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Madden-Julian Oscillation (MJO) is one of

the most significant equatorial dirsurbance,

which has gathered much attention, since it

is considered to have influences on longer-

time scale phenomena. After a considerable

number of studies following its discovery by

Madden and Julian (1971, 1972), MJO may

be defined as follows: An eastward-

propagating global-scale 　 (zonal wave

number 1-3) atmospheric disturbance in the

equatorial region (10N-10S), with an

intraseasonal (30-90 days) periodicity.

Usually, it is coupled with cumulus

convection over the Eastern Hemisphere

from the Indian Ocean to the Western Pacific.

As its important attributes, it sometimes

bears twin cyclones and westerly wind bursts,

which would affect the development of El

Nino. In this article, we make a historical

review in sections 1-3, introduce recent

studies in section 4-5, and future issues are

listed in section 6.

1. Discovery

Madden and Julian (1971, 1972) found

eastward-propagating 40-50-day period

signals in surface pressure, zonal wind, and

temperature from station data by analyzing

phases and coherences against those at

Canton Island.  As shown in Fig.1, they

depicted a schematic image of MJO.  In the

eastern hemisphere, a slow (~5m/s)

eastward propagation coupled with cumulus

convection is observed. In the western

hemisphere, fast (~20m/s) disturbance is

observed decoupled with convection.  Later

studies after satellite data became available,

showed clearly that their schematic image

was very adequate (e.g. Chen and Yanai.

2000 (Fig.2)).

Fig. 1: A schematic image of MJO on the equatorial
latitude belt. Lines with arrows indicate the meridional
circulation associated with MJO.  Upper lines
represents the height of tropopause, and lower ones
indicate the sea-level pressure. Adopted from
Madden and Julian (1972).

Fig. 2:  Longitude- time
section of equatorial
OLR, showing eastward
propagations of MJO
(dark shaded) during the
TOGA-COARE IOP.
Abscissa is longitudes
from 0-360E. Adopted
from Chen and Yanai
(2000).



2. Propagation

Knutson and Weickmann (1987)

extensively studied the structure and

propagation properties with various variables

from NMC analysis and OLR. It was

indicated that upper-level velocity potential

represents the eastward propagation of MJO

very well. In their composite, velocity

potential at 250hPa, outgoing longwave

radiation (OLR), zonal wind at 850hPa and at

250hPa coherently propagate eastward (Fig.

3, up to bottom).

These analyses indicate a MJO cycle is

connected to next cycle.  However, it has

not been clear if and how a MJO is really

causing the next.  Slingo et al. (1996)

examined MJO in atmospheric model

simulations. Their longitude-time diagrams of

upper-level velocity potential obtained from

ECMWF analyses (Fig.4) show that recurring

propagation along the equator is seen,

especially from boreal winter to spring,

though there are year-to-year variability.

 Wang and Rui (1990) examined the

climatology of MJO occurrences using OLR

for 1975-1985, and classified their

propagation properties into three classes.

Fig. 4: Longitude-time diagrams of the 20-100 day
filtered velocity potential at 150hPa averaged between
10N-10S from ECMWF analyses.  Adopted from
Slingo et al. (1996).

Fig. 5: Three classes of propagation of intraseasonal
convective signals.  Contours indicate numbers of
intraseasonal events.  Adopted from Wang and Rui
(1990).

Fig. 3: Longitude-time sections of composite 30-
60 day anomalies for November-April.  Values
are 250hPa velocity potential, OLR,  zonal wind
at 850hPa and 250hPa, respectively from left to
right rows. Adopted from Knutson and Weickmann
(1987).



Eastward propagation class (Fig. 5a)

dominates in the boreal winter.  On the

other hand, northward branches affect the

monsoon precipitation in the boreal summer

(Fig. 5c).  However, what causes the

seasonal differences in propagation

properties has not been clarified yet.

3. Structure

 Basic structure of MJO is also displayed in

Knutson and Weickmann (1987).  They

applied EOF analysis to the velocity potential

and to the stream function fields.  It was

shown that zonal wave number one feature

was elucidated with velocity potential field.

This structure of MJO basically resembles

so-called Matsuno-Gill pattern (Matsuno

1966, Gill, 1980 (Fig.6)), which is a steady

response pattern to an imposed heating over

the equator, with Rossby wave response to

the west and Kelvin wave response to the

east.

Numerous studies have tried to explain its

propagation and periodicity, either by giving

some modification of Kelvin waves with

convective heating effects, or by considering

the surface flux effects on the atmospheric

disturbance. However, no models have

succeeded in capturing the characteristics of

MJO realistically.

To close the historical review, Nakazawa

(1988)’s work is referred.  He presented the

existence of internal structure of MJO,

utilizing finer temporal resolution (3hourly)

infrared equivalent blackbody temperature

data observed from Japanese Geostational

Meteorological Satellite (GMS). Eastward

propagating MJO consists of westward

propagating cloud clusters (Fig. 7). The

westward propagating signals are later

reinterpreted as westward propagating

synoptic disturbances by Takayabu (1994).

Although no model incorporates the concept

of internal structure so far, it is considered to

be an indispensable issue in future studies.

  An extensive review on observational

studies of MJO is found in Madden and

Julian (1994).

4. Recent Progresses in Propagation

Analysis

 More recently, Hendon and Salby (1994)

reexamined the propagation properties of

MJO utilizing accumulated OLR (1979-89),

ECMWF (1980-89) and NMC (1979)

analyses.  They emphasized the importance

of frictional moisture convergence in

association with the Kelvin wave response

for the eastward migration (Fig. 8).

Fig. 7: Longitude- time
section of IR TBB
observed by GMS,
indicating westward
propagating internal
structure of MJO.
Adopted from Nakazawa
(1988)

Fig. 6: Atmospheric response to the imposed
diabatic heating over the equator, represented by a
steady-state beta-plane shallow water model. Upper
panel shows the vertical velocity and the lower panel
shows the low-level pressure response, with wind
vectors.  Adopted from Gill (1980).



On the other hand, Kemball-Cook and

Weare (2001) made three-year (1988-90)

composites with infrared equvalant

blackbody temperature (Tb) obtained from

ISCCP C1 data and upper-air soudings from

CARDS stations.  They emphasized the

importance of the buildup of moist static

energy (h=CpT+gz+Lq) for eastward

migration of MJO over the warm pool region

(Fig. 9). They argued that low-level

convergence is not the dominant factor for

the moisture build-up, which is in contrary to

the indication of Hendon and Salby (1994).

We should also point out that Millif and

Madden (1994) recently rediscovered the

existence of a fast (30-40m/s) 1st baroclinic

Kelvin wave mode. This fast mode was

already suggested in the station pressure

signal in a figure of MJ72 paper (Fig.10).

Integrating above findings, Matthews (2000)

proposed two mechanisms of propagation.

One is the moist process which dominates

over the warm pool region, with surface

convergence and divergence　associated with

the Matsuno-Gill pattern, and their reverse

(Fig. 11). The other is the dry process

associated with the first baroclinic Kelvin

Fig.8: Longitude-latitude maps at lag 5 days of (a)
200hPa winds and MSU temperature (contours) and
OLR (shades), (b) 850hPa winds and divergence, and
(c) 1000hPa winds and divergence regressed onto
OLR at Eq.,85E.  Frictional convergence (c)
associated with low-level Kelvin wave response to the
east of convection center (b) is observed.  Adopted
from Hendon and Salby (1994).

Fig. 9:  Lag-height section of non-Maritime
continent station composite moist static energy
(contours) and Tb anomalies (thick line with marks).
Lower panel shows a MJO convection onset
schematic.  Solid gray vertical arrows represent the
moistening of the boundary layer by surface fluxes,
and dashed gray vertical arrows represent drying of
the boundary layer by entrainment of overlying dry
air.  The curved black line corresponds to the zero
moist static energy anomaly contour.  Adopted from
Kemball-Cook and Weare (2001).

Fig.10: Phase relations of station variables with 40-50
day periodicity, relative to Canton Island pressure field.
A broken line with open circles indicates those of
station pressure which indicates a fast (30-40 deg/day)
eastward propagating signal.  Adopted from Madden
and Julian (1972).



wave (Fig.12) recently rediscovered by Millif

and Madden (1996). However, how the

previous cycle triggers the next was not yet

clarified in their study.

Kikuchi and Takayabu (2003) focused on

the role of moisture field in recurrence

mechanism of MJO during boreal winter,

utilizing the total precipitable water (TPW)

data observed by Special Sensor Microwave

Imager (SSM/I) on board the DMSP satellite.

Figure 13 depicts the longitude-time sections

of OLR, SSM/I TPW, and geopotential at

1000hPa.  Moisture signal is found to

propagate along with the fast (30-40m/s)

Kelvin wave in the western hemisphere,

coherent with the surface geopotential and

zonal wind signals. And they suggested the

buildup of moisture on the east coast of

Africa associated with the surface anomalous

easterly is initiating the next cycle of MJO.

(Fig. 14)

Fig.11: Warm-pool mechanism.  (a) Regression
map of OLR (thick contours) at lag 0, 1000hPa
geopotential height (contours and shades), and wind
vectors.  (b) As (a) but for 1000hPa divergence.
Surface convergence to the west in response to
negative convective anomaly  (reverse to the
plotted here) will start the next cycle. Adopted from
Matthews (2000).

Fig.12: Hovmoellor diagram of mean-sea-level
pressure (shaded), and OLR (thick contours).  Fast
eastward propagation is observed after the decouple
of disturbance and convection, which connects to the
next cycle.  Adopted from Matthews (2000).

Fig.13: Longitude-time sections of composite OLR (top
left), total precipitable water TPW (top right), and 1000hPa
geopotential height.  Negative values are depicted with
broken contours. The abscissa is plotted from 180W to
180E. Coherent signal in TPW field with 1000hPa
geopotential is found both in the eastern hemisphere and
in the western hemisphere (Kikuchi and Takayabu, 2003).

Fig. 14: Composite time series of (a) TPW, and (b)
OLR (shades) and surface wind vectors, for time
category 7-10.  One category span corresponds to
about 2.5 days.  Moisture build-up associated with
an intensification of easterly winds over the Indian
Ocean is found before the onset of new convection.
(Kikuchi and Takayabu, 2003)



Some studies emphasize the role of air-sea

interactions. But It is not clear if air-sea

interaction is crucial for understanding the

propagation properties of MJO or not

(Hendon, 2000).  Zhang and McPhaden

(2000) compared their observation with

previous studies. There are still controversies

in phase relationship among variables even

in observations (Fig.15).

5. Recent studies on multi-scale

interactions of MJO

McPhaden (1999) reviewed the 1997/98

ENSO warm event with the observations

based on buoy observations of TOGA/TAO

array. It is suggested that westerly wind

bursts (WWBs) related to MJO, accelerate

the development of El Nino, through

generating oceanic Kelvin waves.

There are various studies examining the

relationship among MJO, WWB, and ENSO.

Recently, Seiki and Takayabu (2003)

identified the WWBs ECMWF analyses from

1979 to 2001.  Fig. 16 shows lag correlation

results between the occurrence frequency of

WWBs and ENSO indices (SSTA in JMA El

Nino Watch region & Nino 3). There are

statistically significant correlations between

WWBs and ENSO in the following manner.

WWBs preferentially occur around 4 months

before the El Nino peak, over the W-Pacific,

and around 1month after the peak over the

E-Pacific.  They suggested that structure

transformations from MJO to WWBs through

intensification of the Rossby wave response

occur in certain preferable environmental

conditions (Fig. 18).

Lin and Johnson,
1996
Flatau et al. , 1997
Jones and Weare,
1997

Zhang, 1996
Cronin and
McPhaden, 1998
Hendon and Salby,
1994
Shinoda et al.,
1998

Emanuel, 1987
Neelin et al., 1987

Fig. 15: Schematic representation of 3 types of MJO
models in terms of phase relation among variables.
Adopted from Zhang and McPhaden (2000).

Fig.17: Lag-correlation between 5-month running mean
WWB frequencies and 5-month running mean SST
anomalies in JMA El Nino watch region (solid line) and
Nino 3.4 (dashed line).  WWB frequencies are
counted (a) over the western Pacific (120-180E) and
(b) over the eastern Pacific (180-80W).  Adopted from
Seiki (2003)

Fig. 18: Time-longitude section of 5-day running mean
zonal wind anomalies (shades), 20-100 day band pass
filtered 200hPa velocity potential (contours) and
maximum amplitude points of WWB events (dots)
near the equator. An example of MJO-WWB relations.
Seiki (2003)



 On the other hand, Takayabu et al. (1999)

suggested that an MJO with a Kelvin-wave

structure accelerated the termination of the

1997-98 El Nino, through the easterly wind

stress on the ocean surface (Fig. 19).  It is

suggested that ENSO prepares the

environmental conditions for the structure

transformation of MJO in either direction,

intensification of Kelvin wave response or

Rossby wave response.  And the

disturbance affects the environment, in turn.

6. Future issues on MJO

 We have reviewed the observed properties

of MJO propagation, structure, and multi-

scale interactions.  Considering problems

left for future studies, we may list up the

following issues: To understand MJO’s

propagation and periodicity, the key issue

may be how cumulus convections are

triggered.  Therefore, we need fine

observations of moist processes,

understanding of boundary layer processes

and roles of shallow convection.  Besides,

roles of internal structure in MJO (Nakazawa,

1988) needs to be clarified. As for multi-scale

interactions, understanding the mechanism

of structure transformation of MJO under

certain large-scale conditions, into WWBs

(Rossby wave intensification) Kelvin wave

disturbances may be an important issue.
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