Majda (2005), Majda and Stetchmann (2009), Khouider at al. (2012)



Jiang et al. (2004)D: divergence

A BSISO Theory:

Convergence + Vertical Wind Shear => Vorticity => Boundary-Layer Convergence





Mechanism

Summary 

1. Major factors for the MJO:

(a) Moisture: vertical structure, interaction with clouds, 

supply

(b) Circulation: dynamic framework, moisture supply

(c) Radiation: distabilization, interaction with clouds

(d) Clouds/Convection: latent heating, interaction with 

moisture and radiation

(e) Air-sea interaction: surface fluxes

2. There are competing MJO/BSISO theories, each emphasize 

on different factors. 



Prediction of the MJO/BSISO 



“Good” MJO simulations 

by the “CMIP5 

generation”: 18%

Jiang et al. (2015)



Jiang et al. (2015)

Boreal winter intraseasonal

variability (standard 

deviation) in rainfall



Courtesy of Bin Wang

Climate Model Simulations of the BSISO



Sabeerali et al. (2013)



Prediction vs. Predictability

Prediction: Action of forecast

Prediction skill: Model (or human) capability of

making forecast

Predictability: Characteristics of Nature – How fast 

two states of the system would departure from each 

other in time

Estimate of Predictability: How a model may 

reproduce its own forecast or simulation of the 

system



Predictability:

- Butterfly Effect 



Predictability (Edward Lorenz):

- Butterfly Effect

- Chaos Theory 



Estimating Predictability: Forecast a “perfect” 

simulation by the same model

MJO produced by a model

Prediction skill:

Predictability: 

t

Forecast by the same model

åååå

Waliser et al. (2003)



Waliser et al. (2003)

Mean forecast error

Persistent forecast error

Estimating 
Predictability

MJO signal



Neena et al. (2014)

Model MJO signal

Error of single forecast

Error of ensemble forecast

MJO signal in observation



Strong MJO Weak MJO

Neena et al. (2014)



and Hyemi Kim



ECMWF Forecast of an MJO event over the Indian Ocean in November 2011 

Skill in Forecasting Zonal Winds

Skill in Forecasting Precipitation

Ling et al. (2014)



Matsueda and Endo  

(2011)



Wang et al. (2013)

Correlation Root Mean Square Error



Wang et al. (2013)

Correlation Root Mean Square Error

Maritime Continent

MJO Prediction Barrier



Wang et al. (2013)



Lee et al. (2013)

BSISO



Strong BSISO Weak BSISO

Lee et al. (2013)



Strong BSISO Weak BSISO



Prediction of the MJO/BSISO

Summary 

1. Predictability is a natural property, but its estimate 

depends on models. 

2. Estimated predictability is higher for MJO (20-30 days) 

than BSISO (15-25 days). 

3. Estimated prodictability and prediction skill depend on (a) 

metrics, (b) the season, and (c) MJO/BSISO conditions at 

the initial and target time; but the sensitivity varies among 

models.

4. Ensemble forecast skill is generally higher than single 

forecast. 

5. Most global models cannot produce statistical signals of 

the MJO/BSIS





Hendon and 

Salby (1994)



Interannual Variability of BSISO 



Wang et al. (2005)



Klingaman et al. 

(2015)


