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Abstract

The interdecadal variability of intensity of the Madden–Julian oscillation

(MJO) during boreal winter was investigated based on two reanalysis datasets

(NOAA 20CR and ERA-20C). Both the reanalysis datasets reveal statistically

significant power spectrum peaks at 12–20-year periods. A composite analysis

shows that during the active interdecadal phase, eastward propagating MJO

activity was strengthened over the equatorial warm pool expanded from the

Indian Ocean (IO) to the western Pacific (WP). The cause of the enhanced

MJO variability was attributed to the interdecadal change of background mean

precipitation in situ. A further diagnosis shows that the increase of the back-

ground precipitation over the Maritime Continent and the WP was attributed

to interdecadal warm sea surface temperature (SST) anomalies in situ, whereas

the increase of the precipitation over the IO resulted from the local convective

instability due to the increase of wind induced surface evaporation and mois-

ture. The strengthened background precipitation impacted the MJO strength

through the increase of the interdecadal background moisture in the lower

and middle troposphere induced by anomalous vertical moisture advection.
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1 | INTRODUCTION

The Madden–Julian oscillation (MJO) is the most promi-
nent intraseasonal mode in the Tropics. It was first dis-
covered by Madden and Julian (1971; 1972). The MJO is
characterized by eastward propagating large-scale

convective anomalies with maximum amplitude being
confined near the equator (Lau and Chan, 1986). It has a
horizontal pattern of a Kelvin–Rossby wave couplet
(Wang and Rui, 1990; Li and Wang, 1994; Salby et al.,
1994; Wang and Li, 1994) and a westward tilting vertical
structure (Sperber, 2003; Wang et al., 2017). The MJO
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exhibits wide spectrum peaks with a typical period at
20–100 days (Li and Hsu, 2017) and a planetary zonal
scale. The former is closely linked to slow eastward phase
propagation (Lau and Peng, 1987; Wang and Li, 1994; Li
and Hu, 2019), whereas the latter is possibly attributed to
a nonlinear positive-only heating (Li and Zhou, 2009) or
a cloud-radiative feedback (Adames et al., 2017). The
MJO is often initiated from the tropical western Indian
Ocean (IO) (Zhao et al., 2013) and dissipated over the
cool waters of the central Pacific (CP) (Zhang, 2005).

As it propagates eastward from IO to the western
Pacific (WP), MJO exerts a large-scale control on higher-
frequency variability including synoptic wave trains, tropi-
cal cyclone activities and the diurnal cycle of precipitation
over land (e.g., Lau and Lau, 1990; Maloney and
Dickinson, 2003; Fu et al., 2007; Zhou and Li, 2010; Hsu
et al., 2011). Given that MJO could exert a remote impact
on global circulation (e.g., Hong and Li, 2009; Dole et al.,
2014), it is important to understand MJO intensity change
in order to improve the subseasonal (2–6 week) predictabil-
ity of the Earth climate system (Waliser et al., 2003).

The intensity of MJO displays a strong seasonality
(Madden, 1986; Wang and Rui, 1990; Zhang and Dong,
2004), an interannual variability (Salby et al., 1994; Slingo
et al., 1999; Kessler, 2001; Chen et al., 2016; Deng and Li,
2016; Deng et al., 2016; Yoo and Son, 2016) and a trend
(e.g., Slingo et al., 1999; Zveryaev, 2002; Jones and
Carvalho, 2006; Tao et al., 2015; Wang et al., 2020). For
example, while the MJO is dominated by eastward propa-
gation in boreal winter, the boreal summer intraseasonal
oscillation exhibits pronounced northward propagation
(Jiang et al., 2004). The eastward propagating MJO tends
to be strengthened (weakened) in the central equatorial
Pacific during El Niño (La Niña) (Hendon et al., 1999;
Kessler, 2001; Teng and Wang, 2003; Zhang, 2005). The
modulation of the MJO by the interannual variability is
primarily through the change of the background mois-
ture and vertical shear (Deng et al., 2016; Deng and Li,
2016). Slingo et al. (1999) and Jones and Carvalho (2006)
found that MJO appeared more active after 1976. Using
century-long reanalysis datasets, Wang et al. (2020) noted
that the boreal winter MJO intensity increases at a much
greater rate than the boreal summer counterpart.

Until now, owing to limited length of the observa-
tional data, the interdecadal change of the MJO intensity
with the centennial data has not been studied yet. Only
Suhas and Goswami (2010) detected the multidecadal
variability of MJO intensity at a roughly �30-year period-
icity with NCEP-NCAR and ERA40 reanalysis data from
1948 to 2006. The relatively short period datasets is often
mixed up with the change associated with natural inter-
decadal modes. It is not clear whether or not the MJO

intensity has a significant interdecadal change. If a signif-
icant interdecadal change does exist, what is the physical
mechanism responsible for the interdecadal change. The
objective of the current study is to address the questions
above. The remainder of this paper is organized as fol-
lows. In section 2, two century-long reanalysis datasets
and the definition of the MJO intensity are introduced. In
section 3, the interdecadal variability of the MJO inten-
sity is examined. In section 4, we further examine how
the interdecadal background mean state impacts the
MJO intensity. Finally, a conclusion and discussion are
given in the last section.

2 | DATA AND METHOD

2.1 | Data

Two century-long reanalysis datasets were used to inves-
tigate the interdecadal variability of the MJO intensity.
The first one is the Twentieth Century Reanalysis Project
(hereafter 20CR; Compo et al., 2011) from the National
Oceanic and Atmospheric Administration (NOAA). We
cover a 138-year period (from 1871 to 2008). This
reanalysis dataset assimilated surface observations with
56 members. Here the ensemble mean of the 56 members
is used. The other one is the European Center for
Medium-Range Weather Forecasts (ECMWF) atmo-
spheric reanalysis dataset (hereafter ERA-20C; Poli et al.,
2016). It covers a 111-year period (from 1900 to 2010).
Compared to 20CR, ERA-20C provided a single member
product.

Daily outgoing long-wave radiation (OLR), precipita-
tion (precipitation rate from NOAA 20th Century, trans-
formed to precipitation in following analysis), zonal,
meridional and vertical wind, specific humidity, tempera-
ture, geopotential height and surface latent heat flux
from both the reanalysis datasets were used to calculate
the MJO intensity and the interdecadal background mean
states. The horizontal resolution of these variables is
2�× 2�. In addition, monthly sea surface temperature
(SST) field from the Hadley Center Sea Ice and Surface
Temperature dataset version 1 (HadISST1; Rayner et al.,
2003) from 1871 to 2008 with resolution of 1� × 1� was
also used.

A caution is needed in terms of the quality of the
reanalysis data because of limited observations in earlier
20th century. Different from shorter-period reanalysis
products such as ERA-I and NCEP II reanalysis datasets,
only surface observations were assimilated into the
assimilation system in 20CR and ERA-20C. Nevertheless,
the MJO structure and evolution derived from the 20CR
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and ERA-20C datasets appear reasonably well (Cui
et al., 2020).

2.2 | Definition of the MJO intensity

The daily amplitude of the MJO is defined based on a Real-
time MJO Multi-variate (RMM) index developed by Wheeler
and Hendon (2004). It is the square root of the sum of two
RMM indices squared (RMM=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RMM12 +RMM22
p

). The
RMM indices combine the effects of the equatorial zonal
winds and convection. Detailed procedures are as follows.
A 20–100-day (Russell, 2006) band-pass filter was first
applied to the 200 hPa, 850 hPa zonal winds and OLR
anomaly fields with the climatological annual cycle and
the linear trend removed. Next a multivariable EOF
(empirical orthogonal function) analysis with the tropical
average (15�S–15�N) was performed, to obtain two lead-
ing EOF patterns and their associated normalized princi-
pal components (RMM1 and RMM2). The calculated
daily MJO intensity was then averaged over the boreal
winter season (December–January–February) to repre-
sent the overall MJO intensity at a particular year. The
yearly MJO intensity time series from the two reanalysis
datasets were then subject to a 9-year low-pass filter to
illustrate the interdecadal MJO variability (IMV). Hereaf-
ter we refer the IMV time series from 20CR and ERA-
20C as IMV_20CR and IMV_ERA, respectively.

3 | INTERDECADAL VARIABILITY
OF THE MJO INTENSITY

Figure 1a displays the normalized time series of the IMV
indices based on the 20CR and ERA-20C datasets. Note
that the two indices illustrate high similarity with the cor-
relation coefficient .81 in detecting the active and inactive
phases and amplitude of the IMV. For instance, they expe-
rienced relatively weak amplitude from 1910s to 1950s,
two active phases around 1960 and 1990, and two inactive

phases around 1950 and 1980, analogous to Suhas and
Goswami (2010, fig. 6a). The similar temporal evolution
feature revealed from the two different reanalysis products
adds confidence for further investigation.

3.1 | Dominant periodicity of the IMV

A power spectrum analysis to the two time-series indices
was conducted to reveal the dominant periodicity of the
interdecadal MJO variation. The statistical significance of
the power spectrum was tested by comparing the power
spectral variance of the time series with that of the back-
ground red noise at the significance level of .05. Figure
1b shows that both the power spectra (thick curve) have
a statistically significant (p < .05) peak at 12–20 years.
The amplitude of the power spectrum obtained based on
20CR is stronger than that derived based on ERA-20C.
Nevertheless, both the datasets contain the statistically
significant interdecadal variability of the MJO intensity.

3.2 | Relationship with Pacific and
Atlantic interdecadal modes

An interesting question is whether or not the inter-
decadal variability of the MJO intensity is closely related
to natural interdecadal modes such as the Interdecadal
Pacific Oscillation (IPO) and the Atlantic Multi-decadal
Oscillation (AMO) and other well-known modes, such as
El Niño–Southern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO) and Pacific Meridional Mode (PMM).
An EOF analysis of 8-year low-pass filtered monthly
global SST anomaly field was conducted to obtain three
principal components. Whereas the first mode represents
a clear global warming trend, the second and third modes
represent the IPO and AMO, respectively. The EOF anal-
ysis was also applied to the DJF SST anomaly over North
Pacific (125�E–100�W, 20�N–65�N) to get the first mode
as PDO. The ENSO and PMM are, respectively, obtained

(a) (b)FIGURE 1 (a) Time series

of the normalized 9-year low-

pass filtered IMV_20CR (blue)

and IMV_ERA (red) indices.

(b) Power spectra of the two

IMV indices (solid lines) and the

95% confidence level (dash

lines). The gray shading

represents significant spectrum

peaks (unit: year)
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from the first and second mode of singular value decom-
position (SVD) with DJF SST anomaly and low-level
wind vectors over the region (120�E–80�W, 32�N–21�S).
The SST anomaly is defined as deviations from the
monthly climatology and trend. The EOF figures are all
not shown.

Table 1 lists the correlation coefficients between two
IMV indices and climate modes with the reduced degrees
of freedom displayed in the bracket. Whereas a weak pos-
itive (negative) correlation was found for both the
reanalysis datasets, the correlation is statistically insignif-
icant, being far less than 95% confidence level. The
method used for estimating the effective sample size is
based on the cross-correlation (Davis, 1976; Chen, 1982).
The result suggests that the interdecadal variability of the
MJO intensity is independent from the well-known cli-
mate modes, consistent with the conclusion from Suhas
and Goswami (2010).

3.3 | MJO characteristics during the
active and inactive phases

To illustrate the spatial distribution and propagation
characteristics of the MJO during the active and inactive
phases of the IMV, we conducted a composite analysis.
An active (inactive) MJO year was selected based on the
threshold of 0.5 (−0.5) SD of the normalized IMV indices.

The IMV indice is derived based on the RMM index,
which denoting the eastward propagating intraseasonal
components. So the Wheeler–Kiladis space–time spectra
(Wheeler and Kiladis, 1999) covering the period of
20–100 days and zonal wavenumber 1–3 was used to
extract eastward propagating MJO signals. Figure 2
shows the horizontal patterns of standard deviation of
space–time filtered OLR anomalies during the active and
inactive phases and the difference. Both the datasets
show strong MJO variabilities over the Indo-Pacific warm
pool region, regardless of the interdecadal phases. The
result is consistent with the observations (Wang and Rui,
1990; Zhang, 2005). The difference maps (Figure 2c,f)
show clearly that the MJO activity is stronger over the
equatorially IO, the Maritime Continent (MC) and the
equatorial WP during the active phase than during the
inactive phase.

The MJO propagation feature was also examined.
Figure 3 shows the lagged time-longitude sections of the
space–time filtered OLR anomalies averaged over 15�S–
15�N regressed onto a reference OLR time series over the
equatorial IO and western MC (90�E–120�E, 15�S–5�S).
There are pronounced eastward phase propagation

TABLE 1 Correlation coefficients between the IMV indices

and other modes

IMV_NOAA IMV_ERA

IPO 0.19 (36) 0.13 (41)

AMO −0.12 (46) −0.15 (43)

PDO 0.12 (52) 0.11 (37)

PMM 0.03 (44) 0.09 (47)

Niño3.4 0.02 (92) 0.05 (72)

Note: The value in bracket represents the effective sample size for
significance test.

FIGURE 2 Horizontal distributions of standard deviation of space–time filtered OLR anomalies (W�m−2) during the active (top) and

inactive (middle) phases derived from 20CR and ERA-20C. The bottom panels show the difference pattern (active minus inactive, areas

passing 95% significance level with t test are dotted)
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FIGURE 3 Lagged time–longitude sections (a–f) of anomalous OLR (W�m−2) field averaged over 15�S–15�N regressed onto space–time

filtered OLR time series over (15�S–5�S, 90�E–120�E) and (g–l) wavenumber–frequency spectra of space–time filtered OLR during the active

(a, d, g, j) and inactive (b, e, h, k) phases and (c, f, i, l) their difference (active minus inactive). The top and third panels are based on the

IMV_20CR index and the second and bottom panels are based on the IMV_ERA index. The dots (hatches) denote areas exceeding 95% (90%)

confidence level with t test
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during both phases. The difference maps illustrate that
the amplitude of the eastward propagating MJOs is stron-
ger during the active phase, whereas the eastward phase
speed appears similar during the two phases. The
wavenumber–frequency spectra of the filtered OLR
shown in Figure 3 can also support it. The power spec-
trum intensity differs significantly, but the frequency and
wavenumber, on the other hand, have little change. This
indicates that the difference of the MJO between the two
interdecadal phases lies primarily in MJO intensity, not
in phase propagation.

4 | CAUSE OF THE IMV

To understand the cause of the interdecadal variability of
the MJO intensity, we examine the difference of the
interdecadal background mean state. Due to the similar
interdecadal mean state patterns from the NOAA and
ERA reanalysis datasets, hereafter only the ensemble
average fields with these two datasets are shown. Because
of a near mirror-image mean state pattern between the
active and inactive phase composite, only the differences
maps between the active and inactive phases are pres-
ented hereafter.

Figure 4 shows the difference maps of the background
mean precipitation, SST and 850-hPa wind fields.
Enhanced precipitation centers appear over the equato-
rial zone (i.e., the rectangle box in Figure 4a), ranged
from the equatorial IO to the WP. The enhanced mean
convective region overlaps the strengthened MJO vari-
ability region shown in Figure 2c,f, implying the possible
role of the interdecadal mean state change on the MJO
strength.

Physically, one may argue that the strengthened pre-
cipitation may increase the background mean moisture

in situ through vertical moisture advection. As the mean
moisture decreases exponentially with height, ascending
motion may lead to the increase of column water vapor
through vertical moisture transport. The increase of the
background moisture provides a more favorable condi-
tion for the development of the MJO (Hendon and
Liebmann, 1994; Deng et al., 2016; Deng and Li, 2016).

The interdecadal change of the mean precipitation is
closely associated with the change of the background
mean SST and low-level wind fields. A warm SST anom-
aly (SSTA) appears in the equatorial CP. In response to
the SSTA forcing, a large-scale low-level cyclonic wind
pattern appears to the northwest of the warm SSTA, as a
Rossby wave response to the anomalous heat source
(Gill, 1980). At the equatorial WP there is pronounced
anomalous westerly. The westerly tends to transport high
mean moisture eastward, strengthening the precipitation
in the WP.

It is worth mentioning that the maximum precipita-
tion center at the equator appears slightly west of the
maximum SSTA center. This is attributed to the com-
bined effect of the mean and anomalous SST fields. While
the SSTA center is located east of the dateline, the mean
SST maximum is located over the WP, decaying rapidly
toward the east. As a result, the total SST (i.e., the sum of
the mean and anomalous SST) is largest west of the date-
line. It is the total SST what determines the center of the
precipitation anomaly. This scenario is in a way similar
to El Niño, that is, when a maximum SSTA center associ-
ated with El Niño is located in the equatorial eastern
Pacific (EP), the associated precipitation center is located
in the CP (Li, 1997; Li et al., 2003).

Another significant warm SSTA center appears in the
MC. While the amplitude of this SSTA is slightly weaker
than that over the CP, its impact on local precipitation is
not necessarily weak, due to the high mean SST effect.

FIGURE 4 Differences of

(a) the background mean

precipitation (unit: mm�day−1)
and (b) the background mean

SST (unit: K) and 850 hPa wind

(gray vector; unit: m�s−1) fields
between the active and inactive

phases of the IMV indices. The

dots (hatches) denote 95% (90%)

confidence level with t test
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An interesting question is what causes anomalous pre-
cipitation over the equatorial central IO, as local SSTA sig-
nal is unclear. We speculate that it is caused by local
convective instability due to the increase of near surface
moisture induced by enhanced surface evaporation. As we
know, the mean wind over the equatorial IO is westerly.
The enhanced convection over the MC causes a strength-
ened Walker Circulation over the IO. As a result, the low-
level anomalous wind is westerly over the IO (Figure 4b).
The anomalous wind, superposed on the mean westerly,
leads to the increase of the surface latent heat flux in situ
(Figure 5d). This leads to the increase of the near surface
moisture, promoting the setup of a convectively unstable
stratification and the onset of convection.

How does the strengthened background mean precipi-
tation affect the MJO intensity? We argue that it is
through the change of the background moisture and moist
static energy (MSE). Figure 5a–c displays the zonal-
vertical cross sections along the equator of vertical p-
velocity (omega), specific humidity and MSE difference
fields between the active and inactive phases. Here MSE is
defined as MSE= cpT +gz+Lvq, where T (K) is temper-
ature, z (m) is height, q (g/kg) is specific humidity, cp is
the specific heat at constant pressure (=1,004 J�K−1�kg−1),

ℊ is the gravitational acceleration (=9.8m�s−2) and Lv is
the latent heat of vaporization (=2.5×106 J�kg−1).

It is seen that strengthened ascending motion appears
across the equatorial warm pool (Figure 5a), being con-
sistent with the enhanced precipitation in situ (Figure
4a). The ascending motion favors the increase of local
specific humidity (Figure 5b) through anomalous vertical
moisture advection. The increase of the background
moisture leads to the increase of the column MSE. As
seen from Figure 5c, a positive MSE anomaly appears
throughout the troposphere, with maximum amplitude
near 850 hPa. If one uses the vertical difference of the
MSE (or equivalent potential temperature) between
lower (1,000–500 hPa) and upper troposphere (300–-
100 hPa) to measure the convective instability, then one
may conclude that the equatorial warm pool possesses a
more unstable stratification during the active phase. Such
a background environmental condition favors the devel-
opment and growth of MJO-like disturbances.

To sum up, the analysis of the large-scale background
mean state indicates that a warmer SST in the equatorial
CP and MC during the active phase is critical in inducing
enhanced precipitation, moisture and MSE over the Indo-
Pacific warm pool. The change of these background

FIGURE 5 Zonal-vertical

cross sections of (a) the

background mean vertical p-

velocity (omega, unit: Pa�s−1),
(b) specific humidity (unit:

g�kg−1) and (c) MSE (unit:

m2�s−2) between the active and

inactive phases of the IMV

indices. (d) Zonal distribution of

the surface latent heat flux

difference (unit: W�m−2) along

the equator between the active

and inactive phases (active

minus inactive). The dots

(hatches) denote 95% (90%)

confidence level with t test
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thermodynamic fields provides a favorable environmental
condition for MJOs to grow. This explains why the MJO
intensity experienced a marked interdecadal variability
over the equatorial IO and WP.

5 | DISCUSSION AND
CONCLUSION

The interdecadal variability of the MJO intensity was
investigated based on two century-long reanalysis
datasets (20CR and ERA-20C). The two datasets were
capable of capturing the amplitude, structure and evolu-
tion characteristics of the MJO through a comparison
with the observed features during the period of
1979–2008 (Wang et al., 2020). The DJF-mean daily
RMM indices were used to represent the MJO intensity
each year. The time series of the MJO intensity was sub-
ject to a 9-year low-pass filtering to represent the IMV. A
power spectrum analysis of the IMV time series was con-
ducted, and the result shows that the IMV exhibits signif-
icant peaks at 12–20-year periods. There are no
significant correlations between the IMV and other cli-
mate modes.

During the active phase of the IMV, the MJO activi-
ties appear stronger across the entire equatorial warm
pool expanding from the IO to the WP A lead–lag regres-
sion analysis further indicates a significant difference in
the strength of the eastward propagating MJO signal
between the active and inactive phases, even though
there is little difference in phase propagation speed.

The distinctive interdecadal change of the MJO inten-
sity arises from the change of the background SST, precipi-
tation and moisture. Significant warm SST anomalies
appear in the equatorial CP and the MC. This leads to
enhanced precipitation over the equatorial WP and the
MC. Meanwhile the enhanced Walker Circulation over the
IO promotes the surface evaporation and increases near-
surface moisture in situ. This promotes the setup of a
convectively unstable stratification and thus the onset of
convection over the equatorial IO. The enhanced back-
ground precipitation and ascending motion across the equa-
torial IO-WP warm pool favor the growth of MJO-like
perturbations through the increase of the background mois-
ture and MSE caused by vertical moisture/MSE advection.

While the current study emphasizes the role of the
interdecadal variation of SST anomalies in causing the
MJO intensity change, it is worth mentioning that a pre-
vious study by Suhas and Goswami (2010) suggested that
a portion of the MJO multidecadal variability was possi-
bly driven by internal atmospheric dynamics (through
nonlinear interaction between zonal mean flow and
MJO). Further in-depth theoretical and modeling studies

are needed to test the aforementioned hypotheses and to
understand the relative role of the atmospheric and oce-
anic processes in causing the observed IMV.

An open question is whether or not the favorable
interdecadal mean state during the active phase arises
from a combined influence of the IPO and AMO. Whereas
the negative AMO phase promotes an equatorial westerly
anomaly and enhanced surface evaporation over the IO, a
positive IPO phase favors a positive rainfall anomaly over
the WP. Another issue is given the same interdecadal
background mean state, how does the intensity of the
boreal summer intraseasonal oscillation change? These
issues will be addressed in future endeavors.
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