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The MJO-Kelvin wave transition

A. H. Sobel,1,2,3 D. Kim,3

As the Madden-Julian oscillation (MJO) moves eastward
from the Indian to the Pacific ocean, it typically acceler-
ates, becomes less strongly coupled to convection, and be-
comes more similar to a dry Kelvin wave. This transition
is analyzed using observations of outgoing longwave radi-
ation and ERA Interim reanalyses of surface pressure and
850 hPa zonal wind. Two individual example events as well
as composites are shown. The transitions are well defined,
with distinct disturbances on either side of the transition
whose identities as MJO or Kelvin waves are clear. In some
cases there appears to be a pre-existing Kelvin wave passing
through the MJO from the west to the east, but this feature
is not apparent in the composites. The transitions occur
at different longitudes in different events, over a wide range
from the eastern Indian to the central Pacific oceans.

1. Introduction

Early theories for the Madden-Julian oscillation (MJO)
portrayed it as an equatorial Kelvin wave whose properties
were modified by the coupling of the large-scale circulation
to deep convection [e.g., Emanuel, 1987; Wang, 1988]. More
recently, many have come to be convinced that the MJO
is fundamentally different from a Kelvin wave. One piece
of evidence for this comes from the wavenumber-frequency
analyses made popular by ?, which show that the MJO and
”convectively coupled Kelvin waves” occupy distinct parts
of the spectrum.

Fourier spectra obscure geographic variability in both the
MJO itself and the mean climate within which it exists, how-
ever. Measured by its amplitude in fields directly related
to convection — precipitation, outgoing longwave radiation
(OLR), and the like — the MJO has its largest amplitude
over the Indian and western Pacific oceans.

Over the western hemisphere — apart from the eastern
Pacific in in northern summer [??] — the MJO modulates
convection much more weakly and propagates faster than
it does over the Indian and western Pacific [????]. These
fast eastward signals have the characteristics of a Kelvin
wave radiating into the western hemisphere from MJO con-
vection in the eastern hemisphere [??]. Viewed from the
framework of dry dynamics, the dynamical response to the
MJO convection is ”forced” in the eastern hemisphere while
the radiated Kelvin wave in the western hemisphere is ”free”
[??]. With its typically large phase speed (30-40 ms

−1) and
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weak OLR signal, the free Kelvin wave appears in several
studies [???] to be coupled to convection more weakly than
the ”convectively coupled Kelvin waves” studied by many
authors [e.g.,Kiladis et al., 2009], though it is not clear that
this is always the case. For example, ? found non-negligible
OLR anomalies and phase speeds as low as 10 ms

−1 in the
Kelvin component.

We are led to the view that the MJO truly exists as a
phenomenon distinct from Kelvin waves only in a limited
region. When an MJO disturbance reaches the easternmost
limit of that range, we might say it ceases to exist as the
MJO but emits a Kelvin wave. From the literature one has
the impression that the transition occurs over the Pacific
[???].

? analyzes the composite dynamical structures of dis-
turbances over the Indian ocean (60-90E) with the spectral
properties of convectively coupled Kelvin waves as a function
of apparent phase speed. He focuses on the relationship be-
tween surface pressure and low-level zonal wind. In a Kelvin
wave westerlies are coincident with high pressure. The op-
posite is more nearly true for the MJO, and is indicative of
strong dissipation in the zonal momentum budget [?]. As the
phase speed varies, Roundy finds that the phase relationship
between wind and pressure changes in a way which is more
consistent with a continuous change in the dynamical char-
acter of individual disturbances as a function of phase speed,
as opposed to distinct Kelvin and MJO disturbances whose
representations in the population vary with phase speed.
This suggests that pure Kelvin and MJO disturbances exist
only as end members of a continuous spectrum of distur-
bances which share some characteristics of both, becoming
more Kelvin-like as phase speed increases.

On the other hand, we might consider the hypothesis
that the continuous transition in pressure-wind relation-
ships found by Roundy could be partly attributable to pure
MJO disturbances transitioning to pure Kelvin waves with
a short-lived hybrid phase in between, rather than only to
long-lived, dynamically distinct hybrid disturbances. We
find here that the transitions occur frequently over the In-
dian ocean, so that limiting the analysis to this region does
not exclude them from the analysis.

In this study we analyze the transitions of MJO distur-
bances into fast (∼ 30 ms

−1) Kelvin wave disturbances. Al-
ternatively we might describe this process as emission of
fast Kelvin waves from terminating or weakening MJO dis-
turbances. We focus on the OLR, surface pressure and low-
level wind fields. The phase relationship between the latter
is particularly useful for distinguishing MJO disturbances
from Kelvin waves. Our interest is in visualizing the spa-
tiotemporal structure of Kelvin wave emission, determining
the degree to which it is localized in both space and time,
and quantifying the frequency of its occurrence as a function
of longitude and season.

2. Data and Methods

2.1. Data

We use daily-averaged outgoing longwave radiation
(OLR) from the Advanced Very High Resolution Radiome-
ter [?] as a proxy of deep convection in the tropics. We

1



X - 2 SOBEL AND KIM: EMANATION OF KELVIN WAVES

use daily 850-hPa zonal wind and surface pressure (ps) from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) ReAnalysis-Interim [ERA-Interim; Dee et al.
2011]. Data during the period of 1979-2009 are used. The
climatological seasonal cycle was removed from all fields to
obtain daily anomalies. The resulting anomalies were then
filtered by Fourier and inverse-Fourier transforms [?] re-
taining only components that have 20-100 day periods and
eastward propagating zonal wavenumbers 1-9.

2.2. Methods

The filtered OLR and ps anomalies were used to identify
transition events. Two polarities of such events, depending
on the sign of ps anomalies, are identified separately. Here
we describe the method applied in the the case of negative
ps anomalies. The method for positive ps anomalies is iden-
tical, with signs of all fields reversed. After averaging the
ps anomalies between 15◦S and 15◦N, we find the minimum
value and the longitude where the minimum is located on
each day. Using this information, we searched for the days
that satisfy the following conditions:

1. The minimum value of the filtered OLR anomaly is
less than -20 Wm−2 from Day -2 to Day 0.

2. The distance between the longitudes of minimum OLR
and ps is less than 12.5 degrees during the period from Day
-1 to Day 0. In other words, the ps minimum is near the
OLR minimum before the emission of the Kelvin wave. This
criterion, combined with the preceding one, ensures the ex-
istence of a relatively strong MJO event.

3. The longitudinal distance between the ps minima on
Day 0 and Day +1 is greater than that between the OLR
minima during the same period plus 10 degrees. In other
words, the separation of the low pressure from the convec-
tion must occur rapidly.

4. The minimum ps is located more than 40 degrees east
of the minimum OLR on Day +5. Given the typical phase
speeds of the disturbances involved, this means we search
for events in which the minimum ps propagates eastward
with a phase speed greater than that of the OLR minimum
for at least 3-5 days.

With these criteria, there are 56 transition events for OLR
minima out of 140 MJO events (those which satisfy the first
criterion above, without necessarily satisfying any of the
others) altogether in the record, or 40%. For OLR max-
ima, there are 51 events out of 115, or 44%. The transition,
defined as above, is not a rare occurrence.

3. Results

Figs. 1 and 2 show two individual events. We denote
each event by the date at which the Kelvin wave separates
from the MJO according to the criteria given above. In Fig.
1, June 3 1982 is shown, while in Fig. 2 November 28 2009
is shown. Figs. 1a and 2a show Hovmoeller plots of surface
pressure, zonal wind at 850 hPa, and OLR. Figs. 1b and 2b
show the longitudes of local minima in OLR, ps, and zonal
wind.

In figs. 1a and 2a we can identify the active MJO phase
by the global OLR minima at each time. They move east-
ward with slow speeds typical of the MJO, a few meters per
second. Prior to day zero, the winds are westerly and pres-
sures are low within these OLR minima. In Fig. 1a, the
pressure in the OLR minimum switches from low to high
between days +5-10, while in Figs. 2a it remains low as the
slow disturbance continues further east. In both cases the
wind remains westerly within the region of lowest OLR. In
both cases, around day zero a pressure minimum separates
from the OLR minimum and moves eastward much more

rapidly. This fast-moving pressure minimum is associated
primarily with easterlies. We interpret these faster-moving
disturbances as Kelvin waves emitted by the MJO.

In both Figs. 1a and 2a, the OLR minima have adja-
cent OLR maxima indicating anomalously suppressed con-
vection. Before day 0, the OLR maxima are to the east
of the minima, while after that those OLR maxima decay
and new maxima appear to the west of the OLR minima.
Both figures also show indications of fast-moving pressure
perturbations to the west of the OLR minimum prior to day
0. These suggest that the Kelvin waves separating from the
MJO after day 0 may not have originated with the MJO,
but rather passed through it. We see below, however, that
this feature is not present in the composite anomalies con-
structed from many events.

Figs. 1b and 2b indicate the longitudes of local minima
in pressure, OLR, and zonal wind, to illustrate the behav-
ior described above in more schematic form. We see that
before day zero the OLR and pressure minima are nearly
coincident. The wind minima are roughly 30 degrees to the
east. Later, the wind and pressure minima remain closely
associated with each other but separate from the OLR min-
ima. The propagation appears to be by a combination of
periods of slow motion and fast eastward jumps. We do
not interpret this detail too literally, as the position of a
minimum can be a noisy quantity. Overall, the propagation
is eastward at an average speed on the order of 30 ms−1,
broadly similar to that found in previous studies [???].

Fig. 3a shows a composite of all 56 events defined by OLR
minima (and the other associated criteria). The longitude
of the OLR minimum is used to align the composite fields.
The primary features of the two individual events shown in
Figs. 1 and 2 are still present, but with less additional finer
structure to complicate the picture. We see the slow-moving
OLR minimum with associated westerlies and low pressure
before day 0, and the faster-moving low pressure with associ-
ated easterlies and very little OLR signal separating around
day 0. Perhaps more clearly than in the individual events,
we see the composite westerly anomaly persist in its slow
eastward motion after day 0; at this time the OLR anomaly
weakens and the pressure associated with the westerlies be-
comes small or positive. Also as in the individual events,
the OLR maxima east of the minima decay around day zero
while new maxima develop to the west around that time.

Fig. 3b shows a composite as in Fig. 3a, but based on
the 51 OLR maxima (suppressed phases of the MJO) rather
than minima. To a large extent the picture is similar to that
in Fig. 3a but with reversed polarity in all fields. The east-
erly winds near the OLR maximum in Fig. 3b are weaker
than the westerly winds near the OLR minimum in Fig. 3a,
and the OLR minimum east of the maximum before day 0
in Fig. 3b is stronger than the maximum east of the min-
imum before day 0 in Fig. 3a. Both of these differences
are consistent with a moderate degree of nonlinearity in the
MJO (when it is not defined by linear diagnostics which
insure equality of positive and negative anomalies by con-
struction), with the active phase being the stronger.

In both Figs. 3a and 3b one is hard-pressed to find indi-
cations of pre-existing fast-moving Kelvin wave signals im-
pinging on the MJO disturbance from the west prior to day
0. Any such disturbances either do not occur systematically
enough, or do not occur with consistent enough phase re-
lationships relative to the outgoing Kelvin wave to appear
in the composites. This implies that such incoming Kelvin
waves are not essential to the transition process, and that
we can view the outgoing Kelvin wave as being generated
by the MJO.
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Fig. 4a shows the distribution of longitudes at which the
separation of Kelvin and MJO anomalies occurs, by the def-
initions given above. Distributions for OLR minima and
maxima are given separately. The most separations in any
30-degree longitude band occur in the range 60-90E, over
the eastern Indian ocean. This longitude range was the fo-
cus of ?. There is a broader maximum over the Maritime
continent and western Pacific, however, which altogether ac-
counts for more total separations than occur over the Indian
ocean. There are almost none over the eastern Pacific, At-
lantic, Americas, or Africa. This is consistent with our prior
conception of the MJO’s existence as a mode distinct from
Kelvin waves only over the Indian, Maritime continent, and
western Pacific regions.

Fig. 4b shows the distribution of separations by calen-
dar month. There is a minimum in northern summer which
is consistent with the known minimum in MJO activity (as
defined by equatorially-centered diagnostics) in that period.

4. Conclusions

We have performed an analysis of the transitions of trop-
ical intraseasonal disturbances from MJO to fast Kelvin
waves. The MJO disturbances are characterized by slower
propagation, stronger OLR anomalies, and spatial coinci-
dence of surface low pressure with low-level westerly winds;
the Kelvin waves by faster propagation, weaker OLR anoma-
lies, and coincidence of surface high pressure with low-level
easterlies. We have presented two individual cases as well
as composites based on a set of subjectively defined but ob-
jectively applied criteria.

The transitions are fairly sharply defined, with distinct
disturbances on either side of the transition whose identities
as MJO or Kelvin waves are clear. The transitions occur
at different longitudes in different events, over a wide range
from the eastern Indian to the central Pacific oceans.

Our analysis was designed to find transitions between
MJO and fast Kelvin waves, and not to identify disturbances
whose characteristics are mixtures of both. Our analysis
thus does not refute the conclusion of ? that a continuous
spectrum of such hybrid disturbances exists. It does suggest,
however, that some hybrid disturbances could be transitory
disturbances undergoing a transition from essentially a pure
MJO to a pure Kelvin wave, and taking on intermediate
properties only during the transition.
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Figure 1. Longitude-time Hovmoeller plot for an MJO
event centered (day 0) on June 3 1982. In a), surface
pressure ps, zonal wind at 850 hPa, and OLR are shown.
All fields are band-pass filtered to 20-100 day frequencies
in time and eastward-progagating zonal wave numbers 1-
9 in space, and averaged over 15◦S - 15◦N. In b), lines
track the local minima in OLR (red) surface pressure
(black) and maxima in zonal wind (blue) in the fields
shown in a).

Figure 2. As in Fig. 1, but for an event centered on November 28, 2009.
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Figure 3. As in Figs. 1a and 2a, but for compos-
ite events, constructed according to criteria described in
the text: a) for composite events centered on anoma-
lously low OLR (active MJO phases), and b) centered on
anomalously high OLR (suppressed MJO phases). Lon-
gitude on the x-axis is not absolute as in Figs. 1 and 2,
but relative to the longitude of the ps minimum (a) or
maximum (b) on day 0.

Figure 4. Histograms showing the longitude (a) and
calendar month (b) at which the MJO-Kelvin wave tran-
sition occurs, according to criteria given in the text. Blue
and red bars show results for OLR minima and maxima
respectively.


