
1.  Introduction
While the Madden-Julian Oscillation (MJO; Madden & Julian, 1971; 1972) exerts far-reaching influences 
on global weather and climate extremes (Jiang et  al.,  2020a; Lau & Waliser,  2012; Zhang,  2013), many 
salient characteristics of the observed MJO, including its slow eastward propagation of 5 deg day−1 over 
the Indo-Pacific region, remain poorly represented in our state-of-the-art climate models (Ahn et al., 2017, 
2020; Jiang et al., 2015, 2020b). Meanwhile, despite various existing MJO theories, our knowledge of fun-
damental MJO processes remains elusive (Jiang et al., 2020a; Zhang et al., 2020). Different mechanisms 
have been proposed to interpret MJO propagation, including the horizontal/vertical advection of the moist 
static energy or moisture (e.g., Andersen and Kuang, 2012; Adames, 2017; Adames & Wallace, 2015; Gon-
zalez & Jiang, 2019; Hsu & Li, 2012; Jiang, 2017; Jiang et al., 2020c; Kim et al., 2017; Maloney, 2009; Sobel 
et  al., 2014; Yokoi & Sobel,  2015), the east-west asymmetry between the Kelvin wave (KW) and Rossby 
wave (RW) components coupled with MJO convection (Chen & Wang, 2018; Wang and Lee, 2017), or the 
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wind-induced surface heat exchange (WISHE; Fuchs & Raymond, 2017). The essential factors regulating 
the phase speed of MJO propagation, which can significantly influence its induced teleconnection patterns 
(Yadav & Straus, 2017), are not completely understood.

Based on a traditional view that considers the MJO a couplet of the equatorial KW and RW, the MJO phase 
speed is determined by the relative intensity of equatorial low-level anomalous KW easterlies and RW west-
erlies (Wang and Chen, 2017; Wang and Lee, 2017). A stronger KW component, which can be reinforced by 
RW responses to the suppressed MJO phase that leads enhanced MJO convection (Chen & Wang, 2018; Kim 
et al., 2014), promotes stronger boundary layer (BL) convergence to the east of MJO convection (Maloney & 
Hartmann, 1998; Wang and Li, 1994), and thus leads to faster eastward propagation of the MJO by counter-
acting a dragging effect by the RW component.

Meanwhile, under the moisture mode framework (Adames & Kim, 2016; Raymond & Fuchs, 2009; Sobel & 
Maloney, 2013), several processes have been proposed critical in regulating the MJO phase speed (Adames 
& Kim, 2016). These include the convective moisture adjustment time-scale (τ; Adames, 2017; Bretherton 
et al., 2004; Jiang et al., 2016), static stability, zonal-scale of the MJO, and horizontal/vertical gradients of 
mean moisture. These factors have been examined to understand changes of the MJO propagation speed 
under a warming scenario in model simulations (Adames et al., 2017; Rushley et al., 2019). An increase of 
the MJO phase speed with warming (∼2.4% K−1) is ascribed to the enhanced horizontal moisture advection 
by the steepening of the mean horizontal moisture gradient and the increase in MJO zonal-scale, which is 
partially offset by a longer τ and an increase in the static stability (Adames et al., 2017; Rushley et al., 2019).

Motivated by these above modeling studies on changes of MJO characteristics under a warming climate, it 
will be interesting to explore whether systematic changes in the MJO propagation speed is detectable in the 
past decades using a long-term data set. In particular, as the diversified MJO propagation behaviors have 
been recently reported based on statistics of individual MJO events (Wang et al., 2019), we will investigate 
the year-to-year variability of the MJO propagation speed and associated mechanisms in the context of the 
aforementioned factors. This analysis is expected to provide further insights into fundamental physics reg-
ulating propagation of the MJO.

2.  Data and Methods
To investigate long-term variability in characteristics of MJO propagation, daily variables from the ERA-20C 
reanalysis (Poli et al., 2016) with a horizontal resolution of 1.5 × 1.5° from 1900 to 2010 are analyzed. While 
only the observed surface/sea-level pressures and surface marine winds are assimilated in ERA-20C, indi-
ces of several prominent climate variability modes in the recent decades based on ERA-20C, including the 
MJO, are well compared to those based on other datasets (Poli et al., 2016). Precipitation from the Tropical 
Rainfall Measuring Mission (TRMM; Huffman et al., 2007) during 1998–2010 and from ERA-Interim (Dee 
et al., 2011) during 1979–2010 are also analyzed to validate results based on ERA-20C.

Daily anomalies of each variable are derived by removing the climatological annual cycle. A time-space fil-
tering following Wheeler and Kiladis (1999) (hereafter WK-filter) is used to extract MJO convective signals 
by retaining rainfall variances within 20–80 days and eastward zonal-wavenumbers 1–5. Other fields associ-
ated with the MJO are derived by regressing their 20–80-day filtered anomalies against the WK-filtered MJO 
rainfall index. Analyses in this study focus on the extended boreal winter (November-March).

As shown in Supplementary Figure S1, the MJO eastward propagation, derived by lag-regression of WK-fil-
tered precipitation anomalies onto an Indian Ocean (IO) base point (75–85oE; 5oS–5oN), are largely simi-
lar between TRMM and ERA-20C during 1998–2010, although the amplitude is weaker in ERA-20C. Very 
similar MJO propagation characteristics between 1998–2010 and 1900–2010 are also found in ERA-20C 
(Figure S1b and S1c).

Similarly, as in Figure S1, the time-longitude diagram of lag-regressed WK-filtered precipitation anomalies 
against the IO base point for each winter can be calculated. Following Adames et al. (2016), the MJO prop-
agation speed during each winter is estimated by the slope of precipitation extrema within ±20 days and 
between 45°E−150°E using a linear-square fit (see Figure 2 for an example).
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3.  Results
Figure 1 illustrates that the MJO propagation speed exhibits pronounced interannual variability in win-
ters from 1900 to 2010, with an average speed of about 4 deg day−1 and a range of 2.5–6.5 deg day−1. The 
MJO phase speed based on ERA-20C during the recent decades are largely consistent with those based on 
ERA-Interim and TRMM, lending confidence to the employment of the ERA-20C data for this study. Note 
that no statistically significant long-term trend in the MJO propagation speed is detected during 1900–2010, 
which indicates that the long-term changes in the background state are not effective to make a significant 
projection on the MJO phase speed. This will be further discussed in Section 4.

To facilitate a comparison of MJO characteristics during winters with fast and slow MJO propagation, 10 
winters with the fastest and slowest MJO phase speed are selected (Figure 1, Supplementary Table S1). 
Figure 2 shows composites of lag-regressed rainfall anomalies during the fast and slow MJO propagation 
winters, corresponding to a phase speed of 5.6 and 2.6 deg day−1, respectively.

Spatial distributions of composite winter mean total precipitation (TP) and SST anomalies for each group 
of winters are illustrated in Figures  3a–3c. During the fast MJO winters, positive SST and precipitation 
anomalies are observed over both the equatorial western IO and central/eastern Pacific (CEP), while weak 
negative anomalies over the Indo-Pacific region. This anomalous winter mean state largely resembles con-
ditions during the El Niño winters, indicating an expansion of the Indo-Pacific warm pool (IPWP). This is in 
agreement with the coincidence of several selected fast MJO propagation winters with strong El Niño years, 
for example, 1982/1983 and 1997/1998, and slow propagation winters with strong La Niña years, such as 
1998/1999. While relatively faster (slower) MJO propagation during El Niño (La Niña) winters was recently 
reported by Wei and Ren (2019), most of the identified fast/slow MJO propagation winters are not associ-
ated with strong El Niño/La Niña conditions (Table S1), suggesting that the SST variability associated with 
El Niño/La Niña does not explain all aspects of the interannual variations of the MJO propagation speed. 
Similar composite results for the two groups of winters can be obtained when these several strong El Niño/
La Niña events are excluded. While we focus on the bulk characteristics of MJO propagation during each 
winter in this study, a largely similar anomalous SST pattern as in Figure 3c is also shown to be associated 
with different MJO phase speed based on composites of individual MJO events (Chen & Wang, 2020; Wang 
et al., 2019).

Figures 3d and 3e further presents composite winter mean precipitable water (PW) and 10m-wind anoma-
lies for the fast and slow winters. Differences in mean PW patterns between the two groups largely follow 
those in SSTs, with enhanced PW over the western IO and CEP, along with slightly reduced surface mean 
westerlies over the IO (Figure 3f). Zonal profiles of mean PW during the two groups of winters are further 
illustrated in Supplementary Figure S2 with significant differences evident to the west of 60oE and to the 
east of 170oE (Figure S2a). Differences in the mean meridional PW profiles between the two groups are not 
statistically significant (Figure S2b), suggesting that changes in the MJO phase speed between the fast and 
slow winters are not due to changes in the mean meridional moisture gradient, which was found important 
in affecting the simulated MJO phase speed under a warming climate (Adames et al., 2017).
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Figure 1.  MJO propagation speed (deg day−1) during winters from 1900 to 2010 based on ERA-20C (black), from 1979 
to 2010 based on ERA-Interim (purple), and from 1998 to 2010 based on TRMM (green). Red (blue) dots denote the 10 
winters with the fastest (slowest) phase speed. MJO, Madden-Julian Oscillation.
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As previously discussed, τ and the static stability have been proposed to be important in regulating the 
MJO phase speed (Adames & Kim, 2016). Shown in the Supplementary Figure S3, τ, denoted by slopes in 
the scatterplots of WK-filtered PW and TP anomalies, are largely similar during the fast and slow winters. 
Additionally, the mean dry static energy over the Indo-Pacific exhibits very similar vertical profiles between 
these two groups (Supplementary Figure S4). Therefore, τ and the static stability may not be the essential 
factors responsible for the interannual variability of the MJO phase speed.

Figure 4 illustrates longitude-pressure cross-sections of MJO moisture and wind anomalies during the fast 
and slow winters. A typical westward-tilting structure with altitude in MJO moisture anomalies, the ascend-
ing motion coupled with MJO convection, and a descending branch to the east, are evident in both winters. 
A larger zonal-scale of the MJO, however, is readily discerned during the fast winters. While the MJO convec-
tion is located near 80oE in both cases, the BL moisture preconditioning to the east of MJO is detectable to the 
east of 120oE during the fast winters, but is confined to the west of 120oE in the slow winters. Corresponding-
ly, the strongest descending motion to the east of MJO convection is found near 150°E during the fast winters 
in association with a more eastward extension of KW responses, but near 125°E during the slow winters. In 
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Figure 2.  Longitude-time (days) evolution of rainfall anomalies (mm day−1) along the equator (10°S–10°N) for (a) 
the fast and (b) slow MJO propagation winters. These evolution patterns are derived by lag-regression of WK-filtered 
rainfall anomalies against the averaged values over the IO (75°–85°E; 5°S–5°N). The MJO phase speed is indicated by 
the slope of rainfall anomalies (green dash lines). IO, Indian Ocean; MJO, Madden-Julian Oscillation; WK, Wheeler and 
Kiladis.

Figure 3.  (left) Composite anomalous winter mean TP (shading; mm day−1) and SST (contour; oC), and (right) PW 
(mm) and 10 m winds (vectors; m s−1) for the fast and slow MJO propagation winters along with their differences. 
Regions with stipples indicate the shaded anomalies are statistically significant at the 95% level. IO, Indian Ocean; MJO, 
Madden-Julian Oscillation; PW, Precipitable water; SST, sea surface temperature; TP, total precipitation.
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contrast to strong KW components associated with MJO convection, the 
RW response to the west of MJO convection is rather weak during the slow 
winters compared to that during fast winters, which is further evident in 
Figure 5. The weak coupling of RW and KW components associated with 
slow MJO propagation is in contrast to a strong RW component of the 
MJO during La Niña years in Wei and Ren (2019), and does not support 
the notion of a stronger KW versus RW component, measured by an west-
erly intensity index, associated with faster MJO propagation (Wang and 
Chen, 2017; Wang and Lee, 2017; Wei & Ren, 2019). This may indicate 
that the circulation-induced moisture tendencies could be important in 
governing the MJO propagation (Wang et al., 2018).

By the moisture mode theory, a larger zonal-scale of the MJO is associ-
ated with faster MJO eastward propagation by more effectively inducing 
moistening (drying) to the east (west) of the MJO through moisture ad-
vection (Adames & Kim, 2016). The dispersion relationship using a linear 
moisture wave suggested that the MJO phase speed is inversely propor-
tional to the square of the zonal wavenumber (Adames & Kim, 2016). If 
the distance between the ascending branch over the IO and descending 
branch to the east as shown in Figure 4 is used to roughly estimate the 
MJO zonal-scale, a ratio of 1.5 in the MJO zonal-scales between the fast 
and slow winters (e.g., 70 vs. 45 longitude degrees) is consistent with the 
increased MJO phase speed from 2.6 to 5.6 deg day−1 from the slow to fast 
winters as predicted by the moisture mode theory.

Figure 5 further illustrates anomalous PW and PW tendency associated 
with the MJO. A much broader zonal extension and stronger amplitude 
in PW tendency anomalies are found during the fast MJO winters (Fig-
ures 5a–b and 5e). While the maximum moistening to the east of the MJO 
is found near 110oE with positive tendencies present all the way to the 
dateline in the fast winters, moistening is mainly confined to the west of 
140oE with a maximum near 100oE during the slow winters. Similarly, 
drying to the west of the MJO also extends more westward during the fast 
winters (Figure 5e). Detailed moisture budget analysis suggests that the 
larger extension of PW tendencies during the fast winters is mainly due 
to the horizontal moisture advection in the lower-troposphere (Supple-

mentary Figure S5), mainly by the zonal advection (not shown), associated with the broader extension of 
zonal MJO winds (Figure 5d).

Note that recent composite analyses based on individual MJO events also suggested a larger zonal-scale for 
individual fast-propagating MJO events (Wang et al., 2019). It was proposed that the larger zonal-scale of the 
MJO will favor stronger KW responses and enhanced moisture preconditioning to the east of MJO convec-
tion due to BL convergence, and thus accelerate MJO eastward propagation (Chen and Wang, 2020; Wang 
et al., 2019). However, stronger KW easterlies to the east of MJO convection associated with the larger MJO 
zonal-scale are not observed in this study (Figure 5d); meanwhile, the moistening to the east of MJO extends 
far beyond the BL convergence region in both groups (cf., Figures 5c and 5f). While a faster MJO phase speed 
with increase of MJO scale is also expected by the WISHE theory (Fuchs & Raymond, 2017), considering the 
prevalence of winter mean surface westerlies over IO (not shown) and the presence of negative anomalous 
surface heat fluxes to the east of MJO convection in both groups (Supplementary Figure S6), the WISHE 
mechanism may not play an active role for the distinct MJO phase speed between the two groups.

4.  Conclusion and Discussion
Toward improved understanding of essential physics regulating MJO propagation, the year-to-year varia-
bility of the MJO propagation speed during boreal winter is investigated by analyzing the ERA-20C reanal-
ysis during 1900–2010. MJO phase speed exhibits pronounced interannual variability with a range of 2.5–
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Figure 4.  Longitude-pressure cross-sections of anomalous MJO 
horizontal wind (u) versus vertical pressure-velocity (ω, sign reversed) 
(vectors; see scales on the upper-right with units of m s−1 for u-wind, and 
15 Pa·s−1 for ω) and specific humidity (shading; g kg−1) along the equator 
(10oS–10oN) in the (a) fast and (b) slow MJO propagation winters. These 
profiles are derived by regression against WK-filtered rainfall anomalies 
over the IO (75o–85oE, 5oS–5oN).IO, Indian Ocean; MJO, Madden-Julian 
Oscillation; WK, Wheeler and Kiladis.

(a)

(b)
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6.5 deg day−1. Two groups of winters with the fastest and slowest MJO 
propagation speed are selected to discriminate key processes controlling 
the MJO phase speed on the interannual time-scale.

Several factors that have been previously considered critical in regulat-
ing the MJO phase speed, including the convective moisture adjustment 
timescale, static stability, and horizontal/vertical gradients of mean mois-
ture, are found not responsible for the distinct MJO phase speed between 
these two groups of winters. Instead, the zonal-scale of the MJO is closely 
linked to the MJO phase speed. In the winters with faster MJO propaga-
tion, MJO exhibits a much larger zonal-scale with a broader extension of 
both KW easterlies and RW westerlies. The larger MJO zonal-scale can 
effectively induce stronger and more extended moistening (drying) to 
the east (west) of the MJO through horizontal moisture advection, thus 
promoting faster propagation of the MJO. The larger MJO zonal-scale 
during the fast winters are found to be coincident with warm anomalies 
in the mean SST pattern over both the western IO and CEP, reminiscent 
of an expansion of IPWP. The larger zonal-scale of the MJO during the 
fast MJO propagation winters and its association with an expansion of 
IPWP as revealed in this study are in accord with recent studies based on 
composite analyses of individual MJO events (e.g., Chen & Wang, 2020; 
Wang et al., 2019), and on influences of El Niño/La Niña on MJO prop-
agation (Wei & Ren, 2019), although not all the winters with fast/slow 
MJO propagation identified in this study are associated with El Niño/La 
Niña conditions.

It has been recently suggested that the size of IPWP has experienced 
a significant increase since the early twentieth century, with an accel-
erated rate after 1980s (Roxy et al., 2019; Weller et al., 2016). This ob-
served increasing trend in the size of IPWP is argued to be responsi-
ble for the reduced MJO residence time over the IO and increased MJO 
occurrence frequency over the western Pacific in the recent decades 
(Roxy et al., 2019). This trend in the MJO life cycle, however, could be 
exaggerated due to the blended low-frequency variability signals in the 
real-time multivariate MJO index used for that study (Lyu et al., 2019). 
While an expanding IPWP favors faster MJO propagation as suggested in 
this study, a statistically significant climate trend in MJO phase speed is 
not detectable from ERA-20C during 1900–2010 and from both ERA-20C 
and ERA-Interim for the period of 1979–2010. This discrepancy could 
be ascribed to the differences between the winter SST trend pattern as-
sociated with the expansion of IPWP and that associated with fast MJO 
propagation as shown in this study. While the former shows warming 
over the entire equatorial IO and western Pacific (Roxy et  al.,  2019), 
warm SST anomalies in the latter are mainly located over the western 
IO and CEP (Figure 3c).

While most of the existing MJO theories suggest the largest growth of the MJO at global wavenumber−1 
(Jiang et al., 2020a), a fundamental question is raised by this study regarding the intrinsic spatial-scale 
of the MJO organization in the real world given the existence of the equatorial warm pool and cold 
tongue and how it is affected by the large-scale variability. Also, while a larger MJO zonal-scale is sug-
gested to be conducive for faster MJO propagation, considering that the zonal-scale itself is an intrinsic 
characteristic of the MJO, it is possible that the larger zonal-scale of the MJO is just a manifestation of 
the fast propagation rather than a cause. These thus represent a gap in our understanding of the fun-
damental MJO physics that needs to be addressed in future studies using theoretical frameworks and 
model experiments.
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Figure 5.  Spatial patterns of anomalous PW (shading; scaled by the color 
bar; units: mm), PW tendency (contours with an interval of 0.8 mm day−1), 
and horizontal winds at 850 hPa (vectors; units: m s−1) associated with 
the MJO for (a) the fast and (b) slow propagation winters. Longitudinal 
(10oS–10oN average) profiles of (c) 1000–850 hPa averaged divergence 
(s−1), (d) zonal winds at 850 hPa (m s−1), and (e) normalized PW tendency 
(mm day−1 per mm) by corresponding PW anomalies over the MJO center 
(5oS–5oN; 75–85oE). All these anomalous fields are derived by regression 
against WK-filtered rainfall anomalies over IO. IO, Indian Ocean; MJO, 
Madden-Julian Oscillation; PW, Precipitable water; TP, total precipitation.

PW, PW tendecy & 850hPa winds (Fast)

PW, PW tendecy & 850hPa winds (Slow)

Normalized PW Tendency
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Data Availability Statement
The ERA-20C and ERA-Interim reanalyzes were downloaded from http://apps.ecmwf.int/datasets/. The 
TRMM 3B42 rainfall data was obtained from https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary.
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