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Abstract The real-time multivariate Madden–Julian

oscillation (RMM; MJO) index has been widely employed

to monitor the amplitude, phase, and time evolution of

MJO events, as the index is formulated from the leading

two combined-empirical orthogonal function (CEOF)

modes of daily anomalous OLR and 850- and 200-hPa

zonal winds, and the modes describe the MJO dynamics

well. These two CEOF modes, however, are known to

dominate in power spectra at zonal wavenumber one and

may underestimate the power and structure at wavenum-

bers 2–5 where many MJO events are also prominent. This

study approximated a baseline for MJO by applying band-

pass filters to daily anomalies on 30–100 day periods and

at 1–5 eastward propagating waves, as slightly different

bands led to the same conclusions. Following the proce-

dures to develop the RMM index, the daily anomalous data

were derived and subjected to the CEOF analysis with all

modes archived for diagnosis. Different numbers of the

leading modes were compared in explained variance,

standard deviation (STD), and wavenumber power spectra

to describe the overall MJO magnitude and structure, and

on the Hovmöller diagrams to represent the evolution of

three distinct MJO events. Results show that the two

leading CEOF modes explain only a small portion of the

power spectra at wavenumbers 2–5. This spectral leakage

notably reduces the MJO amplitude, particularly of the

OLR in the western Pacific. The CEOF modes 3–10 can

withhold power sufficiently such that the anomalies

reconstructed by the first 10 modes contribute most of the

baseline variance; their structures agree well with the

baseline by constituting nearly the same proportion in the

region from the central Indian Ocean to the dateline and by

providing more complete evolutions of the three MJO

events on the Hovmöller diagrams. Meanwhile, these

modes introduce a notable amount of power for the equa-

torial Rossby and Kelvin waves that are partially embedded

in the evolution of MJO. The first 50 of the total 432 CEOF

modes retain all variance of the baseline MJO, while those

higher than 10 contain less information and more noise and

can be discarded. Furthermore, this study indicated that the

longitudinal STD of the reconstructed anomalies detects

the MJO phases and magnitudes in the western Pacific with

more physical meaning and in better agreement with the

Hovmöller diagrams than the RMM-like amplitude. The

results provide an integral figure of the MJO structure from

the CEOF analysis and a more robust RMM framework for

monitoring the MJO’s evolution in real time and for vali-

dating its numerical forecast and simulations.

Keywords MJO � RMM index � CEOF

1 Introduction

A wide range of frequencies and zonal wavenumbers are

associated with the Madden–Julian oscillation (MJO;

Madden and Julian 1971, 1972), which is a dominant but

episodic mode of the tropical intraseasonal variability. The

bands including 30–100 day periods and zonal wavenum-

bers 1–5 of eastward propagation were used to characterize

the MJO in several widely referenced studies (Wheeler and

Kiladis 1999), although a consensus of the bands for the

MJO remains elusive (Straub 2013). This study chooses

these bands to loosely set the baseline of the MJO for a
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better comparison with prior investigations (Wheeler and

Hendon 2004), and because slightly different ranges

(Hendon and Salby 1994; Maloney and Hartmann 1998;

Hendon et al. 1999; Kiladis et al. 2005) lead to similar

results.

The MJO is a closely coupled mode of anomalies in

convection and zonal winds. In a composite lifecycle of

tens of MJO events (Hendon and Salby 1994), positive

convection is initiated in the western Indian Ocean,

develops and matures in the eastern Indian Ocean, weakens

somewhat over the Maritime Continent, strengthens again

in the western Pacific, and finally diminishes near the

dateline. Correspondingly, the wind anomalies are out of

phase in the lower and upper troposphere but in quadrature

with the convection by 90� in phase. The coupled pattern in

convection and circulation propagates eastward coherently

in the above characteristic bands. Nevertheless, locations

of anomaly centers can be different from those composited

to form distinct zonal width and periods for each event

(Straub 2013).

Many indices have been designed to represent the evo-

lution and structure of the MJO (Lau and Chan 1985;

Knutson and Weickmann 1987; and others). Straub (2013)

categorized the existing indices into (1) cloudiness-based,

(2) dynamical- or circulation-based, and (3) combined

cloudiness- and dynamical-based types according to the

data used. A few of them are also based on the method

summarized here, while the rest are referred to Straub

(2013) and the original references therein for more dis-

cussion. Slingo et al. (1996, 1999) selected the zonal mean

zonal wind at 200 hPa subject to 20–100-day band-pass

filtering and 101-day running mean to describe the overall

MJO activity in the troposphere, particularly at interannual

time scales. Sperber (2003) used this index to describe the

vertical structure of the MJO. Maloney and Hartmann

(1998) applied the empirical orthogonal function (EOF)

analysis to the 20–80-day filtered 850-hPa zonal wind so as

to form an MJO index and construct the composite MJO

life cycle. However, most of the indices are based on one or

two fields and cannot directly disclose the convection-cir-

culation coupled features of the MJO. Moreover, conven-

tional band-pass filtering produces large bias near the edge

of the data sets, making the indices less suitable for real-

time applications.

Wheeler and Hendon (2004; WH04 hereafter) devel-

oped a unique real-time multivariate MJO (RMM) index

without using band-pass filtering. They formulated the

index with OLR as a proxy of convection and the 850- and

200-hPa zonal winds subject to delicate treatment detailed

in the next section. They removed the seasonal cycle, trend,

and interannual-decadal variations from the daily fields

using harmonics, regressions, and subtraction of retro-

spective 120-day means. Finally, they averaged the fields

in 15�S–15�N to reduce the variance of high-frequency

waves. The resulting anomalous time series retain the

greatest variance at MJO scales; they are then subjected to

combined EOF (CEOF) analysis to further suppress noise.

The RMM indices, equivalent to the principal components

(PCs), are finally derived by projecting the anomalous time

series onto the first two CEOF modes. Because the two

RMMs are mutually orthogonal and disclose the evolution

of the two dominant modes in lead and lag by some

10 days, they form a unique phase map that divides an

MJO into eight phases at different geographical locations

in the tropics. On the map, the RMM coordinates rotate

counterclockwise as the MJO propagates eastward; an MJO

phase is identified when the RMM’s coordinates move

outside of the unit circle, although some MJO phases can

still be located inside (e.g., Straub 2013). This eight-octant

map thus tracks the geographical evolution of pronounced

MJO phases in real time (e.g., Straub 2013). The RMM

amplitude, defined as (RMM12 ? RMM22)1/2, is used to

represent the overall magnitude of MJO activity. In com-

bination with the RMM index, the anomalous OLR is

usually reconstructed as the benchmark to represent the

evolution of MJO anomalies in amplitude and structure

(WH04). Because the edge effect from the conventional

band-pass filtering is excluded, the RMM index has been

employed by operational centers to monitor real-time MJO

evolution (e.g., Gottschalck et al. 2010) and by the mod-

eling community in validating the MJO forecast and sim-

ulations (e.g., Liu et al. 2009).

WH04 indicated that the third CEOF mode contains

MJO power spectra less prominent than the first two; this

and the rest of the modes are discarded in the representa-

tion of the MJO. Nevertheless, the first two CEOFs explain

only 26 % of the total variance (WH04). Such a small

contribution suggests (1) the possibility of a large MJO

residual in the rest of the CEOF modes, and that (2) the

anomalies reconstructed by the RMM modes may not

sufficiently retain the MJO structure, because the first two

modes are predominant at zonal wavenumber 1 (Sect. 3)

and because an MJO event can be different in zonal width

or locations of convection centers from those that are well

described by the leading two modes. The lost MJO vari-

ance particularly at zonal wavenumbers 2–5 must occur in

higher-order CEOF modes. Since the RMM has become

the standard MJO index (Straub 2013), it is of great

importance to make it as robust as possible. These issues

motivate the present study to investigate (1) how the

higher-order CEOF modes contribute to the MJO power

spectra and structure at zonal wavenumbers 2–5, (2) what

other signal and noise must be included if the MJO at these

wavenumbers are to be retained sufficiently, and (3) whe-

ther the additional CEOF modes can make the MJO

detection more accurate with the extra non-MJO variance.
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Section 2 reviews the steps to derive the anomalous data of

WH04 and the methods for analysis. Section 3 compares

the MJO power spectra and structure with those recon-

structed by the RMM modes by including the higher-order

CEOF modes to show that the first ten modes retain the

MJO structure sufficiently; they contribute to the total MJO

variance in the same proportion in the region from the

central Indian Ocean to the dateline, and retain the evolu-

tions of three distinct MJO events observed during the

Tropical Ocean Global Atmosphere Coupled Ocean

Atmosphere Response Experiment (TOGA-COARE;

Webster and Lukas 1992) and spring 2012. Section 4 gives

summary and discussion and concludes with an improved

RMM framework.

2 The anomalous data and methods

The procedures in WH04 were followed closely to con-

struct the daily anomalous time series using the OLR from

the satellite measurements of the National Oceanic and

Atmospheric Administration (NOAA; Liebmann and Smith

1996) and the 850- and 200-hPa zonal winds (U850 and

U200 hereafter) produced by the NCEP/NCAR Reanalysis

project (Kalnay et al. 1996). The daily data are globally

distributed at 2.5� 9 2.5� in latitude and longitude and

cover 1 January 1979 through 31 December 2012, while

the subset until the end of 2001 was used for the CEOF

analysis. Their seasonal cycle consists of the time mean

and the first three harmonics of the annual cycle during

1979–2001. The interannual variation is associated with the

first rotated EOF (REOF) mode of the SST in 55�S–60�N

and 30�E–70�W (Drosdowsky and Chambers 2001;

WH04), where the monthly SST in 1950–2012 was derived

from the Hadley Centre Sea Ice and Sea Surface Temper-

ature data set (HadISST; Rayner et al. 2003). Before the

EOF analysis, the SST data were standardized and detr-

ended in time, and then interpolated from 1� 9 1� to

5 9 5� using a box average. Consistent with WH04, the

EOF analysis was applied to the subset of 1950–1993 and

the REOF (NCAR 2013) to the first two modes, which is

slightly different from the results of more recent subsets.

The first principal component from the REOF (PC1 or

SST1) was linearly interpolated over a monthly to daily

interval and subjected to a 120-day-centered running mean

to smooth the transition between adjacent months. The

anomalies were then regressed onto the SST1 to produce

parameters for each month, and the parameters interpolated

linearly to each day as the interannual variation. Besides

the seasonal cycle and the regressions, more interannual

signal, trend, and variations of even lower frequency were

removed sufficiently by subtracting the retrospective

120-day means. Finally, the average of the anomalies in

15�S and 15�N forms the anomalous fields of WH04,

which are termed as raw anomalous data below.

Before the CEOF analysis (Kim et al. 2009) on the

covariance matrix (WH04), the anomalous time series on

each grid point was normalized by the global standard

deviation (STD averaged in all longitudes) of the corre-

sponding field so that each variable represents the same

amount of variance to the analysis. All 432 CEOF modes

were archived for comparison. After the CEOF, the global

STDs were scaled back to the reconstructed anomalous

time series to compare with the original data sets. The

RMM index was constructed by projecting the anomalous

data onto the first two CEOF modes and standardizing in

time. The RMM modes of WH04 are provided as reference

(available at http://cawcr.gov.au/staff/mwheeler/maproom/

RMM/).

The MJOs of the raw anomalous time series and of those

reconstructed from different numbers of CEOF modes were

approximated in 30–100 day periods and at zonal wave-

numbers 1–5 of eastward propagation using the band-pass

filtering program of Wheeler and Kiladis (1999; WK99

hereafter). This filtering gives anomalies presumably too

smooth to represent the precise MJO initiation (Straub

2013). Also following WK99, the equatorial Rossby (ER)

waves were filtered at the bands of 6–50 days and wave-

numbers 1–10 in westward propagation, and the equatorial

Kelvin waves filtered at 2.5–30 days and wavenumbers

1–14 in eastward propagation, although Roundy (2012a, b)

highlighted that this band includes some of the zonally

narrow, slow MJO-like features as well. Successive

180-day overlapping subsets were used for computing

frequency-wavenumber power spectra, for which the band-

pass filtered anomalies in the first and last 120 days, long

enough by test to eliminate the edge effect, were excluded.

3 Results

3.1 Power spectra of raw anomalous fields

The raw anomalous time series retain power spectra pri-

marily for the MJO, which is shown in Fig. 1 as the basis

for comparison. The OLR (Fig. 1a) is clearly dominant in

eastward propagation at wavenumbers 1–5 and periods of

30–100 days. The spectral center is located at wave-

number 1 and near 60 days with a value slightly larger

than 1.4 W2 m-4. Notably, the power is reduced only

slightly—by about 1.3 W2 m-4—at wavenumber 2 and

around 50–60 days. It decays to 0.7 W2 m-4 (about half)

at wavenumber 3 and drops rapidly beyond. The U850

(Fig. 1b) has power spectra also strongest at wavenumber

1 and around 45–60 days. The central value is slightly

larger than 0.08 m2 s-2, while the power decays to
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0.03 m2 s-2 at wavenumber 2 and less than 0.01 m2 s-2

at wavenumber 3 and beyond. Similarly, the U200 has

power concentrated at wavenumber 1 and around

45–60 days with the central value of 0.6 m2 s-2; and the

power diminishes rapidly at higher wavenumbers. The

three fields clearly share the MJO spectra at wavenumbers

1–2 and over 30–100 day periods; the OLR has sub-

stantial power up to wavenumber 5.

Other signals are retained strongly in the raw anomalous

data, including the westward propagating component of

both the MJO and the equatorial Rossby waves and the

eastward propagating equatorial Kelvin waves. The two

convectively coupled waves were identified in the similarly

anomalous data by regression (Roundy et al. 2009). For the

OLR (Fig. 1a), the westward component longer than

50 days has power as large as 0.3 W2 m-4 and about 30 %

of the eastward counterpart, which is sometimes classified

as an MJO mode even though the signal has rarely been

observed independently (Zhang 2005). The equatorial

Rossby wave has maximum power of 0.3 W2 m-4 in

30–50 days and at wavenumbers 2–4 in westward

propagation. For the U850, the westward component much

weaker than the eastward component and only reaches the

first isopleth. For the U200, the westward component has

power spectra as much as 50 % of the eastward counterpart

in the zonal mean and around 60 days. This is why Slingo

et al. (1996, 1999) selected the 200-hPa zonal-mean zonal

wind to describe the MJO activity. For both the U850 and

U200, the equatorial Rossby wave does not have power

reaching the first isopleth and is thus considered weak. The

equatorial Kelvin wave appears much weaker than the

MJO and concentrated on 20–30 days in all three fields.

Notably, WK99 classified the power spectra shorter than

30 days and at wavenumbers 1–4 in the eastward compo-

nent as equatorial Kelvin waves, while some others clas-

sified the 20–30-day portion as the MJO (e.g., Maloney and

Hartmann 1998; Slingo et al. 1996, 1999; Sperber 2003).

We follow the classification of WK99 for a better

comparison.

3.2 CEOF modes

Because the raw anomalous fields share the MJO as the

primary signal, the CEOF analysis can be applied to the

covariance matrix of the three fields to directly derive the

closely coupled features in convection and circulation

(WH04). Physically, each diagonal element of the matrix

represents the normalized variance of the fields on a lon-

gitudinal grid. The total variance does not change after the

CEOF analysis, but is reallocated among the eigenvalues.

Thus, the sorted eigenvalues determine the order of

importance of the corresponding eigenvectors to the total

fields. An eigenvector is a CEOF mode that has a fixed

pattern in space; the corresponding PC describes its time

evolution. Spectral analysis indicates that the leading two

CEOF modes share the predominant structure at zonal

wavenumber 1 in the reconstructed anomalies, so the

modes inevitably lack the power and the associated struc-

tures at wavenumbers 2–5. The higher-order CEOF modes

can restore the lost power and structure, but they

unavoidably introduce non-MJO variations. A balance

between preserving the MJO structure and minimizing

noise appears dependent on the proper number of CEOF

modes.

Before seeking that number, the CEOF modes are

compared in structure and explained variance. The leading

pairs of modes for the three variables produced in this

study have virtually identical structures to those in WH04.

The higher-order modes each have more mixed structures

at larger wavenumbers. Figure 2 presents these structures

for modes 3–10 in the three fields before the global STDs

were scaled back. The patterns are generally smooth and in

wave form, and their wavenumbers become larger with

larger mode number. A close inspection indicates that these

(a)

(b)

(c)

Fig. 1 Frequency-wavenumber power spectra of raw daily anoma-

lous data of WH04 during 1979–2012 for OLR (a 0.1 W2 m-4), U850

(b 0.01 m2 s-2), and U200 (c 0.05 m-2 s-2), respectively. The gray-

thick curves are for the equatorial Rossby and Kelvin waves (see text

for the wave bands)
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modes are dominant at wavenumbers 2–5, the OLR modes

are more concentrated in the western Pacific than at other

longitudes (Fig. 2a), the U850 modes are less concentrated

(Fig. 2b), and the U200 the least concentrated but with

large contribution to the zonal mean—for example, its

mode 5 (shown in green) is positive everywhere. Never-

theless, their combined structure is of more interest than

that of any individual mode to represent the MJO at

wavenumbers 2–5. On the other hand, the explained vari-

ance does not converge to 0.01 % of the total until the

170th CEOF mode, because the three anomalous fields

share large MJO power at wavenumber 1 and retain rela-

tively strong variations at other bands (c.f. Fig. 1). Not

surprisingly, the first two CEOF modes explain 13.6 and

12.2 %, respectively, of the variance—slightly more than

those in WH04 due to the small difference in the regressed

interannual variation. Notably, modes 3–10 explain 26.6 %

of the total variance, more than the sum of the first two.

The accumulated percentage for each variable by the

first 60 modes is further illustrated in Fig. 3, for which the

variance was computed from the reconstructed anomalies.

Since the zonal winds have power concentrated more at

wavenumber 1 than does the OLR (c.f. Fig. 1), the first two

modes contribute to the total variance by 35.1 % in the

U850 and 31 % in the U200, much more than the 11.6 % in

the OLR. As expected, more modes produce a larger

contribution (Fig. 3a); for example, the first ten modes

contribute 31.9 % to the total in the OLR, 60.9 % in the

U850, and 64.4 % in the U200 (Table 1). The accumulated

percentage of MJO variance quickly approaches 100 %

with the number of modes, indicating that the leading ten

EOF modes contribute more to the total MJO variance than

the rest, as similarly indicated in WH04 and shown in

Fig. 3b and Table 1. The first two EOF modes contribute to

the total MJO by 47.5 % in the OLR, 84.3 % in the U850,

and 66.8 % in the U200. These large values explain why

the RMM can generally detect the real-time MJO evolution

in timing, phase, and amplitude. WH04 indicated that the

third mode contributes to the MJO variance less promi-

nently and the successive modes contribute even less

(Fig. 3b). Thus, they used only the first two modes to

represent the MJO. However, modes 3–10 can add 28.4 %

(a)

(b)

(c)

Fig. 2 Structures of the CEOF modes 3–10 of a OLR, b U850, and

c U200, respectively. Each color bar represents a mode with the

number marked below

(a)

(b)

Fig. 3 Accumulated variance in percentage of the reconstructed

anomalies to the raw anomalous data (a) and of their MJO

components to the total MJO (b). Shown are the first 60 out of 432

modes

Table 1 Accumulated variance in percentage by the EOF modes to

the raw daily anomalous data and the MJO components of the modes

to the total MJO

EOF1-2 EOF1-6 EOF1-10

RAW MJO RAW MJO RAW MJO

OLR 11.6 47.5 23.8 68.8 31.9 75.9

U850 35.1 84.3 52.9 99.3 60.9 97.1

U200 31.0 66.8 53.2 78.8 64.4 89.5
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to the power at the MJO band in the OLR, 12.8 % in the

U850, and 22.7 % in the U200; they are essential to the

MJO structure at higher wavenumbers. It is noteworthy that

the first 6 CEOF modes have captured nearly 100 % of

MJO variance in U850 and modes 7–10 modes reduce the

variance slightly. This is because the CEOF analysis is

applied to the raw—not filtered—data at MJO bands; the

variance is computed from the reconstructed anomalies.

3.3 MJO STD and spectral structures

Next, the contribution of modes 3–10 to the MJO con-

vection is demonstrated. As background, the total con-

vective variability and MJO variance are large in the

Eastern Hemisphere (e.g., Zhang 2005; Liu et al. 2005);

their overall structure can be shown by the longitudinal

distribution of STD in OLR. The STD of the raw anoma-

lous OLR (gray in Fig. 4 and the y-axis on right) is above

16 W m-2 between 60�E and 180�E, with one maximum

of 21.3 W m-2 at 90�E and another of 19.3 W m-2 at

155�E (about 91 % of the first maximum) but below

15 W m-2 in the rest of the tropics. A relative minimum of

about 16 W m-2 occurs at 115�E. The values of the two

maxima will serve as a reference for comparison later. The

STD at MJO bands has a single peak of 8.7 W m-2 at

105�E (also referenced later) and is reduced to 6.5 W m-2

at 65�E and 155�E. It decays to 5.2 W m-2 at the dateline

and below 3.5 W m-2 in most of the Western Hemisphere.

The relatively weak MJO in the central Pacific and Western

Hemisphere makes its detection appealing.

The STD of the reconstructed anomalous OLR from the

first two EOF modes (hereafter 2EOFs; gray-dashed in

Fig. 5a) contributes to the total STD much more in the

Eastern Hemisphere than in the Western Hemisphere. The

proportion is over 40 % in 70–150�E with a maximum of

about 60 % at 85�E. From 170�E eastward, including the

Western Hemisphere, the contribution is less than 20 %

except for a peak of 30 % near 30�W. Given that the total

STD is strong in the Eastern Hemisphere (c.f. Fig. 4) and

that the anomalous OLR contains primarily MJO signals

(c.f. Fig. 1), the 2EOFs anomaly captures the distribution

of OLR at MJO bands reasonably well. However, a close

inspection indicates that the contribution at 155�E is only

40 %, about 20 % less than that at 90�E, making the STD

50 % smaller than the baseline MJO. The proportion fur-

ther reduces to 20 % near 170�E. Similarly, the 2EOFs

component of the MJO bands (gray-dashed in Fig. 5b) has

a single maximum contribution of 78 % at 90�E, making

the maximum STD of 6.7 W m-2 at 100�E (3rd row in

Table 3), about 5� westward to that of the baseline (c.f.

Fig. 4). Moving eastward, the percentage drops to 65 % at

155�E, corresponding to the OLR of 4.25 W m-2 and

about 63 % of the maximum. The distribution suggests that

the 2EOFs tend to predict weaker amplitude of OLR at

MJO bands in the western Pacific.

Such low allocation of STD in the western Pacific is

caused systematically by the structures of the first two EOF

modes that dominate at zonal wavenumber 1; these values

decay rapidly in the western Pacific. Spectral analysis also

reveals this power dominance in the reconstructed

Fig. 4 STD of the raw anomalous OLR (gray; W m-2; y-axis on

right) and its MJO component (black; y-axis on left) during

1979–2012

(a)

(b)

Fig. 5 The STD in percentage to the total variance in Fig. 3 for the

reconstructed OLR anomalies (a) and their MJO components (b) by

the first two (gray-dashed), four (gray-solid), six (black-dashed) and

ten (black-solid) EOF modes
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anomalies (not shown). Including more CEOF modes

improves the representation, as shown by the rest of the

curves in Fig. 5. Modes 3–4 increase the contributions of

both the reconstructed OLR and its component at MJO

bands nearly everywhere (gray-solid). Modes 5–6 (black-

dashed) contribute even more, particularly in the region at

90–155�E, which brings the percentage at MJO bands

closer with a difference of less than 7 % in the range of

60–170�E. The 10EOFs (black-solid) retains the variance

structure sufficiently; the percentage is 60–72 % in

60–180�E with three nearly identical maxima at 90�E,

135�E and 170�E, and it decreases to 30–45 % in the

Western Hemisphere. Notably, they comprise nearly 90 %

of the total STD at MJO bands and within 1 % difference

in 60–170�E, which literally preserves the shape of the

baseline MJO in that wide region (Fig. 5b). The modes also

enhance the contribution of the MJO in the Western

Hemisphere to 65–85 %. Tables 2 and 3 list the maximum

values and their locations and the values at 155�E for each

case; they also clearly show that the 10EOF-based anom-

alies agree well with the raw anomalous OLR and its

component at the MJO bands (last rows).

The added variance by the modes 3–10 includes both

MJO and other variations, probably as noise. To estimate

the partitions, the difference between the Fourier power

spectra of the anomalies reconstructed by the first 10 and 2

CEOF modes was computed, shown in Fig. 6. Overall, the

additional power is much larger for the MJO at eastward

wavenumbers 2–5 and over 30–100 day periods than for

other variations that are manifested as the equatorial Kelvin

and Rossby waves (gray-thick curves in Fig. 6), indicating

a high signal-to-noise ratio. Specifically, the OLR adds

0.5 W2 m-4 at wavenumber 2 and around 60 days

(Fig. 6a), about 40 % of the total at this band, and about

50 % of the total at wavenumbers 3–5 (c.f. Fig. 1), but only

0.1 W2 m-4 at wavenumber 1, indicating where the 2EOFs

dominate. The U850 (Fig. 6b) contributes 10 % more at

wavenumber 2, where the U200 (Fig. 6c) adds 15 % more.

Interestingly, modes 3–10 include notably more power in

the zonal-mean U200. The dynamical relation behind this

is unclear, since all the modes are of mathematical origin.

The 10EOFs increases the spectra of the ER and Kelvin

waves up to 1 isopleth in Fig. 6, much smaller than the

MJO, particularly in the OLR. Compared with Fig. 1, the

modes add 25 % more power to the waves that are also

relatively stronger in the OLR than in the U850 and U200.

The enhanced ER and Kelvin waves partially contribute to

the MJO evolution, as shown in the next subsection. It is

noteworthy that the 2EOFs also include the westward

Table 2 STD featured values and locations for the raw daily

anomalous data

Max

value

Longitude

location of

max

Value at

155�E

Percentage of

value at 155�E

to max

RAW 21.27 90 19.34 90.91

2EOFs 12.57 87.5 6.37 50.67

4EOFs 14.50 87.5 8.66 59.71

6EOFs 14.67 87.5 11.20 76.33

8EOFs 14.72 87.5 13.01 88.38

10EOFs 15.56 90 13.10 84.22

Table 3 Same as Table 2 but for the MJO

Max

value

Longitude

location of

max

Value at

155�E

Percentage of

value at 155�E

to max

WH04 8.68 105 6.80 78.33

2EOFs 6.74 100 4.25 63.15

4EOFs 7.53 102.5 5.22 69.29

6EOFs 7.66 105 5.87 76.64

8EOFs 7.88 107.5 6.09 77.23

10EOFs 7.87 105 6.17 78.31

(a)

(b)

(c)

Fig. 6 Difference of power spectra between the reconstructed

anomalies by the first 10 and 2 EOF modes for the anomalous OLR

(a 0.1 W2 m-4), U850 (b 0.01 m2 s-2), and U200 (c 0.05 m2 s-2),

respectively. The thick-gray curves are for the ER and Kelvin waves
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component of the MJO at wavenumber 1 and of

0.2 W m-2 (not shown), and the 10EOFs expand this

component to wavenumbers 2–5. The CEOF modes

beyond 10 introduce more power in small-scale variations

but less in the MJO; they may be discarded. Because their

MJO component has a structure nearly identical to the MJO

in the raw data from the central Indian Ocean to the wes-

tern Pacific (c.f. Fig. 5b), and the additional power spectra

have a high signal-to-noise ratio of MJO, the 10 CEOF

modes are satisfactory to represent the baseline MJO.

3.4 Three MJO events

3.4.1 Hovmöller diagrams

The Hovmöller diagrams of three MJO events with distinct

structures demonstrate how the CEOF modes 3–10 com-

bine to retain the MJO structure and how the included

equatorial Rossby and Kelvin waves incorporate partially

with the MJO evolution. Since at wavenumbers 2–5 the

modes add the most power to the OLR, with less going to

the U850 and the least to the U200, the diagrams for the

OLR and U850 are displayed. The first two MJO events

occurred during the TOGA-COARE and have been

investigated extensively (e.g., Yanai et al. 2000; Straub

2013) and the third occurred in spring 2012 and partially

observed by the Dynamics of the Madden–Julian Oscilla-

tion field program (DYNAMO; Zhang et al. 2013). These

events can be identified visually in the raw anomalous

fields, mixed in with rich small-scale structures (Figs. 7a,

9a). The filtered OLR and U850 at MJO bands provide the

lifetime and magnitude for each event (Figs. 7b, 9b), in

spite of the caution that should be taken with the initiation

in time (Straub 2013). The first event starts near 25

November 1992 with the filtered OLR smaller than

-5 W m-2 at 95�E (Fig. 7b). It develops and strengthens

in the western Pacific with a center less than -25 W m-2.

The event ends at 150�W around 11 January 1993. Cor-

respondingly, the U850 is westerly and slightly lags the

OLR in the western Pacific, which is a classic quadrature

structure of MJO dynamics (Zhang 2005). The recon-

structed OLR by the first two EOF modes detects this event

with a rather small amplitude in the western Pacific

(Figs. 7c, 8a) that is less than half of the MJO strength in

the raw data (shading in Fig. 7b), while the reconstructed

U850 appears stronger (contour in Fig. 7b). The anomalies

reconstructed by the first 10 modes (Figs. 7d, 8d) clearly

represent this robust event with complete evolution, correct

lifetime, and central value near the dateline that are con-

sistent with the results of Yanai et al. (2000). Notably, the

first event has a convective center near 170�E and a U850

center slightly westward, which is a typical feature in the

composite analysis (Sperber 2003). The structure suggests

that the first MJO event is dominant at wavenumbers 2–5.

The second MJO event (Fig. 7b; Straub 2013) is initi-

ated near Africa in the western Indian Ocean in the

beginning of 1993. It develops in the eastern Indian Ocean,

matures near 115�E, weakens slightly over the Maritime

Continent and at 155�E, and decays rapidly eastward. The

2EOF-based anomalies (Fig. 7c) follow the initiation and

development in the Indian Ocean, but reach their maximum

at 90�E which is west of the baseline’s center. Thereafter

they weaken substantially eastward in both OLR and U850.

The lost amplitude in the western Pacific can be restored

again by modes 3–10. During this event, the MJO, equa-

torial Kelvin, and Rossby waves in the anomalies recon-

structed by the first 2 and 10 EOF modes are shown in

Fig. 8. Clearly the 2EOF-based MJO anomalies are very

weak, particularly in the western Pacific, while the 10EOF-

based (Fig. 8d) agree well with the baseline (Fig. 7b). The

Kelvin and Rossby waves are also enhanced in the 10EOFs

and partly embedded in the MJO evolutions to form the

closed centers for the two events (Fig. 7c, d).

(a) (b)

(c) (d)

Fig. 7 Hovmöller diagrams for the raw anomalous OLR of WH04 (a),

the filtered anomalies of WH04 at MJO bands (b), the reconstructed

anomalies from the first 2 (c) and 10 (d) EOF modes during 25 November

1992–14 February 1993. The color shadings are for the OLR and the

contours for U850 with interval of 1 m s-1 and the gray-thick as 0

1946 P. Liu

123



The third MJO event (Fig. 9b) covers 16 February–15

April 2012 and has a structure similar to that of a com-

posite MJO (Maloney and Hartmann 1998). It starts and

develops in the Indian Ocean, matures near 100–120�E,

and remains strong eastward to the dateline. The 2EOF

based anomalies (Fig. 9c) still specify its center at 90�E,

while the amplitude decays rapidly eastward such that the

magnitude and timing in the western Pacific agree less well

with the reference condition. The amplitude is mostly

restored in the anomalies reconstructed by the first 10 EOF

modes over the western Pacific (Fig. 9d). For the MJO, the

2EOFs (Fig. 10a) has about half of the magnitude in the

raw data (c.f. Fig. 7b), while the 10EOFs (Fig. 10d) con-

tributes nearly 90 % to the total from 70�E to the dateline,

consistent with the STD analysis (c.f. Fig. 5b). The

enhanced Kelvin and Rossby waves (Fig. 10b, e) are

embedded partially in and move with the MJO and add to

form the three closed maxima of OLR and U850 (Fig. 9d),

suggesting their significance to the MJO dynamics (e.g.,

Wang 1988; Zhang 2005). The evolution of the three dis-

tinct MJO events on the Hovmöller diagrams indicates that

the first 10 CEOF modes can retain the MJO structure

sufficiently and the noise is primarily from the equatorial

Kelvin and Rossby waves.

3.4.2 Longitudinal STD for MJO magnitude

The amplitude of the RMMs (RMM12 ? RMM22)1/2, was

adopted after WH04 to represent the daily MJO magnitude

without much explanation of its physical basis. Since each

RMM is the normalized version of the PC that describes

the time evolution of the corresponding CEOF mode, the

RMM amplitude can be associated with the longitudinal

STD of the reconstructed anomalies as demonstrated

below.

On a given day, the ith reconstructed component ai

(1 B n \ 432) in vector form of the combined anomalous

OLR, U850, and U200 (each normalized by their global

standard deviation) can be expressed as

ai ¼ PCi � CEOFi;

where PCi is a single value. The reconstructed anomalies

from the first n (1 B n \ 432) CEOF modes a1-n simply

add up the n components at each longitude. Thus, the

longitudinal STD v1-n has the form

(a) (b) (c)

(d) (e) (f)

Fig. 8 Hovmöller diagrams for the MJO (a, d), equatorial Kelvin

waves (b, e), and ER waves (c, f) in the reconstructed anomalous

OLR from the first 2 (a–c) and 10 (d–f) EOF modes during 25

November 1992–14 February 1993. The contour interval is 5 W m-2

and values at and smaller than -5 W m-2 are shaded in light gray

(a) (b)

(c) (d)

Fig. 9 Same as Fig. 7 but during 1 February–15 April 2012
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where the overbar represents the average in longitude. If

a1�n ¼ 0, the above expression for v1�n can be rewritten as

v1�n ¼
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because PCi does not change in longitude. Only when the

longitudinal averages of the CEOF patterns (eigenvectors)

are zero and the variances of the patterns (the second

summation under the radical sign) are identical, would the

RMM-like amplitude be accurately scaled to v1�n. Calcu-

lations indicate that both a1�n and CEOFi can be small but

rarely zero and that different longitudinal variance exists in

the CEOF patterns. Thus some RMM amplitude can be

scaled slightly below the longitudinal STD of the recon-

structed anomalies from the first two CEOF modes, while

the difference is accumulated and can become much larger

and noisier for the first 10 modes. The longitudinal STD

indicates below that the first ten CEOF modes can detect

the MJO phases in the western Pacific better than the first

two modes.

The longitudinal STD for the two MJO events during the

TOGA-COARE is displayed in Fig. 11. Overall, the lon-

gitudinal STD of the first two CEOF modes (black-dotted)

scales very well to the RMM amplitude (gray); they are

nearly identical at some locations, while the STD is slightly

above the RMM amplitude at the rest, as discussed above.

By scaling the peaks of the RMM amplitude and the lon-

gitudinal STDs of the anomalies from the first 2 (black-

dotted) and 10 (black) CEOF modes for the second event to

nearly identical levels, the first event represented by the

10EOF-based longitudinal STD (black) stands out from the

other curves during each day of its lifecycle. In particular,

its peak is much closer to that of the second event, which

indicates substantial improvement and agrees well with

that on the Hovmöller diagrams (c.f. Fig. 7). A similar

improvement of smaller magnitude also occurs during the

last peak of the third event in spring 2012 (not shown),

suggesting that the longitudinal STD of the first 10 modes

has monitored the MJO evolutions in the western Pacific

more accurately than that of the first two.

4 Summary and discussion

The leading two CEOF modes of daily anomalous OLR,

U850 and U200, which formulate the RMM index of

WH04, can represent the evolution of MJO in phase and

timing (WH04). However, the two modes allocate more

power at MJO bands in the eastern Indian Ocean than in the

western Pacific in both the anomalous data and their MJO

components, which induces notably smaller amplitude—

particularly of the OLR in the western Pacific—than the

MJO in the raw data, as demonstrated by the STD analysis

and the Hovmöller diagrams of the three MJO events. Such

incomplete MJO structure is caused by the predominantly

wavenumber-1 configuration of the leading two CEOF

modes, while the MJO power spectra at wavenumbers 2–5

(a) (b) (c)

(d) (e) (f)

Fig. 10 Same as Fig. 8 but during 1 February–15 April 2012

Fig. 11 Longitudinal STD of the reconstructed anomalous data from

the first two (black-dotted) and ten (black) CEOF modes during 25

November 1992–15 February 1993. The reconstruction was made by

projecting the anomalous OLR, U850 and U200 being scaled by their

globally averaged STD onto the CEOF modes as a whole. The RMM

amplitude (RMM12 ? RMM22)1/2 is displayed in gray. Only the

y-axis for the 10EOF-based longitudinal STD is displayed and those

for the 2EOF-based and the RMM amplitude are omitted
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are substantially underestimated. The CEOF modes 3–10

restore this part of power effectively, which increases the

amplitude of the OLR and U850 in the western Pacific and

makes the MJO evolution more complete on the Hovmöller

diagrams. These additional modes can also improve the

longitudinal STD of the reconstructed anomalous data to

detect the MJO evolutions in the western Pacific better than

that of the first two CEOF modes only, after the RMM

amplitude is demonstrated as a conditional simplification

of the longitudinal STD.

Modes 3–10 include more power spectra of the equa-

torial Rossby and Kelvin waves in the OLR and U850 as

well. Roundy et al. (2009) indicated by regression that

these waves occur in accordance with the MJO under the

RMM framework, supporting their importance in the

MJO’s development and evolution (e.g., Wang 1988;

Wang and Rui 1990), and despite their occurrence can be

independent of MJO (Roundy 2012a). The power spectra

at low zonal wavenumbers and over 20–30 days of east-

ward propagation are classified as the equatorial Kelvin

waves in this study, though they can also contain some

MJO signals (e.g., Maloney and Hartmann 1998; Slingo

et al. 1996, 1999; Sperber 2003; Roundy 2012a, b); these

bands can be an essential transition between the equatorial

Kelvin waves and the MJO. To include these waves in the

reconstructed anomalies adds useful information to the

MJO evolution.

It is noteworthy that the RMM phase diagram (WH04),

while substantially simplifying the detection of MJO evo-

lution, cannot be revised satisfactorily with the additional

CEOF modes. This simple but effective phase map alone,

however, can falsely identify an MJO event and its phases

(Straub 2013). It is usually combined with the Hovmöller

diagrams of the reconstructed OLR and U850 and with the

RMM amplitude for real-time applications (WH04). The

results of this study can make the combination more robust

by including the 10 CEOF modes in the Hovmöller dia-

grams and replacing the RMM-like amplitude with the

longitudinal STD of the 10 CEOF components. In addition,

because modes 3–10 add the MJO signal primarily at zonal

wavenumbers 2–5 and over the western Pacific, the

improvement appears less helpful in describing the MJO

initiation (Straub 2013) that occurs particularly in the

Indian Ocean.

Similar results to this study have been obtained by using

the anomalous data subject to conventional band-pass fil-

tering in 20–80 or 30–80 day periods, suggesting that the

additional CEOF modes can be useful for validating the

MJO simulations and operational forecast by numerical

models.
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