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Recent asymmetric tropical ocean
warming has altered regional propagation
of Madden-Julian Oscillation
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Tropical sea surface temperature warming displays distinct regional patterns, but its influence on
Madden-Julian Oscillation propagation remains unclear. Here we investigate how a shift toward La
Nifia-like conditions around 1999 has affected Madden-Julian Oscillation propagation by comparing
two periods: 1979-1998 and 2003-2022. Using satellite observations and reanalysis data, we show
that propagation accelerated over the Indian Ocean and the Maritime Continent but slowed over the
western Pacific in the later period. These contrasting responses are linked to changes in sea surface
temperature patterns and associated atmospheric conditions. Over the Indian Ocean, enhanced low-
level horizontal moisture gradients and increased upper-tropospheric stability facilitate propagation,
while weakened moisture gradient and suppressed convection hinder it over the western Pacific.
Despite complex terrain and atmospheric interactions over the Maritime Continent, background
changes still favor enhanced propagation. These findings highlight the sensitivity of Madden-Julian
Oscillation behavior to regional ocean—atmospheric conditions, with implications for improving

subseasonal prediction.

The Madden-Julian Oscillation (MJO) is the dominant mode of intrasea-
sonal variability in the tropics, characterized by large-scale, eastward-
propagating convective anomalies with a period of 30 to 60 days'~. It serves
as a crucial source of predictability at subseasonal timescales™, influencing
global climate and weather patterns””. The MJO modulates monsoon sys-
tems across Asia'”"', America'>"?, Africa'*", and Australia'®"’, and affects
tropical cyclone'*™ as well as extreme events including heavy rainfall,
floods, and heatwaves*"*.

While considerable studies have focused on changes in MJO frequency,
intensity, and duration in a changing climate™ >, climate model projections
of the changes in MJO convective activity remain highly uncertain across
different models™*’. MJO precipitation is generally expected to intensify” ™,
but MJO circulation experiences fewer changes due to increased static sta-
bility in a warming climate’”". Despite the uncertainty surrounding MJO
circulation changes in a warmer climate, these alterations could have sig-
nificant consequences, as MJO wind anomalies play a key role in triggering
ENSO events, inducing remote circulation responses (teleconnections) in
mid-latitudes, and influencing the stratosphere””. Consequently, these

changes are particularly important as they can have far-reaching implica-
tions for extreme weather patterns, exacerbating heatwaves, droughts, or
flooding in vulnerable regions™ .

Sea surface temperature (SST) distribution plays a critical role in
shaping MJO behavior’”*'. Uneven tropical SST warming modifies the
mean state by reshaping the spatial distribution of moisture, convection, and
large-scale circulation. In particular, enhanced warming over the Indian
Ocean and Maritime Continent, relative to the Pacific Ocean, strengthens
zonal moisture gradients and shifts convective ascent and precipitation
westward. These changes alter low-level wind patterns and the Walker
circulation, resulting in broader changes in background humidity, vertical
motion, and atmospheric stability. Collectively, such mean-state changes
influence the characteristics of the MJO. Moreover, changes in MJO pre-
cipitation amplitude vary depending on the SST warming pattern, even
when the global mean surface temperature remains constant'*’. Observa-
tions and modeling studies suggest that the MJO tends to propagate further
eastward under the central or eastern Pacific El Nifio conditions compared
to the La Nifia-like warming patterns”~*. The Indian Ocean Dipole (IOD)
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also influences MJO activity, with more frequent MJO events observed
during positive IOD phases” ™. MJO propagation speed appears to vary
with ENSO phase, with shorter MJO lifetimes—and thus faster
propagation-occurring during El Nifio conditions®. Over recent decades,
changes in the Indo-Pacific warm pool have been linked to regional shifts in
MJO duration and propagation patterns™.

The speed at which the MJO propagates eastward determines the
timing and spatial distribution of convective anomalies, influencing the onset
and intensity of monsoons, tropical cyclones, and atmospheric rivers’ ™.
A faster or slower propagation can alter regional precipitation patterns and
affect the skill of seasonal forecasts. Yet, despite its importance, the
mechanisms controlling MJO propagation speed-particularly the roles of
SST warming patterns and regional background conditions-are still not
completely understood. Understanding these relationships is essential for
improving subseasonal prediction and assessing the climate response to
tropical variability.

To address this knowledge gap, we examine how regional SST changes
and atmospheric conditions influence MJO propagation speed. By analyz-
ing observational data and reanalysis dataset, we identify regionally distinct
changes in MJO propagation speed and explore the underlying thermo-
dynamic and dynamic drivers. Our findings provide new insight into the
relationship between SST and MJO dynamics, with implication for
improving model representation and predictive skill in a changing climate.

Results

Uneven tropical SST warming pattern and MJO variability
Changes in MJO variability are sensitive to SST warming patterns”™*". To
examine equatorial SST evolution, we analyzed time-longitude diagram of
boreal winter SST from 1979 to 2022, applying a 5-year running mean
(Supplementary Fig. S1). Since the late 1990s, the Indian Ocean and western
Pacific have experienced gradual warming, while the eastern Pacific exhibits
a different pattern, highlighting pronounced zonal asymmetries in SST
trends and the role of interannual to decadal variability. Previous studies
have reported a mega La Nifia-like SST shift around 1999, indicating a
transition in the tropical mean state’* . Sensitivity tests using alternative
reference years yielded consistent results, with most pronounced anomalies
occurring when 1999 was used at the reference year (Supplementary
Fig. $2). Based on this, we define two analysis periods: Period 1 (1979-1998)
and Period 2 (2003-2022), using 1999 as the reference year. The intervening
years (1999-2002) are excluded, as they correspond to a transition phase
with strong interannual variability and evolving background conditions,
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Fig. 1 | Changes in the mean state of sea surface temperature (SST) and intra-
seasonal Outgoing Longwave Radiation (OLR) variability between the two per-
iods. a Climatological SST change (shading; °C) between Period 2 (2003—2022) and
Period 1 (1979—1998) during boreal winter (November to April) and (b) long-
itudinal diagram of SST change (P2—P1; °C) averaged between 15 °S and 10 °N.

¢ Standard deviation of 20—70 days bandpass-filtered OLR (W m™) during boreal

including multi-year La Nifia events. This exclusion helps isolate the dif-
ferences between two stable mean states-before and after the late-1990s La
Nina-like regime shift. This approach is consistent with previous studies that
identified a major shift in Indo-Pacific climate conditions around 1998/
1999°%%.

Before comparing the two periods, we assessed the long-term SST
warming trends over the entire study period (1979-2022). The global mean
SST increased by approximately 0.32 °C, while the tropical region (averaged
over 30 °S and 30 °N) warmed more significantly by 0.44 °C (Supplementary
Fig. S3). Within the equatorial band, the warming trends exhibit distinct
regional differences: the Maritime Continent experienced the strongest
warming (0.70 °C), followed by the Indian Ocean (0.57 °C) and the western
Pacific with 0.55 °C (Supplementary Fig. S3).

Notably, the spatial pattern of SST changes between the two periods is
highly asymmetric: the Indian Ocean and Maritime Continent exhibit the
most pronounced warming with a maximum warming of 0.55 °C around
140 °E, while the eastern Pacific shows a marked cooling with a maximum
cooling of —0.30 °C near 130 °W during the boreal winter (Fig. 1a, b). This
west—east SST gradient supports a La Nina-like background state. Such
zonal asymmetry in warming intensity will likely influence MJO behavior, as
SST gradients are closely tied to atmospheric convection and propagation
dynamics™*.

Before examining the changes in MJO propagation speed, we first
defined key tropical regions to investigate how the MJO propagation speed
differs across them. Figure lc illustrates the standard deviation of intra-
seasonal (20-70 days) bandpass-filtered OLR during the boreal winter
(from November to April) over the past 20 years (1979-1998). The OLR
standard deviation reaches approximately 24 Wm, with greater variability
observed in the Southern Hemisphere. During the boreal winter, MJO paths
are more concentrated south of the equator’®’. Therefore, we focused on the
latitude band between 15 °S and 10 °N, which commonly encompasses the
active convective regions associated with the MJO. Substantial OLR varia-
bility is observed over three ocean basins: the Indian Ocean (IO), the
Maritime Continent (MC), and the western Pacific (WP). We selected these
three regions as the main MJO activity centers, given their high MJO
variability along the MJO propagation path (see Methods; Fig. 1¢). During
Period 1, MJO variability in the Indian Ocean was concentrated over its
eastern portion (Fig. 1c). During Period 2, the region of strong variability
shifted slightly northward, indicating a change in the spatial distribution of
convective activity (Fig. 1d). In the Maritime Continent, the overall pattern
of strong variability remained similar between the two periods. However,
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winter in Period 1. d Difference in the intraseasonal OLR variability between the two
periods (P2—P1), computed as the difference in seasonal mean standard deviations.
In (a) and (d), black dots indicate regions with statistical significance at 95% con-
fidence level. In (b), the values with a significance level of 0.1 are colored. Boxes in (c)
and (d) mark the three analysis regions: Indian Ocean (IO), Maritime Continent
(MC), and western Pacific (WP).
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Fig. 2 | Eastward propagation of Madden-Julian Oscillation (MJO) for each
region. Longitude-time diagrams showing the correlation of anomalous OLR
averaged over 15 °S—10 °N against the corresponding anomaly at a given reference
point over each tropical region during the period 1979—1998 (left panels) and the
period 2003—2022 (right panels): a, d for Indian Ocean (I0), b, e for Maritime
Continent (MC), and c, f for western Pacific (WP). The red contour denotes cor-
relation coefficient + 0.3 (solid line: positive value, dashed line: negative value). The
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black vertical line represents the reference point for each region. Black dashed lines
in each panel represent an eastward propagation speed of 5 ms™. The purple stars
mark the maximum correlation coefficient within the red contour for each long-
itude. The yellow line shows the linear least squares fit used to estimate the MJO
propagation speed and the mean propagation speed for each region is shown in the
upper right corner of each panel.

the maximum variability shifted slightly eastward in Period 2 (Fig. 1d). Over
the western Pacific, peak variability became more confined to the far western
Pacific during the later period (Fig. 1d). These regionally distinct changes in
SST and OLR variability highlight the need to examine how MJO propa-
gation characteristics have evolved across different basins between the two
periods.

Regional disparities in the MJO propagation speed
To illustrate the eastward propagation of the MJO, we employed lag-
longitude correlation maps of OLR anomalies averaged over the equatorial
latitude band (15 °S-10 °N), following the methodology of Waliser et al.®'.
To assess regional variations in MJO propagation speed, we quantified the
speed based on the lead-lag correlation maps. The mean propagation speed
was estimated by determining the slope of the least-squares fit of the
maximum correlation coefficient, using a correlation threshold of 0.3 (see
“Methods” section).

Figure 2 presents the observed lead-lag correlation maps of 20-70 days
bandpass-filtered OLR anomalies, which clearly illustrate continuous MJO
eastward propagation across each tropical region. For the entire period

(1979-2022), the average MJO propagation speed was 6.22ms" in the
Indian Ocean, 5.60 m s in the Maritime Continent, and 6.68 ms™ in the
western Pacific (Supplementary Table S1). Regionally, the MJO propagation
speed increased over the Indian Ocean, reaching 6.51 ms" in Period 2
compared to 6.08 ms™ in Period 1, representing 7.1% increase (Fig. 2a, d).
Similarly, in the Maritime Continent, the MJO propagation speed increased
by 5.4%, from 5.53 m s in Period 1 to 5.83 ms™ in Period 2 (Fig. 2b, €). In
contrast, the western Pacific exhibits a 17.6% decrease in MJO propagation
speed, slowing from 7.67 m s in Period 1 t0 6.32 m s™ in Period 2 (Fig. 2c, ).
To confirm the robustness of these results, we also estimated MJO propa-
gation speed using 850 hPa zonal wind anomalies (u850) instead of OLR.
The u850-based results exhibit qualitatively similar regional
differences—faster propagation over the Indian Ocean and Maritime Con-
tinent, and slower propagation over the western Pacific during Period
2-supporting the reliability of our findings across different variables (Sup-
plementary Fig. S4). These regional differences highlight the complex
interactions between SST changes and MJO dynamics. The divergent
responses in MJO propagation speed underscore the need for further
investigation into the physical mechanisms driving these changes.
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Fig. 3 | Changes in atmospheric background conditions between Period 1
(1979—1998) and Period 2 (2003—2022) (P2—P1). a Specific humidity (shading; g
kg") averaged between 650 and 900 hPa, with horizontal wind (vector; m s™) at 850
hPa and b longitudinal diagram (averaged between 15°S and 10 °N) of vertically
averaged (650—900 hPa) specific humidity change (g kg™). For the longitudinal
diagram, the values with a significance level of 0.1 are colored. ¢, d Longitude-
pressure cross section averaged between 15°S and 10 °N. ¢ Vertical velocity anomaly
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(shading; Pa s™) and vertical overturning circulation anomaly (vector; —1072 Pa's™
for vertical velocity and m s for zonal wind) difference between the two periods.
d Temperature (shading; K) and specific humidity (contour; g kg") anomalies dif-
ference. Note that the vertical velocity has been multiplied by —100, thus the positive
value indicates upward motion. Anomalies are calculated by subtracting the cli-
matology for 1979—2022.

Strengthened low-tropospheric moisture gradients enhance
MJO eastward propagation
Changes in the climate mean state substantially influence the characteristics
and propagation of the MJO**, In particular, horizontal gradients of lower-
tropospheric moisture over the Indo-Pacific region play a critical role in sus-
taining MJO convection and enabling its eastward propagation®®. Stronger
zonal moisture gradients enhance low-level convergence ahead of the MJO
convection center by increasing horizontal moisture contrast and promoting
moisture flux convergence, which in turn supports its eastward movement”.
To investigate this mechanism, we examined changes in lower-
tropospheric specific humidity (averaged between 650 and 900 hPa) and
horizontal wind at 850 hPa. During Period 2, we observe pronounced
moistening from the eastern Indian Ocean to the western Pacific, enhancing
zonal moisture gradients across the basin, which create a more favorable
preconditioning environment for MJO convection (Fig. 3a, b). This
moistening is accompanied by intensified anomalous westerlies from the
Indian Ocean and easterlies from the Pacific, which converge over the
Maritime Continent (Fig. 3a, b). The enhanced low-level convergence aligns
with a regional precipitation maximum (Supplementary Fig. S5) and
strengthened upward motion, favorable for triggering equatorial Kelvin
waves™. The strong low-level convergence, upward motion, and enhanced
precipitation generate deep vertical heating and increase buoyancy through
latent heat release. This equatorial heating can induce a Kelvin wave
response to the east, accompanied by easterly wind anomalies that facilitate
the eastward shift of convection. In contrast, the central and eastern Pacific
exhibited significant drying, further sharpens the zonal moisture gradient
(Fig. 3a, b). While moistening over the Indian Ocean and Maritime Con-
tinent supports MJO propagation by enhancing low-level convergence and
pre-moistening ahead of MJO convection, drying over the central and
eastern Pacific reduces background humidity and inhibits preconditioning,
thereby limiting development and propagation. These results highlight that
the effect of zonal moisture gradients on MJO propagation is regionally
dependent, and this spatial asymmetry is consistent with the observed
slowdown of MJO propagation in the western Pacific during Period 2.
These patterns are also broadly consistent with theoretical frameworks
that emphasize horizontal moisture advection as a key process in MJO
propagation®. In particular, frameworks that couple large-scale circulation

with moist processes—such as the moisture mode theory—highlight the
role of the moisture gradient. In this context, low-level wind anomalies
transport moisture, pre-moistening regions ahead of the MJO envelope.
During Period 2, over the Indian Ocean, a sharp increase in specific
humidity from west to east enhances the zonal moisture gradient east of the
major convective center. This enhanced gradient, combined with stronger
low-level wind anomalies, facilitates horizontal moisture transport and
promotes convergence at the leading edge of the convection. The resulting
increase in moist static energy helps maintain deep convection and supports
the vertically tilted structure needed for eastward propagation. In contrast,
over the western Pacific, a broad dry anomaly extending from the central to
eastern Pacific, which reduces background humidity and weakens the zonal
moisture gradient. This suppresses moisture advection and limits pre-
conditioning ahead of the MJO convection center, making the environment
less favorable for its eastward propagation—consistent with the observed
slowdown in this region.

To understand the broader dynamical context, we also examined
changes in the mean vertical overturning circulation. Large-scale circulation
plays an important role in MJO development, particularly by modulating
regions of convective ascent that support the maintenance and progression
of MJO-related anomalies®**”". In Period 1, strong anomalous upward
motion is observed over the eastern Pacific during boreal winter (Supple-
mentary Fig. S6a). However, this ascent weakens over the eastern Pacific in
Period 2 while concurrently strengthening over the Maritime Continent
(Supplementary Fig. S6b). A direct comparison reveals enhanced ascent in
the later period around 100 °E and between 120 °E and 150 °E, with
intensified descent in the central and eastern Pacific (Fig. 3c). These changes
suggest a westward displacement of the convective activity and a more
favorable ascent region over the Maritime Continent.

The enhanced upward motion over this region likely moistens the
lower troposphere through horizontal advection, preconditioning the
environment for deep convection. As convection intensifies, it also moistens
the upper-troposphere and amplifies diabatic heating. This vertical heating
structure reinforces low-level convergence and upper-level divergence,
amplifying vertical wind shear. This vertical structure facilitates eastward-
tilted diabatic heating, which is a key dynamical feature sustaining MJO
propagation””.
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Fig. 4 | Thermal structures of MJO. a—f Observed vertical structures of the
equivalent potential temperature (EPT, shading; K), specific humidity (contour; g
kg") and vertical overturning circulation (vector; —10~2 Pa s for vertical velocity
and m s™ for zonal wind) regressed onto 20—70 day bandpass-filtered OLR anomaly
for each tropical region (10, MC, and WP) during the period 1979—1998 (left
panels) and the period 2003—2022 (middle panels). g—i Differences in thermo-
dynamic vertical structures between Period 1 and Period 2 (P2 - P1). Green dots
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indicate regions where EPT differences are statistically significant at the 95% con-
fidence level. The shading and vector show statistically significant values at 95%
confidence level in (a—f). Gray hatching denotes the area where specific humidity
differences are statistically significant at the 95% confidence level in g—i. The green
star in (a—f) represents the convection centers where the ascending motion is
strongest. The black dashed line marks the reference point for each region.

The zonal-vertical distribution of specific humidity further highlights
these differences. Period 1 is characterized by anomalous drying over the
eastern Indian Ocean and anomalous moistening over the Maritime Con-
tinent and the western Pacific (Supplementary Fig. S6¢). In Period 2, the
equatorial troposphere becomes generally wetter (Supplementary Fig. S6d),
with particularly pronounced moistening appears around 700 hPa over the
Maritime Continent (Fig. 3d). These changes in the atmospheric mean state
are consistent with the variations in SST distribution between the two
periods. Increased SSTs over the Indian Ocean and Maritime Continent are
accompanied by enhanced humidity, while cooling over the central to
eastern Pacific coincides with drying. The enhanced horizontal moisture
contrast between the Indian Ocean and Pacific basins likely contributes to
improved MJO propagation conditions (Supplementary Table S2), parti-
cularly over the Indian Ocean, where relatively drier conditions are known
to limit MJO residence time™.

Lastly, changes in vertical temperature structure provide insight into
atmospheric stability. In Period 1, warm anomalies appear in the lower
troposphere over the western Indian Ocean, while the Maritime Continent
and western Pacific exhibit warm cores near both 850 hPa and 300 hPa,
indicating vertically extended warming. In contrast, the eastern Pacific
shows strong surface warming but a cold anomaly in the upper troposphere
(Supplementary Fig. S6¢). In Period 2, the warm anomalies in the eastern
Pacific weaken, while the troposphere over the Indian Ocean and western
Pacific becomes generally warmer, especially in the upper troposphere
(Supplementary Fig. S6d). In contrast, the central and eastern Pacific exhibit
the warm anomalies in mid-to-lower troposphere but simultaneous cold
anomalies in both the lower and mid-to-upper troposphere (Fig. 3d). These
temperature changes reflect a regionally varying vertical structure. While
signals over the Pacific should be interpreted with caution due to their
distance from the core MJO region, the warming over the Indian Ocean and
Maritime Continent may indicate locally increased static stability. Such

changes can potentially support MJO propagation in these regions’"*’. The
influence of atmospheric stability on MJO propagation is examined in detail
in the following section.

Thermodynamic and dynamic constraints on regional MJO
behavior

To identify the specific conditions governing regional differences in MJO
propagation speed, we examined the vertical structure of the equivalent
potential temperature (EPT) and specific humidity across the three tropical
ocean basins (Fig. 4). The MJO is typically characterized by a vertically
westward- and upward-tilted structure in specific humidity, EPT and dia-
batic heating, which facilitates its eastward propagation through moistening
ahead of the convective center®"”. The vertical structure of EPT, in parti-
cular, serves as a key diagnostic of the moist thermodynamic structure
associated with MJO activity’.

In the Indian Ocean and Maritime Continent, the EPT exhibits a
pronounced rearward-tilted vertical structure in the lower-troposphere,
indicative of progressive deep moistening to the east of the MJO convection
center (Fig. 4a, b, d, e). This structure is notably absent over the western
Pacific (Fig. 4¢, f). In the Indian Ocean, the westward-tilted structure and
pre-moistening are more prominent during Period 2, with enhanced
low-level moisture east of the convection center likely resulting from
Kelvin wave activity (Fig. 4a, d)**”. EPT and specific humidity both
increase significantly during Period 2, with their cores shifting from
being concentrated around 550 hPa in Period 1 to a broader, warmer,
and more humid mid-troposphere extending from 750 hPa to 500 hPa in
Period 2 (Fig. 4a, d). The difference between the two periods highlights
significantly warmer and more humid conditions to the east of the MJO
major convection center in Period 2 (Fig. 4g). Furthermore, the strongest
upward motion occurs at approximately 350 hPa in Period 1 but shifts to
300 hPa in Period 2, indicating a strengthening of upward motion during
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the later period (Fig. 4a, d). Moistening of the mid-troposphere creates
favorable conditions for convection development””’. Condensation
releases latent heat, which further strengthens the updraft and supports
deep convection. In the Maritime Continent, the distributions of EPT
and specific humidity remain similar across the two periods, though
slightly weakened in Period 2 (Fig. 4b, e). The difference shows that a
cooler and drier environment develops to the east of the major con-
vection center, which is unfavorable for MJO eastward propagation
(Fig. 4h). Additionally, the altitude of the strongest ascending motion
decreases in Period 2, indicating a weakening of upward motion during
the later period (Fig. 4b, e). In the western Pacific, both EPT and specific
humidity decrease during Period 2, with a noticeable weakening of their
cores and a cooler, drier environment surrounding the convective center
(Fig. 4c, f, 1). The altitude of peak ascent remains unchanged (Fig. 4c, f),
implying limited dynamical support for MJO propagation in this region.

Complementary to the thermodynamic analysis, we assessed the role of
the Front Walker Cell (FWC), which has been linked to the eastward pro-
pagation of the MJO via enhanced low-level easterlies and pre-moistening
ahead of convection”. During Period 2, FWC intensifies over both the
Indian Ocean and Maritime Continent (Supplementary Fig. S7b, d),
whereas no significant change is observed over the western Pacific (Sup-
plementary Fig. S7e, f). These results are consistent with the vertical ther-
modynamic structures and highlight the favorable conditions for MJO
propagation in the Indian Ocean and Maritime Continent, but not in the
western Pacific.

To further explore the thermodynamic mechanisms regulating MJO
propagation speed, we examined dry static energy (DSE), which reflects
atmospheric static stability and is influenced primarily by temperature.
Previous studies have shown that increased upper-tropospheric stability can
accelerate the convectively coupled Kelvin waves, potentially facilitating
MJO eastward propagation®”**. During Period 2, the core of DSE
strengthens near 250 hPa over the Indian Ocean, accompanied by a decrease
in lower-troposphere DSE and an increase in mid-to-upper levels (Fig. 5a, d,
g). A similar but weaker enhancement is observed over the Maritime
Continent (Fig. 5b, e, h). In contrast, the western Pacific exhibits a

weakening of the DSE core and a general reduction in DSE throughout the
troposphere (Fig. 5¢, f, ). These patterns are consistent with changes in the
vertical temperature distribution (Supplementary Fig. S8). Notably, regions
with increased DSE-such as the Indian Ocean and Maritime
Continent—correspond to areas where MJO propagation has accelerated,
while the western Pacific, which shows a decline in DSE, aligns with a
slowdown in propagation. These findings suggest that the regional changes
in static stability, along with the thermodynamic conditions, may act as one
of several contributing factors influencing MJO propagation.

Summary and discussion

Our study investigates how regional SST patterns and background
atmospheric conditions modulate the propagation characteristics of
MJO, based on the observational data. Over the period 1979—-2022, a
pronounced SST warming is observed across the tropical oceans—except
in the eastern and central Pacific—consistent with a La Nina-like shift
around 1999”. Accordingly, two periods are defined: Period 1
(1979—1998) and Period 2 (2003—2022) and MJO behavior is examined
in three key convection regions: the Indian Ocean, Maritime Continent,
and western Pacific.

We find that MJO propagation has accelerated in the Indian Ocean and
Maritime Continent during Period 2, but slowed significantly in the western
Pacific. The regional contrasts in MJO propagation speed change are closely
associated with changes in moisture distribution, large-scale circulation, and
atmospheric stability. In the Indian Ocean, increased moisture toward the
Maritime Continent, enhanced pre-moistening, and greater atmospheric
stability collectively promote faster eastward propagation. In contrast, the
western Pacific exhibits decreased moisture toward the eastern Pacific,
weakened vertical motion, and reduced DSE, which inhibit MJO progres-
sion. In the Maritime Continent, despite mean-state changes and increased
atmospheric stability that generally favor faster MJO movement, the
regional atmospheric conditions are not favorable to produce a substantial
increase. Nevertheless, the combined effects of mean-state changes, regional
conditions, and atmospheric stability still contribute to an overall increase in
MJO propagation speed over the Maritime Continent. Given the complex
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Fig. 6 | Schematic diagram illustrating the influ-
ence of atmospheric mean state change and
regional conditions on MJO eastward propaga-
tion. In response to uneven SST warming in the
early 21 century (i.e., period 2003-2022) relative to
the late 20" century (i.e., period 1979-1998), the
Maritime Continent (MC) experiences the largest
increase in moisture and stronger upward motion,
creating conditions that support faster MJO propa-
gation in Indian Ocean (IO). In contrast, the western
Pacific (WP) undergoes drying toward the eastern
Pacific and weakened ascending motion, leading to
convectively suppressed conditions that hinder
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terrain and multiple interacting factors in this region, further research is
needed to disentangle the mechanisms at play.

These findings underscore the importance of regional SST changes and
related atmospheric mean-state changes in modulating MJO behavior
(Fig. 6). While Indian Ocean conditions increasingly favor rapid eastward
propagation, the western Pacific shows signs of inhibited MJO activity, with
potential implications for global teleconnections.

Meanwhile, a limitation of this study is that all 20—70 day band-pass
filtered variability is included without explicitly identifying individual
MJO events. This may allow non-MJO signals to influence the observed
propagation characteristics. In addition, our correlation-based approach
differs from spectral analysis used in previous studies***', which derive
phase speed from zonal-mean wavenumber-frequency spectra. While
our method enables regional-scale analysis, future research should
incorporate more event-based selection strategies and consider MJO type
classification.

Despite these limitations, this study provides valuable observational
evidence of anomalously fast eastward propagating signals, suggesting a
broader spectrum of intraseasonal variability than previously recognized.
The key physical processes identified here offer insights that may help
reduce model uncertainties and improve MJO representation in future
climate models. Given the potential of deep convection to influence both the
troposphere and stratosphere, future work should also explore troposphere
—stratosphere coupling and the far-reaching impacts of regional SST on
global atmospheric circulation.

Methods

Data

The observed daily Outgoing Longwave Radiation (OLR) data from
National Oceanic and Atmospheric Administration (NOAA) are analyzed
for the period of 1979—2022. The primary datasets used in this study include
hourly temperature, specific humidity, precipitation, horizontal wind, ver-
tical velocity, and geopotential obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERAS5 reanalysis. These data
are available at 25 vertical levels from 1000 to 150 hPa and are provided at
four-time steps 00:00, 06:00, 12:00, and 18:00 with a horizontal resolution of
0.25° x 0.25°. For sea surface temperature (SST), we employed the monthly
Extended Reconstructed Sea Surface Temperature version 5 (ERSSTV5) to
examine background SST. Additionally, we investigated observed pre-
cipitation changes using monthly mean precipitation data from the Global
Precipitation Climatology Project version 2.3 (GPCPv2.3), which has a
spatial resolution of 2.5° x 2.5°. All datasets were analyzed over the same
period as the OLR data.

Data processing

For ERAS5 hourly data, they were averaged to a daily timescale, and all
datasets were interpolated into 2.5° x 2.5° grid as the OLR data to ensure
consistency in spatial resolutions among datasets. Daily anomalies were
calculated by removing the smoothed daily climatology and then applied the
20—70 day band-pass filtering to extract MJO-scale intraseasonal signals.
This filter effectively removes high-frequency signals ( < 20 days) and low-
frequency signals (>70 days), including much of the interannual ENSO
signal. The use of this filtering approach follows the standard practice
adopted by the CLIVAR MJO Working Group and has been widely
employed in previous studies”". We note that alternative filtering
methods, such as wavenumber—frequency filtering, can offer more selective
isolation of eastward-propagating signals. However, because our study
focuses on regional differences in MJO characteristics across the Indian
Ocean, Maritime Continent, and western Pacific, the band-pass filter is
better suited for retaining localized spatial variability.

Target season and regions

In this study, we only focused on the boreal winter (from November to
April) to investigate the MJO activity for the period of 1979—2022. To
examine the characteristics of MJO propagation across different tropical
regions, we defined three key regions with the most pronounced MJO
activity: Indian Ocean (IO: [70 °E-105 °E, 15 °S-10 °N], ref point: 85 °E),
Maritime Continent (MC: [105 °E-145 °E, 15 °S-10 °N], ref point: 125 °E),
and western Pacific (WP: [145 °E-180, 15 °S-10 °N], ref point: 165 °E). In
this study, we defined tropical latitude band as 15 °S-10 °N.

Estimation of MJO propagation speed

The eastward propagation speed of MJO can be determined using the lead-
lag correlation map between the latitudinally averaged OLR anomaly field
and an OLR time series at a reference point. To estimate this speed, we first
identify the maximum correlation coefficient within a threshold value of
+ 0.3, considering only values that pass the 95% statistical significance level.
Among these, only the continuous envelopes of correlation maxima are
selected to represent the coherent eastward-propagating signal. A linear
least squares fit is then applied to these points to determine the phase speed.
Note that the mean propagation speed of MJO is obtained from the cal-
culated correlation coefficients that exceed the 95% confidence level in the
Student’s t-test.

Dry static energy
Dry static energy (DSE) is used as a representative of atmospheric stability. It
is a key parameter that indicates the resistance of an air parcel to vertical
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displacement within the atmosphere. DSE is defined by the equation:
s=C,T+gZ

where s denotes the dry static stability, C, is the specific heat capacity of dry
air at constant pressure (C, = 1004] K ~1), T is the temperature, g is
gravitational accerelation (¢ = 9.8ms™%), and Z is geopotential height.

A higher value of DSE indicates a more stable atmosphere, meaning
that the air parcel is less likely to rise. Increased atmospheric stability allows
equatorial Kelvin waves to travel more quickly. Therefore, DSE is an
important parameter for understanding MJO propagation speed, as it
directly influences the stability of the atmosphere and the dynamics of large-
scale atmospheric circulation.

Data availability

The “ERSSTv5” data dataset can be accessed at https://psl.noaa.gov/data/
gridded/ data.noaa.ersst.v5.html. The “GPCPv2.3” dataset is available under
the link https://psl.noaa.gov/data/gridded/data.gpcp.html. The “NOAA
interpolated OLR” data can be downloaded at https://psl.noaa.gov/data/
gridded/data.olrcdr.interp.html. The reanalysis output of “ERA5 hourly
data on single levels from 1940 to present” can be found at https://cds.
climate.copernicus.eu/ cdsapp#!/dataset/reanalysis-era5-single-levels?
tab=overview and “ERA5 hourly data on pressure levels from 1940 to
present” is available at https://cds.climate.s.eu/cdsapp#!/dataset/reanalysis-
era5-pressure-levels?tab= overview. The processed data used to generate the
figures in this study are available in Zenodo at https://doi.org/10.5281/
zen0do.16593636.

Code availability

The code to produce all figures is available on request.
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