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Abstract

The Madden–Julian Oscillation (MJO) is characterized by slowly

eastward-propagating precipitation and circulation anomalies with time scales

of about 30–80 days. Both the phase and amplitude of the MJO fluctuate with

time as it propagates eastward. Despite recent progress in understanding the pre-

dictability limit of the MJO as a whole, little is known of the difference in the

predictability limits of its amplitude and phase. This paper investigates these dif-

ferences using the nonlinear local Lyapunov exponent approach, which provides

an estimate of atmospheric predictability based on observational data. The pre-

dictability limit of the phase of the MJO is determined as ~32 days, which is

higher than that of its amplitude (about 16 days). In state-of-the-art operational

forecast models, the phase of the MJO is also found to have a much better fore-

cast skill than does its amplitude. The relatively low limit of the predictability of

the amplitude will pose a challenge to MJO prediction.
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1 | INTRODUCTION

The Madden–Julian Oscillation (MJO) is the dominant
component of intraseasonal (30–90 days) variability in
the tropical atmosphere (Madden and Julian, 1994). The
MJO has been shown to exert a large impact on many
tropical weather and climate systems. For example, it can
influence the variability of rainfall of the monsoon
regions of Asia (Lau and Chan, 1986; Lawrence and
Webster, 2002), Australia (Hendon and Liebmann, 1990),

the west coast of North America (Mo and Higgins, 1998;
Bond and Vecchi, 2003), and Africa (Matthews, 2004). It
modulates the genesis of tropical cyclones in the Pacific
Ocean and the Caribbean (Liebmann et al., 1994; Nieto
Ferreira et al., 1996; Maloney and Hartmann, 2000;
Hall et al., 2001; Higgins and Shi, 2001), and affects equa-
torial surface winds in the Atlantic Ocean (Foltz and
McPhaden, 2004). It also influences the variability and
predictability of extratropical circulation (Ferranti et al.,
1990; Higgins and Mo, 1997; Jones et al., 2004). Given the
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importance of the MJO in its effects on the tropical and
extratropical weather and climate systems, the predictability
of the MJO is of particular interest as it could be used as a
guide for future improvements in MJO prediction.

Numerous studies have examined the predictability limit
or the forecast skill of tropical intraseasonal variability. For
example, Reichler and Roads (2005) demonstrated that the
useful forecast skill of the MJO for a perfect model and per-
fect initial and boundary conditions is about 4 weeks. Neena
et al. (2014) reported that the predictability of the MJO in
most of the models ranges from 20 to 45 days. In addition,
several recent studies have demonstrated that the useful pre-
dictive skill of the MJO can reach 5 weeks (Vitart, 2017;
Kim et al., 2018; Lim et al., 2018). These studies are mainly
based on numerical models, and their results may be
model-dependent. In recent years, the predictability of the
MJO obtained by some nonlinear approaches is comparable
with the skill demonstrated by dynamical multimodel
ensembles (Kondrashov et al., 2013; Zhang et al., 2013;
Chen et al., 2014). Ding et al. (2010) employed a new
approach called the nonlinear local Lyapunov exponent
(NLLE) to investigate the predictability of the MJO using
observational data, and they found the predictability limit of
the MJO to be ~5 weeks, which is close to the useful forecast
skill of the MJO derived from current operational forecast-
ing systems.

The studies mentioned above focus on the predict-
ability limit of the MJO as a whole. Given that both
the amplitude and phase of the MJO are time-varying
as the MJO propagates (Straub, 2013), it is quite possi-
ble that the predictability limits of the amplitude and
phase of the MJO are different. However, to date, little
is known of the difference in their predictability limits.
In the present study, we focus our efforts on investigat-
ing the difference in the predictability limits of the
amplitude and phase of the MJO by applying the NLLE
method to observational data.

2 | DATA AND METHODOLOGY

2.1 | Observational and forecast data

We use the observed daily outgoing longwave radiation
(OLR) data from the National Oceanic and Atmospheric
Administration (NOAA). Because continuous OLR
records are available from January 1, 1979 to the present,
we use the continuous 1979–2017 time series in the
global tropical strip (25�S–25�N). To corroborate results
obtained from the OLR data, a similar record of daily
850-hPa and 200-hPa winds from the National Centers
for Environmental Prediction–National Center for Atmo-
spheric Research reanalysis (Kalnay et al., 1996) is also

employed. Additionally, the top net thermal radiation
data (equal to the negative of OLR), 850-hpa zonal
wind data and 200-hpa winds data with same record
from the ECMWF (European Centre for Medium-
Range Weather Forecasts) Interim Reanalysis (ERA-
Interim) (Dee et al., 2011) is used for this analysis to
ensure that conclusions are independent on different
dataset. All these data are analyzed on a 2.5� × 2.5�

latitude–longitude grid.
For the purpose of real-time monitoring and prediction

of the MJO (Wheeler and Hendon, Wheeler and Hendon,
2004) introduced the real-time multivariate MJO (RMM)
index without time filtering. We also use the operational
forecasts of the RMM index from the National Climate Cen-
ter, China Meteorological Administration (NCC/CMA) to
further explore the results of the operational forecasts of the
MJO. The forecast RMM index is obtained from the Atmo-
spheric General Circulation Model (AGCM2.2) developed at
the NCC/CMA. The AGCM2.2 is a second-generation global
spectral model, which has good simulation and forecasting
capabilities for the MJO (Zhao et al., 2014; Zhao et al., 2015;
Wu et al., 2016; Fang et al., 2017). We analyzed forecast
RMM index data from the NCC/CMA AGCM2.2 for four
extended boreal winter [November–March (NDJFM)]
(2015–2018).

2.2 | NLLE method

In the present study, the NLLE method is used to sepa-
rately investigate the predictability limits of the ampli-
tude and phase of the MJO. The NLLE is a nonlinear
extension of the traditional Lyapunov exponent concept
(Ding and Li, 2007). It can be employed to quantitatively
estimate the predictability limit of various atmospheric
and oceanic variables at different timescales by examin-
ing the evolution of the distance between initially local
dynamical analogs (LDAs) from the observational time
series (Ding and Li, 2011). Because the observational
data contain a large proportion of the real information
regarding the structure and propagation characteristics
of the MJO, the NLLE method may provide a realistic
estimate of the MJO predictability that does not depend
on models (Ding et al., 2010; Ding and Li, 2011). For a
more detailed introduction to the NLLE method, please
see the Supporting Information.

2.3 | Estimating the predictability limit
of the MJO

To obtain the intraseasonal signal, the seasonal cycle of
daily OLR, 850-hPa winds and 200-hPa velocity potential
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derived from 200-hPa winds is first removed by sub-
tracting the time mean and the first three harmonics
of the annual cycle, leaving the anomaly field, which
is then bandpass filtered to retain periods in the
range 30–80 days. To extract the dominant MJO signal
from the extended boreal winter (November–March;
NDJFM) over the tropics (25�S–25�N), an empirical
orthogonal function (EOF) analysis is performed on
the bandpass-filtered OLR, 850-hPa winds and
200-hPa velocity potential.

The spatial structures of the leading two EOFs (EOF1
and EOF2) of the bandpass-filtered OLR, 850-hPa u-wind
and 200-hPa velocity potential provide a good indication
of large-scale MJO convection and circulation characteris-
tics. The PC time series (PC1 and PC2) associated with
EOF1 and EOF2 show the time-varying amplitude of the
EOF spatial structures. Following Ding et al. (2010) and
Ding and Li (2011), the MJO activity can be represented
by the vector Z in the two-dimensional phase space
defined by PC1 and PC2:

FIGURE 1 EOF analysis of 30–80-day-filtered OLR (W m−2) during the extended winter (NDJFM) over the tropics (25�S–25�N).
(a) EOF1, (b) EOF2. (c) PC1 (solid red line) and PC2 (dotted blue line) from October 1, 1987 to February 29, 1988. (d) Phase (solid red line;

scale on left-hand axis) and amplitude (dotted blue line; scale on right-hand axis) of the vector Z from October 1, 1987 to February 29, 1988.

(e) Z plotted from November 1, 1987 to March 31, 1988 in phase space
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Z tð Þ= PC1 tð Þ,PC2 tð Þf g ð1Þ

The eastward propagation of the MJO manifests itself
as an anticlockwise rotation of the vector Z with time
about the origin in phase space (Matthews, 2000). The
mean error growth of the vector Z with time can be
obtained using the NLLE approach. Once the error growth
reaches the saturation level, almost all information on the
initial states is lost and the prediction becomes meaning-
less. Therefore, the predictability limit can be quantita-
tively determined according to the saturation value of the

error. To reduce the effects of sampling fluctuations, the
predictability limit here is defined as the time at which the
error reaches 95% of its saturation level.

To investigate the difference in the predictability
limits of the amplitude and phase of the MJO, the time
series of the amplitude A and phase α can be derived
from PC1 and PC2 (Matthews, 2000):

A tð Þ= PC12 tð Þ+PC22 tð Þ� �1=2 ð2Þ

α tð Þ= tan−1 PC2 tð Þ=PC1 tð Þf g ð3Þ

FIGURE 2 (a) Mean error growth of the vector Z in the two-dimensional phase space defined by the first two PCs of the filtered OLR

during the extended winter (NDJFM), where Z represents the MJO activity. (b) As in (a), but the vector Z is defined with respect to the

filtered 850-hPa zonal wind. (c) as in (a), but the vector Z is defined with respect to the filtered 200-hPa velocity potential. (d) As in (a), but

the vector Z is defined by the pentad-mean RMM data. The dashed line represents the 95% level of the saturation value, as obtained by

taking the average of the mean error growth after 50 days. The �Θ denotes the mean error of the vector
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FIGURE 3 As in Figure 2, but the

amplitude (left panels) and phase (right

panels) of the MJO, as represented by Z, are
shown separately. Z is defined in (a, b) by

OLR, (c, d) by 850-hPa zonal wind, (e, f) by

200-hPa velocity potential, and (g, h) by

RMM index
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Based on the time series of A and α, we quantitatively
determine the predictability limits of the amplitude and
phase of the MJO using the NLLE method.

3 | RESULTS

The spatial structures of EOF1 and EOF2 of the filtered
OLR are shown in Figure 1a,b, respectively. EOF1 is spa-
tially in quadrature with EOF2, and together they
describe the large-scale propagating convective anomalies
associated with the MJO. The PC time series associated
with EOF1 and EOF2 are shown in Figure 1c, character-
ized by PC1 leading PC2 by about a quarter cycle. These
features are consistent with the eastward propagation of
the MJO.

Using the NLLE method, we compute the mean error
growth of the vector Z, which consists of PC1 and PC2.
We note that the mean error of Z initially increases
quickly, then slows down, and finally reaches saturation
(Figure 2a). Ding et al. (2010) pointed out that in the ini-
tial 2 weeks, the initial conditions may play an important
role in determining the initial error growth of the MJO,
but after ~2 weeks the error growth may be more
strongly influenced by the slowly varying boundary con-
ditions, such as the sea surface temperature (SST). From
Figure 2a, the predictability limit of the MJO determined
from the filtered OLR data is ~35 days. These results are

generally consistent with Ding et al. (2010) and Ding and
Li (2011).

Based on Equations (2) and (3), the time series of
A and α of the MJO can be obtained from PC1 and PC2.
It is evident that the amplitude A fluctuates more rapidly
than the phase α (Figure 1d). The eastward propagation
of the MJO is generally associated with an increase in the
phase α and an irregular fluctuation of the amplitude
A with time (Figure 1e). By applying the NLLE method
to the time series of A and α, we can obtain their mean
error growth curves (Figure 3a,b). We note that the mean
errors of both the amplitude A and phase α initially
increase quickly over 2 weeks. Subsequently, the error of
A quickly reaches saturation, whereas α experiences a
slow growth before saturation. According to the 95%
threshold of the error saturation level, we determined the
predictability limits of the amplitude A and phase α of
the MJO to be around 16 and 32 days, respectively. This
predictability limit of the phase α is higher than that of
the amplitude A, and is close to the predictability limit of
the MJO itself.

We further used the filtered 850-hPa zonal wind and
200-hPa velocity potential to compare the predictability
limits of the amplitude A and phase α of the MJO.
We performed EOF analysis of the filtered 850-hPa
zonal wind or 200-hPa velocity potential over the tropics
(25�S–25�N) in the same way to extract the large-scale
circulation characteristics associated with the MJO

FIGURE 4 The predictability limits of the vector

Z together with its amplitude and phase based on two

different reanalysis datasets (from NCEP and ERA-interim).

Three kinds of bandpass-filtered variables are analyzed;

from left to right: outgoing longwave radiation (or top net

thermal radiation), 850-hPa zonal wind, and 200-hPa velocity

potential

FIGURE 5 Mean relative errors (RE) of the MJO amplitude

(solid blue line) and phase (dotted red line) based on data from the

atmospheric general circulation model of NCC (BCC_AGCM2.2)

6 of 10 LU ET AL.



(not shown). The PC time series associated with EOF1
and EOF2 of the filtered 850-hPa zonal wind and
200-hPa velocity potential can be obtained. Then the time
series of A and α of the MJO can be derived from these
PC time series based on Equations (2) and (3). As for the
OLR, the amplitude A fluctuates more rapidly than the
phase α for both the 850-hPa zonal wind and 200-hPa
velocity potential.

The mean error growth curves of the MJO, its ampli-
tude A and phase α for the 850-hPa zonal wind and
200-hPa velocity potential are shown in Figures 2 and 3,
respectively. The error curves of the 850-hPa zonal wind
and 200-hPa velocity potential have similar characteris-
tics to those of the OLR. The predictability limits of the

MJO determined from the 850-hPa zonal wind and
200-hPa velocity potential are close (~35 days). The pre-
dictability limits of the phase α determined from the
850-hPa zonal wind and 200-hPa velocity potential are
32 and 31 days, respectively, both of which are higher
than the limits of the amplitude A (14 and 25 days,
respectively).

The predictability limits of the MJO as well as its
amplitude A and phase α presented above are derived
from bandpass-filtered variables. The use of temporal
filtering tends to overestimate the predictability of the
MJO because this filtering includes future information
(Ding et al., 2010). It is therefore interesting to examine
the predictability limits of the amplitude and phase of the

FIGURE 6 Mean error growth of the phase (left panels) and amplitude (right panels) of the strong MJO event (up panels) and weak

MJO event (down panels). Strong MJO events were defined as those with amplitude greater than or equal to 1.0, and weak MJO events were

defined as those with amplitude less than 1.0
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MJO using the RMM indices that do not employ tempo-
ral filtering. The predictability limit of the MJO based on
the pentad RMM indices is ~25 days (Figure 2d), which is
lower than the predictability limit of ~5 weeks based on
bandpass-filtered variables obtained above. This differ-
ence may reflect the influence of temporal filtering on
the predictability of the MJO (Ding et al., 2010). For
RMM indices, the phase of the MJO still shows a higher
predictability limit than does its amplitude (25 days ver-
sus 12 days) (Figure 3g,h), consistent with the predict-
ability obtained from bandpass-filtered OLR, the 850-hPa
zonal wind, or the 200-hPa velocity potential.

The predictability limits of the MJO as well as its ampli-
tude A and phase α determined from different variables

and different reanalysis datasets are summarized in
Figure 4. Regardless of the variables and reanalysis datasets
used, the predictability limit of the phase of the MJO is
higher than that of its amplitude. This suggests that the
amplitude of the MJO is less predictable than its phase. The
relatively low limit of the predictability of the amplitude
will pose a challenge for MJO prediction. In addition, we
note that the predictability limit of the phase of the MJO is
close to that of the MJO itself, indicating that the predict-
ability of the MJO may mainly arise from that of its phase.

The results presented above compare the predictabil-
ity limits of the amplitude and phase of the MJO based
on observational data. The question naturally arises as to
whether the forecast skill of the phase of the MJO is

FIGURE 7 Mean error growth of the vector Z based on different bandpass-filtered (20–100 days) variables: (a) outgoing longwave

radiation, (b) 850-hPa zonal wind, and (c) 200-hPa velocity potential. (d) The predictability limits of the vector Z calculated from bandpass

filtering in two different bands: 30–80 days (red bar) and 20–100 days (blue bar)
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higher than that of its amplitude in current operational
forecasts. The MJO operational forecasts for the most
recent four-extended-winter (2015–2018) from the
NCC/CMA were analyzed (as in Figure 5). Results indi-
cate that the error of the phase shows slower growth than
that of the amplitude. The amplitude error reaches the
first peak ~10 days, whereas the phase error does not
reach the peak until 20 days later. These results suggest
that the phase has a much better forecast skill than the
amplitude in state-of-the-art operational forecasts of
the MJO, consistent with the observational results. In
addition, we note that the forecast skills of both the
MJO phase and amplitude in the operational forecast
models from the NCC/CMA are below their predict-
ability limits. This implies that a significant increase in
the forecast skill of the MJO amplitude and phase may
be achievable through model improvements. These
results may be a useful guide for the improvement of
forecast models.

4 | CONCLUSIONS AND
DISCUSSION

Using the NLLE method, this study investigated differ-
ences in the predictability limits of the amplitude and
phase of the MJO derived from the observed bandpass-
filtered (30–80 days) OLR, 850-hPa u-wind, and 200-hPa
velocity potential. Two different reanalysis date sets were
used in this study: the NCEP and ERA-Interim. Similar
results were obtained for these different variables and dif-
ferent reanalysis datasets. The predictability limit of the
phase of the MJO is ~32 days, close to that of the MJO
itself but higher than the predictability limit of the ampli-
tude of the MJO (~16 days). The relatively low predict-
ability limit of the amplitude may arise from the rapid
fluctuation of the amplitude itself. In contrast, the phase
of the MJO fluctuates more slowly, possibly leading to a
higher predictability limit. Our investigation of the MJO
operational forecasts from the NCC/CMA has revealed
that the phase has a much better forecast skill than the
amplitude. The limited forecast skill for amplitude in
state-of-the-art operational forecast models will pose a
challenge for MJO prediction.

The above findings lead us to conclude that the pre-
dictability limit of the phase of the MJO is higher than
that of its amplitude. However, considering that the pre-
dictability of strong and weak MJO events are quite dif-
ferent (Neena et al., 2014; Kim et al., 2018), we also
analyzed the predictability limits of the amplitude and
phase of the MJO for strong and weak MJO events,
respectively (Figure 6). The result shows that the predict-
ability limit of the phase is higher than that of the

amplitude for both strong and weak MJO events. In addi-
tion, considering that bandpass filtering with different
bands could affect the predictability estimate (Ding et al.,
2016), we also performed a similar analysis by applying
the 20–100 days bandpass filtering instead of by applying
the 30–80 days filtering (Figure 7). We found that the dif-
ference of the predictability limit of the MJO between
two different bands is small by using NLLE approach.
This result suggests that our conclusion is not sensitive to
the choice of the bandpass filtering.
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