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Abstract

The Madden-Julian Oscillation (MJO) exhibits evident interannual variations, which have been mostly attributed to mod-
ulations of El Nino-Southern Oscillation (ENSO) in previous studies. However, whether the basin-wide warming/cooling of
the Indian Ocean (IO) independent of ENSO could affect the MJO remains elusive. Here, we show that the MJO tends to
initiate more westward and only propagate confined over the IO under warm conditions during boreal summer. In contrast, a
cold IO results in an eastward-shifted MJO initiation and smooth propagation across the Maritime Continent (MC)-western
Pacific (WP). The genesis location is mainly associated with warm ocean beneath the MJO, which accumulate more during
warm conditions. Additionally, the warming of the IO induces anomalous anticyclone and stronger vertical wind shears over
the WP, which synergistically lead to stronger Rossby wave while weaker Kelvin wave components, thereby inhibiting the MJO
eastward propagation. Moreover, the suppressed convection and thus low-level Kelvin easterly wind anomalies over the MC-WP
region become weaker with the warming of the entire IO. Consequently, the premoistening dominated by the high-frequency
synoptic-scale meridional advection decreases and causes nonpropagating MJO during boreal summer. These findings highlight

that interannual variations of the MJO could be attributed by considering independent modulation effects of the I0O.
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Key Points:

¢ Influences of the boreal summer Indian Ocean basin warming and cooling on the

Madden-Julian Oscillation (MJO) are significantly distinct

e The Indian Ocean basin warming causes more westward-shifted MJO initiation and

confines the MJO propagation within the basin

e The premoistening from synoptic-scale meridional moisture advection is key for MJO

propagating eastward during boreal summer
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Abstract

The Madden-Julian Oscillation (MJO) exhibits evident interannual variations, which have
been mostly attributed to modulations of El Nifio-Southern Oscillation (ENSQO) in previous
studies. However, whether the basin-wide warming/cooling of the Indian Ocean (10)
independent of ENSO could affect the MJO remains elusive. Here, we show that the MJO tends
to initiate more westward and only propagate confined over the 10 under warm conditions during
boreal summer. In contrast, a cold 10 results in an eastward-shifted MJO initiation and smooth
propagation across the Maritime Continent (MC)-western Pacific (WP). The genesis location is
mainly associated with warm ocean beneath the MJO, which accumulate more during warm
conditions. Additionally, the warming of the 10 induces anomalous anticyclone and stronger
vertical wind shears over the WP, which synergistically lead to stronger Rossby wave while
weaker Kelvin wave components, thereby inhibiting the MJO eastward propagation. Moreover,
the suppressed convection and thus low-level Kelvin easterly wind anomalies over the MC-WP
region become weaker with the warming of the entire 10. Consequently, the premoistening
dominated by the high-frequency synoptic-scale meridional advection decreases and causes
nonpropagating MJO during boreal summer. These findings highlight that interannual variations

of the MJO could be attributed by considering independent modulation effects of the 10.

1 Introduction

The Madden—Julian oscillation (MJO; Madden & Julian, 1971, 1972) is one of the major
modes of the tropical intraseasonal variability in the Indo-Pacific warm pool with a pronounced
seasonality (Madden, 1986; Wei & Ren, 2024). The boreal winter MJO mainly propagates

slowly eastward with large-scale deep convection along the equator, while the boreal summer
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MJO moves both northward and eastward within the Asian monsoon zone (Yasunari, 1979;
Wang & Rui, 1990; Madden & Julian, 1994; Jiang et al., 2004; Lin & Li, 2008; Wei et al., 2022).
The MJO diabatic heating excites anomalous circulation that considerably modulates global
weather and climate through teleconnections (Adames & Wallace, 2015; Ren & Ren, 2017; Bai
et al., 2022). Deeply understanding the initiation and propagation MJO dynamics is thus
important for the subseasonal-to-seasonal (S2S) prediction of meteorological disasters

worldwide (Zhang, 2013; Vitart et al., 2017; Ren et al., 2018).

The year 2020 witnessed the wettest summer since 1960s over the Yangtse River basin,
where a sequence of extreme rainfall episodes occurred, accompanied with a strengthened and
westward extended western Pacific anticyclone (WPAC) (Ding et al., 2021). It was suggested
that the unique MJO behaviors during June-July 2020 might affect the WPAC and thus the
extreme Meiyu event (e.g., Zhang et al., 2021). As seen from Fig. 1a, the MJO recorded by the
real-time multivariate MJO (RMM) index (Wheeler & Hendon, 2004; Ren et al., 2023) swung
recurrently between Phases 1 and 2 in June-July when the westward extended ridge line of the
WPAC also migrated southward or northward (Wang et al., 2022). Thus, the MJO stalling over
the Indian Ocean and failing to propagate into the western Pacific was one cause of the persistent
rainfall over the Yangtse River Basin in 2020. But why did the MJO stall in the early summer of
2020? We note that this special MJO episode followed a cooling condition in the central-eastern
Pacific (Ding et al., 2021; Qiao et al., 2021; Zhang et al., 2021; Zhou et al., 2021) and also a
warming condition persisting over the Indian Ocean (Figs. 1b—1c). This motivates that the
anomalous oceanic conditions might play a role in affecting the MJO in 2020 summer. In fact, a
preliminary study by Liang et al. (2021) has revealed that the non-propagating MJO during June-

July 2020 might be associated with both a La Nifia-like condition in the Pacific and an Indian
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Ocean basin mode (IOBM)-like condition in the Indian Ocean, although underlying mechanisms

remain elusive.

(a) 2020 June-July

15 (b)SSTA averaged in June-July 2020
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Figure 1. (a) The RMM indices during June—July 2020. (b) The sea surface temperature (SST)
anomaly (units: °C) averaged in June—July 2020. (c) The oceanic Nifio index (ONI) and the
Indian Ocean basin mode (IOBM) index during January—July 2020.

RMM1

Many studies have tried to understand modulation effects of the El Nifio-Southern
Oscillation (ENSO) on the MJO (e.g., Lau & Chan 1986; Slingo et al., 1999; Hendon et al.,
2007). The initiation and propagation behaviors of the MJO not only rely on the warm and cold
phases of ENSO (Pohl & Matthews 2007; Liu et al., 2016) but are also subjected to the diverse
spatial patterns of ENSO (Hsu & Xiao, 2017; Wang et al., 2019; Takasuka & Satoh, 2021). In
general, the MJO becomes faster, bigger, and more top-heavy during El Nifio than that during La
Nifia (Wei & Ren, 2019, 2022). The Central-Pacific El Nifio supports successive MJO initiation
from the Indian Ocean with a westward energy dispersion, while the Eastern-Pacific La Nifia is
favorable for the occurrence of primary MJO episodes triggered by westward-propagating

Rossby waves (Wei et al., 2023).
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Despite many studies on the ENSO-MJO interactions, potential effects of low-frequency
sea surface temperature (SST) anomalies internal to the Indian Ocean (Cai et al., 2019; Wang,
2019) on the MJO are less investigated (Shinoda & Han, 2005; Seiki et al., 2015). During boreal
summer, the anomalous Indian Ocean warming may slow and inhibit the northward propagation
of the MJO (Sabeerali et al., 2013; Kottapalli & Vinayachandran, 2022). Although the IOBM
exists as the dominant interannual variability mode over the Indian Ocean (Saji et al., 1999), few
studies have examined whether it can influence the zonal propagation and initiation of boreal
summer MJO, which largely motivates this study. For example, how does the MJO propagate in
the warm versus cold phases of IOBM? Does the IOBM influence initiation of the MJO deep
convection over the Indian Ocean? Addressing these questions is beneficial for the subseasonal
prediction of extreme weather. The rest of this paper is structured as follows. Section 2
introduces the data, diagnostic analysis methods, and designs of atmospheric global climate
model (AGCM) experiments. Section 3 exhibits characteristics of MJO initiation and
propagation under the different background IOBM phases and explores mechanisms behind.

Section 4 gives summary and discussions for the finding of this study.

2 Data and Methods

2.1 Data processing

To diagnose the MJO-scale convection and circulation and analyze the column-integrated
moisture budget during the extended boreal summer (from May to August; MJJA) of 1981-2020
(40 years), we use the daily outgoing longwave radiation (OLR) data from the National Oceanic
and Atmospheric Administration (NOAA) (Liebmann & Smith, 1996), the horizontal and

vertical winds (u, v, and o) from NCEP/DOE Reanalysis Il (Kalnay et al., 1996; Kanamitsu et al.,
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2002) and specific humidity (q) from NCEP/NCAR Reanalysis | (NCEP/NCAR R1 is calculated
in postprocessing but NCEP did not do this for R2). The climatological mean, linear trend and
annual cycle based on the 1991-2020 reference period are first removed to obtain the daily
anomalies, and then a 181-point Lanczos bandpass filter is applied to isolate the intraseasonal
(2090 days) timescale variability associated with MJO. The global monthly SST is from the
NOAA Optimum Interpolation SST version 2 (OISSTv2) High Resolution dataset, with a 0.25°
squared horizontal resolution (Reynolds et al., 2007). The Nifio-3.4 and IOBM indices are
respectively defined as the tropical Pacific-averaged (5°S-5°N, 120°-170°W) and tropical Indian
Ocean-averaged (20°S—20°N, 40°-100°E) SST anomaly. The Oceanic Nifio index (ONI), one

measure of the ENSQ, is further calculated by the monthly Nifio-3.4 index.

The RMM and OLR-based MJO indices (OMI) are used to characterize the trajectory and
amplitude of the MJO. The former indices are the leading two principal components (PCs)
derived by projecting the equatorially (15°S—15°N) averaged OLR and zonal wind anomalies at
850 hPa (U850 hereafter) and 200 hPa (U200 hereafter) onto the two eigenmodes extracted by
Wheeler and Hendon (2004). The OMI is the projection of 20-96-day filtered OLR anomalies,
including all eastward and westward wave numbers, onto two eigenmodes of 30-96-day filtered
OLR anomalies (Kiladis et al., 2014). The strong MJO days are defined as those when the index

amplitude exceeds one standard deviation.

2.2 Methods

This study focuses on changes in MJO activity in response to the interannual IOBM
signal without the interference effects of ENSO. Thus, the IOBM months are first selected as

those when the IOBM index exceeds the threshold of one standard deviation during the extended
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135  boreal summer. Among the selected months, we excluded the ENSO months defined as those

136 with ONI value exceeding +0.5 °C.

137 An empirical orthogonal function (EOF) analysis method is used here to extract the
138 dominant propagation patterns of intraseasonal convection anomalies under different IOBM
139  conditions. We consider a domain of 40°E to 150°E in the zonal direction, and a wider

140  meridional range of 15°S to 40°N to sufficiently cover the northward shift convection during
141 boreal summer. The regression analysis method is further used to explore how and why MJO
142  characteristics differ in different phases of IOBM. Specifically, the reference time series is
143 defined as the first PC derived above. The intraseasonal-scale variables and moisture budget

144  terms are regressed against the reference time series in following sections.

145 For the composite analysis, we select MJO episodes when the intraseasonal OLR

146 anomaly averaged over the equatorial Indian Ocean (10°S-10°N, 75°E-95°E) is below -0.5

147  standard deviation for five consecutive days. The reference date for a selected MJO episode is
148  defined as “Day 0” when the above equatorial Indian Ocean-averaged OLR anomaly reaches its
149  minimum. A total of 134 MJO episodes meeting the aforementioned criteria are preliminarily
150  identified during the 40-year MJJA period, and then twenty-two episodes among them are

151 ultimately available for this study in disregard of IOBM years significantly influenced by ENSO,

152 including respectively eight and fourteen episodes during warm and cold IOBM phases.

153 Furthermore, the k-means clustering analysis is used to objectively classify the selected
154  MJO episodes according to their day-longitude propagation diagrams of OLR anomalies
155  averaged between 10°S and 10°N. The domain used for clustering analysis covers a 30-day

156 period from Days -10 to 20 and a longitudinal extent from 40°E to 180°E. The iterative
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algorithm seeks to find an optimal partition of the samples into k clusters. The members within
each cluster should resemble each other while being efficiently separated from members of other
clusters. Michelangeli et al. (1995) provide detailed description of the k-means clustering
algorithm. Based on the criterion that the number of cluster depends on the mean silhouette value,

we choose three as the optimal k value.

2.3 Model and experimental design

The model used in this study is adapted from the Community Atmospheric Model version
6.0 (hereafter CAMG) as the atmospheric component of the NCAR Community Earth System
Model (CESM) version 2.1 (Danabasoglu et al., 2020). This is the newest version of the CESM
with the goal of eventually providing seamless Earth system prediction from weeks to decades.
CAMBG is the default atmospherics model with the highest skill in the simulation of the monsoon
intraseasonal oscillation compared to other generations (Kumar et al., 2023). It uses a nominal 1°
horizontal resolution of 1.9°x2.5° and has 32 vertical levels from the Earth surface to the top of
the model lid (~3.6 hPa). Two full AGCM numerical sensitivity experiments are conducted to
investigate the impact of the internal IOBM on the MJO during the boreal summer of MJJA,
including the warming IOBM run and cooling IOBM run (Exp-WI and Exp-ClI in short). They
are the forced runs in which the SSTs are specified. In the Exp-WI, the positive SST anomalies
in the tropical Indian Ocean (30°S—15°N, 45°E-105°E) during the warm IOBM phase are added
into the SST forcing the CAMG6, and monthly climatological SST is used in other oceanic areas.
The Exp-Cl is similar to the Exp-WI, except for the inclusion of cooling SST perturbations
during the cold IOBM phase. For each experiment, the model is integrated forward for 20 years
and the simulation from the last 15 years are compared with the observational results, with

consideration of a 5-year spin-up period.
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3 Results

3.1 IOBM phase-dependent features of the MJO during MJJA

We first examine intensity of the MJO by referring to the intraseasonal variance of
convection (e.g., OLR) and circulation (e.g., U850) over the Indo-Pacific warm pool. Figures 2a—
2b demonstrate that MJO-scale convective signals are strong over the equatorial Indian Ocean,
Bay of Bengal (BoB), Arabian Sea, South China Sea (SCS), and western Pacific, consistent with
the observational results of Wei et al. (2024). Considerable MJO circulation signals are also
observed over these regions and are especially strong over the SCS and the Philippine Sea (Figs.
2d-2e). However, the patterns of MJO variance are distinct between the warm and cold IOBM
phases. In terms of convection, the MJO over the western Indian Ocean during the warm I0BM
phase is stronger than that during the cold phase (Fig. 2c). In contrast, over the northwestern
Pacific and the northern Maritime Continent (MC), the MJO is usually weakened when the
Indian Ocean varies from cool to warm phases. In terms of circulation, the IOBM tends to
influence the MJO mainly over the South China Sea and Philippine Sea where 850-hPa zonal
wind anomalies show smaller intraseasonal variation under the warm IOBM condition (Fig. 2f).
Consequently, it can be inferred that the convective activity of the MJO predominantly exhibits a
zonal-dipole variation between the Indian Ocean and western Pacific under modulation of IOBM.
Recently, it has been indicated that the MJO signal over the Indian Ocean owes its existence to
its eastward component during boreal summer (Wei et al., 2024). Therefore, we speculate that
the IOBM may saliently influence the initiation and zonal propagation of the boreal summer

MJO.
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Figure 2. Standard deviation of intraseasonal (left) outgoing longwave radiation (OLR)
anomalies and (right) 850-hPa zonal wind (U850) anomalies for the positive (a, d) and negative
(b, €) IOBM phases during the extended boreal summer (May—August; MJJA) of 1981-2020. (c,
f) The warm subtracts cold IOBM phases. The white stipple denotes the significant difference
passing the 90% confidence level based on the parametric F-test.

Figures 3a—3d show the index evolution of MJO episodes under the two IOBM phases

from Day -15 to Day 25. To examine possible differences of the MJO initiation between the

warm and cold IOBM phases, we first construct an index to identify the timing of individual

MJO episodes when transiting from positive to negative. In view of the disparity in the latitude

range for filtered OLR subjected to an EOF analysis between the OMI and RMM index during
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boreal summer, this index is defined as the 20-90-day filtered OLR anomaly averaged in (5°S—
15°N, 40°E-120°E). The timing of MJO under the warm IOBM phase is identified at Day -5,
when intensity of the MJO episode undergoes a sharply increasing transition, and such a
transition is obviously lagged at Day -2 under the cold IOBM phase. Based on these
identifications, most MJO episodes under the warm IOBM phase initiate from Phases 1-2 (i.e.,
the east coastal Africa and the western Indian Ocean), manifesting as a local oscillation over the
tropical Indian Ocean (Figs. 3a and 3c), while the initiation of MJO episodes under the cold

IOBM phase is located further east over the central Indian Ocean (Phases 2—3; Figs. 3b and 3d).

Figures 3e—3f further compare the occurrence frequency and amplitude of strong MJO
days in individual MJO phases between the warm and cold IOBM conditions. The occurrence
probability of strong MJOs days in terms of OMI results is more uniformly distributed during the
cold IOBM, while during the warm IOBM, active MJOs operate most frequently only in Phase 2
over the western Indian Ocean (Fig. 3e). Similarly in terms of RMM results, the proportion of
strong MJO days is significantly higher in Phases 1-4 than in Phases 5-8 during the warm IOBM,
but this higher ratio tends to occur in the western Pacific during the cold IOBM (Fig. 3f), which
supports the conjecture from the standard deviation fields (Fig. 2). Thus, the IOBM signal has a
significant regional effect on the formation of MJO convection, particularly on its initiation, as

previously reported in literature (e.g., Wu et al., 2023).
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238 amplitudes (line) of OMI index in Phases 1-8 under the positive (red bar and solid line) and

239 negative (blue bar and dashed line) IOBM. The index is selected when its amplitude exceeds 1.0.
240  (f) is the same as (e), but for the RMM index.

241

242 To investigate how MJO propagates under different IOBM phases, we extract the first
243  two EOF modes of 20-90-day filtered OLR anomalies over (15°S-40°N, 40°E-150°E) during
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boreal summer (Fig. 4). Under the warm IOBM: the first EOF pattern shows a meridional dipole,
with negative loading in the equatorial Indian Ocean and positive one over the Arabian Sea-Bay
of Bengal-SCS (Fig. 4a); the second EOF shows a zonally elongated convection pattern,
spanning from Indian Ocean to SCS and centered at ~10°N (Fig. 4b). Thus, the background
warming of entire Indian Ocean may not support an MJO propagates smoothly across the MC
and into western Pacific. Instead, the intraseasonal convection might behave as northward-only
propagation confined over the Indian Ocean. However, when the entire Indian Ocean is cooled,
there appear evident convection anomalies over the western Pacific in both EOFs (Figs. 4c—4d).
Besides, the second EOF manifests a canonically northwest-southeast tilt structure of the deep
convection (Fig. 4d). The cross-correlation analysis suggests that EOF1 virtually leads EOF2 by
~10 days. Thus, not only the northward propagation, but also the eastward propagation is a major
feature of the intraseasonal convection under the cold IOBM phase, as is typical for the boreal

summer MJO (Kikuchi, 2021).
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Figure 4. (a) Spatial patterns of the first two leading empirical orthogonal functions (EOFs) of

daily intraseasonal OLR anomalies under the positive (a, b) and negative (c, d) IOBM during
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MJJA of 1981-2020. The explained variances are indicated in the top right corner of each panel.

Given the leading EOF patterns, Figure 5 further illustrates the corresponding
propagation characteristics through their associated intraseasonal convection and circulation.
Additionally, composite diagrams of MJO episodes are employed to verify if similar features can
be observed for the MJO propagation. We can clearly see that the zonal propagation of MJO
from the tropical Indian Ocean into western Pacific exhibits pronounced differences between the
two phases of IOBM. Under the cold IOBM (Figs. 5b), there is a leading suppressed convection
(i.e., positive OLR anomalies) over the MC between lag days -15 and -2 when the enhanced
convection initiates over the central Indian Ocean (~85°E). The MJO propagates eastward at a
speed of ~5.0 m/s following the method of Wei & Ren (2019), and after reaching the MC, the
convective signals weaken somewhat but re-develop over the western Pacific (Fig. 5b); whereas
under the warm 10OBM, the MJO initiates further west over the western Indian Ocean (~60°E),
and the suppressed convection is much less organized (Figs. 5a). During its traveling across the
Indian Ocean, the MJO propagates towards the MC at a slower speed of 4.5 m/s, and then
weakens sharply and decays rapidly (Fig. 5a). Compared to the cold IOBM, similar results can
be seen in Figs. 3e-3f under the warm IOBM, where the amplitudes of both the OMI and RMM
indices generally decrease more rapidly with phase, and the frequency ratio of RMM Phases 5-8
is apparently lower. We also examine the northward propagation of MJO over the equatorial
Indian Ocean (Figs. 5¢c-5d) and find that the more robust MJO convection-circulation coupled
anomalies, can propagate to ~20°N during the cold IOBM compared to only 12°N during the

warm |IOBM.



282

283
284
285
286
287
288
289

290

291

292

293

294

295

296

297

298

Journal of Geophysical Research: Atmospheres

(a) Positive (b) Negative
25 _ 25

= =

© 1]

=) =)

(o)} (=)}

© (3]

- -

45E 90E 135E 180
14-12-10-8 -6 -4 2 2 4 6 8 10 12 WM’

" (d) Negative:lO
20—>':i1?s‘/~-1:fil:‘?:/' 200

= o 10 i

= T 5- 29 Fe

= 2 oA e

) [
-10 4 )
-15-
22047 At Ll S 1
D5 e - ey -

158 EQ 15N 30N

Figure 5. Lead-lag regressions of the intraseasonal OLR (shading; units: W/m?) and U850
anomalies (contour; units: m/s) averaged over the equatorial zone (5°S-5°N; a-b) and the Indian
Ocean zone (40°E-100°E; c—d) onto the PC1 index for the positive (a, ¢) and negative (b, d)
IOBM phases during MJJA of 1981-2020. The red solid contour indicates positive value, and the
negative one for the blue dash contour. The stipple denotes those OLR anomalies above the 90%
confidence level, and the U850 anomalies at the same confidence level are only shown.

After having demonstrated the IOBM impacts on the MJO propagation, to better
understand the IOBM-dependent zonal propagation patterns of MJO during boreal summer, we
subdivide these MJO episodes by clustering analysis (Fig. 6). It reveals notable distinctions
among the three clusters: Cluster #1, accounting for 27.3% of all MJO episodes, exhibits
comparable propagation behaviors to the MJO under the warm I0BM (Fig. 6a). The deep
convection of Cluster #1 initiates from the western Indian Ocean (~60°E) and propagates slowly
towards the eastern Indian Ocean (~115°E), but then rapidly weakens due to the lack of
suppressed conditions ahead; Cluster #2, accounting for 40.9% of all, exhibits a westward-

propagating pattern in the western Pacific where the convective signals merge with deep



299

300

301

302

303

304

305

306

307

308

309

310
311
312
313
314

315

Journal of Geophysical Research: Atmospheres

convection from the Indian Ocean (Fig. 6b); Cluster #3, accounting for 31.8% of all, behaves
more like the MJO under the cold IOBM (Fig. 6¢). The enhanced convection of Cluster #3
originates from the central Indian Ocean (~90°E) and proceeds with the stronger eastward-
propagating mode to the western Pacific. Besides, we further compare the statistical quantity
proportion of MJO episodes in each cluster between the two IOBM phases (Table. 1). In the
observations, Cluster#1 accounts for the largest proportion (37.5%) among the three clusters
under the warm 10BM, while Cluster#3 (35.71%) has a much higher proportion than Cluster#1
(21.43%) under the cold IOBM. It again proves that the MJO influenced by the warm IOBM
tends to propagate like Cluster#1, and the dominant propagation of the cold IOBM-influenced

MJO is more like Cluster#3.
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Figure 6. Three clusters of composited lag-longitude diagram of intraseasonal OLR anomalies
(units: W/m?) between 5°S and 5°N by the k-means cluster analysis under both the positive and
negative IOBM phases during MJJA of 1981-2020. The stipple denotes those OLR anomalies

above the 95% confidence level.

Table 1. The result of k-means cluster analysis on the observation and model
values of MJO cases under the two IOBM phases from May to August

Order of Positive IOBM Negative IOBM
Cluster Observation Model Observation Model
I 37.5% 40.0% 21.43% 21.95%
11 37.5% 27.5% 42.86% 36.58%
1 25.0%* 32.5%* 35.71%* 41.46%*

*: the percentage of MJO cases with a clear eastward-propagating characteristic
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3.2 Mechanisms of MJO variation with IOBM phase

We further reveal causes of the different MJO features between the two IOBM phases. In
the warm IOBM, a notable feature is the larger area of warm ocean (i.e., >29°C) extending
westward into the Indian Ocean compared to the cold IOBM (Figs. 7a—7b). This suggests that the
westward shift of MJO initiation is associated with the westward expansion of warm ocean. An
anomalous low-level anticyclonic circulation appears over the northwestern Pacific, and locally
easterly shear anomalies are observed over the west coast of South Africa (Figs. 7c and 7e).
Stronger easterly shear can enhance the coupling of baroclinic and barotropic modes of the
Rosshby waves. Since the barotropic component is a modified Rossby mode and only excited by
Rossby waves, the easterly shear can efficiently transform from baroclinic energy to barotropic
energy, enhancing barotropic vorticity and thus low-level Rossby waves (Wang & Xie, 1996,
1997). In addition, stronger vertical shear in the warm I0BM, regardless of its sign (i.e. westerly
or easterly shear), tends to slow down the westward propagation of Rossby waves (Wang & Xie,
1996). In the cold IOBM (Figs. 7d and 7f), the low-level anomaly circulation over the
northwestern Pacific conversely becomes cyclonic, and associated weaker easterly shear over the
entire Indian Ocean is conducive to the growth of eastward-propagating tropical waves (e.g.,
Khouider & Majda, 2008; Majda & Stechmann, 2009; Lu & Hsu, 2017). Accordingly, the
combined effect of the stronger Rossby wave and weaker Kelvin wave components during the

warm I0OBM results in a slower MJO propagation.
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Figure 7. Background states under the positive (left) and negative (right) IOBM phases. (a—b)
show the anomalous (shading, units: °C) and total (contours with an interval of 1 °C) backg;round
sea surface temperature; (c—d) show the background OLR anomalies (shading, units: W/m<) and
850-hPa wind anomalies (vectors with a reference of 1.5 m/s); (e—f) show the associated
anomalous vertical shear of background zonal wind (defined as U200-U850, units: m/s). The
stipple denotes those above the 90% confidence level.

To further understand potential structural differences of MJO between the two IOBM
phases, Figure 8 shows the vertical structures of the MJO-related anomalous circulation and
moisture and its tendency at Day 0. We can see that a deeper and better organized front Walker
Cell (FWC; Chen & Wang, 2018) coupled with moisture appears to the east of the enhanced
convection center over the Indian Ocean (105°E-165°E) under the cold IOBM (Fig. 8b). This
FWC is primarily initiated by the leading suppressed convection, manifesting as a strong easterly
anomaly in the planetary boundary layer (PBL) and lower troposphere (Fig. 8f). Previous studies

have indicated that FWC could strengthen Kelvin wave easterly anomalies and cause a pre-
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moistening and heating perturbation ahead of MJO deep convection (e.g., Wei & Ren, 2019,
2022). The stronger lower-level moistening below 500 hPa under the cold IOBM is matched
with the ascending motions caused by the FWC-related Kelvin wave PBL convergence (Figs.
8c—8d). The ascending motion could destabilize the lower-level atmosphere through vertical
moisture transport, which plays a prominent role in the development of shallow and congestus
convection (Wang et al., 2017; Wei & Pu, 2021). In contrast, under the warm IOBM, there exists
no significant zonal FWC wind anomaly ahead of MJO deep convection, corresponding well to

the slow MJO propagation (Fig. 8e).
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Figure 8. Vertical structures of the equatorial (5°S-5°N) intraseasonal specific humidity
anomalies (a—b; shading; units: x10™g/kg) and their temporal tendency anomalies (a—b; contour;
units: x10™" g/(kg-day)), (u, wx100) anomalies (a—b; vector), vertical velocity anomalies (o) (c—d;
units: x107 Pa/s) and zonal wind anomalies (u) (e—f; units: m/s) regressed onto the PC1 index at
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Day 0 for the positive (a, c, €) and negative (b, d, f) IOBM phase during MJJA of 1981-2020.
The stipple denotes those statistically significant above the 95% confidence level. The vectors
and contours in (a) also only show values above the same confidence level.

Besides, the vertical structure of moisture tendency is displayed in Fig. 8a—8b. The
significantly positive moisture tendency under the cold-IOBM phase is found in front of the MJO
convection and extends to the western Pacific (~155°E) below 500 hPa (Fig. 8b), whereas
weaker positive moisture tendency with weaker vertical tilting exists to the east under the warm
IOBM (Fig. 8a). It can cause a zonally asymmetric accumulation of moisture, as indicated by the
“moisture mode” theory (Adames & Kim, 2016), favoring the eastward propagation of MJO.
Meanwhile, the positive moisture anomalies might result from the large-scale advective
processes (Kim et al., 2014; Wei & Ren, 2019). To comprehend which physical processes
produce positive moisture tendency, we here conduct the moisture budget analysis, which has
been widely employed to understand the moistening process during the MJO propagation across
the Indian Ocean (e.g., Adames & Kim, 2016; Ren et al., 2021; Wei & Ren, 2022). The
intraseasonal column-integrated budget equation at a constant pressure level can be written as

follows (Yanai et al., 1973):

<a_q><a—q> ,28Y [ ,00) (Y, (1)
ot ot oy op L,
where Q, and L, are the apparent moisture sink and the evaporation coefficient of latent

heating, respectively, ( ) denotes the column integration from surface to 500hPa, and the prime

symbol does the 20-90-day bandpass filtering to obtain the MJO-scale anomalies. The first three
terms on the right-hand side of Eq. (1) are the zonal (uHadv), meridional (vHadv), and vertical

moisture advection. The fourth term is the net moistening effect of microphysical and eddy
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diffusion processes (Hsu & Li, 2012; Chen et al., 2016), considered as the difference between the
local moisture tendency and the moisture advection (Wei & Ren, 2022). The sum of last two
terms can be called “Column process”, representing the large-scale vertical moisture advection,

microphysical processes and vertical eddy moisture fluxes (Chikira, 2014; Wei & Pu, 2021).

The tropospheric advection processes are explored over the western Pacific (5°S—15°N,
130°E-155°E), the region associated with zonal asymmetry of moisture tendency. The individual
terms of Eq. (1) regressed onto the PC1 at Day 0 are shown in Fig. 9. The MJO moisture
tendency is stronger under the cold IOBM phase than the warm phase, which is mainly attributed
to the difference of vHadv (Fig. 9a), as the previous results (Kim et al., 2014; Pillai & Sahai,
2016; Wei & Ren, 2019). To further examine relative roles of the eddy-eddy and eddy-mean flow
interactions, variations in the meridional velocity and specific humidity can be divided into three
time scales, as follows (Hsu & Li, 2012; Wang et al., 2017):

q=9_+0qy +0q4,
V=V, +V, +V,,

: ()

where X_, Xy,and X, denote anomalies of the low-frequency (i.e., >90 days) background

state, 20-90-day intraseasonal, and high-frequency (i.e., <20 days) components, respectively.

Therefore, further investigation on the decomposition of vHadyv is performed as follows:

aq ! aq ’ 6q ! aq ! 8q ’ aq ’ aq ’ 6q ’ aq r
vHav = —(v, —=)"—(v, %) =(v, =) ~(Vy =) ~(Vy =) ~(Vy =) (Vg =)~ (Vs ) (Vg —)
Loy Loy Loy M oy M oy Mooy "oy "oy Tay’ (3)
T1 T2 T3 T4 T5 T6 T7 T8 T9

where the nine terms in Eq. (3) are simplified as Tn (n=1, ..., 9) from left to right. Figure 9b
displays the meridional moisture advection terms of Eq. (3) at Day 0 in the warm and cold

phases of IOBM, respectively. The moistening is mainly attributed to three terms: advection of
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MJO moisture by the low-frequency background meridional flow (T2), advection of background
moisture by the MJO flow (T4), and advection of high-frequency moisture by the high-frequency
flow (T9). Among them, the eddy moistening effect T9 contributes the most of meridional

advection processes, which is consistent with the conclusion of Wei et al. (2022).

(a) Individual terms of moisture budget

0.30
0.20 -
-0.10 ‘ T
qt uHadv vHadv column

(b)Individual terms of meridional advection
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Figure 9. Column-integrated (1000-500 hPa) moisture budget for MJO at Day 0 during positive
(red bar) and negative (blue bar) IOBM phases. (a) The individual terms of Eq. (1) averaged over
(5°S-15°N, 130°E-155°E) regressed onto the PC1 index, including the moisture tendency (qt;
units: kg/(m*day)), zonal horizontal advection (uHadv; units: kg/(m?day)), meridional
horizontal advection (vHadv; units: kg/(m?day)), and net contribution of column processes
(column; units: kg/(m?-day)). (b) As in (a), but for the individual terms of moisture meridional
advection (units: kg/(m?-day)).

3.3 AGCM sensitivity experiment

Two sets of AGCM experiments are conducted to validate the above observational results
(see details of experiments in Section 2.3). Figure 10 presents the simulated MJO-scale variance

during MJJA under both warm and cold IOBM phases. Despite minor discrepancies in overall
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values between the simulations and observations, our conclusion that they bear a resemblance to
each other remains valid (Fig. 2). The major differences in MJO convection and circulation
centers between the two IOBM phases are basically consistent with observations (Figs. 10c and
10f), although the sensitivity experiment slightly underestimates convection over the eastern
Indian Ocean and overestimates convection to the east of 145°E. For example, the stronger MJO
convection over the western Indian Ocean under the warm IOBM is well reproduced in the
experiment, as compared to cold IOBM conditions (Fig. 10c). The relatively weaker variance of
U850 anomalies over the SCS is also captured in Exp-WI (Figs. 10d and 10f). Consequently, this
effectively underscores the pivotal role of independent variations in SST pattern within the

tropical Indian Ocean in driving changes in the MJO intensity.
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Figure 10. Same as Figure 2, but for the model simulation.
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Following the observational diagnosis methods (Figs. 5a-5b), the intraseasonal simulated
OLR and U850 anomalies are regressed onto the MJO index defined by the normalized
intraseasonal simulated OLR averaged in the tropical Indian Ocean (15°S—15°N, 40°E-120°E).
The MJO convective activity in Exp-WI1 is confined to the western Indian Ocean with an
extremely slow propagation (Fig. 11a), whereas the Exp-Cl experiment shows a clearer eastward
propagation. Moreover, the initiation of MJO convection in Exp-Cl exhibits a more easterly
displacement (Fig. 11b). Although the deep convection in Exp-CI coupled with circulation has
some limited propagation through the MC, it is still able to reach the western Pacific, and the
associated intraseasonal low-level easterly is also much stronger than that in Exp-WI. Besides,
based on the methods of clustering analysis and selecting observational MJO events in Section
2.2, a total of 40 simulated MJO events are identified in Exp-WI, while Exp-ClI has 41 such
events. These events are subsequently categorized into three distinct clusters. The resulting zonal
propagation patterns correspond well with the observations in Figure 6 (not shown). As shown in
Table 1, Cluster#1 accounts for the most proportion among all the clusters under the warm
I0BM, which covers respect 37.5% and 40% of all MJO episodes in the simulations and
observations. While under the cold IOBM, the percentage of Cluster#3 in observation (35.71%)
and simulation (41.46%) are both higher than that of Cluster#1 (21.43% and 21.95%,
respectively). This provides additional evidence that the MJO of Cluster #1 features a locally
slow propagating oscillation, while that of Cluster #3 has a more distinct eastward propagating
feature. It confirms the observational result that the change of IOBM phase can modulate the

initiation location and eastward propagation of the MJO during the boreal summer.
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Figure 11. Same as Figures 2a and 2b, but for the regressed anomalies of the model simulation
over the Indian Ocean region (15°S-15°N, 40°E-120°E).

4 Summary and discussions

4.1 Concluding Remarks

As a dominant mode of tropical intraseasonal variability, the MJO significantly
influences global weather and climate. Previous studies have mainly attributed the interannual
variations in MJO initiation and propagation to the modulation effects of ENSO (e.g., Klein et al.,
1999; Yang et al., 2007). However, whether the Indian Ocean warming independent of ENSO
modulates the MJO is seldom examined. To address this gap, we conducted a comprehensive
analysis using observational datasets and model experiments to explore the differences in MJO
initiation and propagation between warm and cold phases of the IOBM independent of ENSO

during the boreal extended summer of MJJA.

Our analysis has revealed distinct regional variations in the intensity of MJO variability.
Compared to the cold IOBM phase, the warm phase exhibits a pronounced amplification of MJO
circulation and convection over the western side of the MC, while concurrently a reduction over
its eastern counterpart. Both OMI and RMM trajectories of MJO episodes also indicate a local

oscillation over the Indian Ocean, with more frequent occurrence of Phases 1-2. In contrast,
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under the cold IOBM phase, MJO convective activity typically starts from Phases 2-3 (i.e., over
the central Indian Ocean). The frequency of strong MJO days is significantly higher in Phases 1-
4 than in Phases 5-8 of the RMM index during the warm IOBM phase, suggesting that most MJO
activity occurs within the Indian Ocean. Furthermore, IOBM strongly influences MJO
propagation: under the warm IOBM phase, MJO eastward propagation across the Indian Ocean
is relatively slower and quickly dampens upon encountering MC, resulting in a locally standing
oscillation. Conversely, the MJO under the cold IOBM phase can smoothly propagate across the
MC and even re-develop over the western Pacific, minicking a canonical propagation pattern
(Jiang et al., 2020). The k-means cluster analysis further indicates similar zonal propagation

modes for warm and cold IOBM phases observed in Cluster#1 and Cluster#3 respectively.

We aim to understand the mechanisms of MJO feature contrasts under different IOBM
phases by first examining background mean states. Compared to the cold IOBM, the warm
IOBM is characterized by a westward shift of 29°C total warm water over the Indian Ocean,
resulting in more westward-initiated MJO episodes. Additionally, the warm IOBM induces an
anomalous anticyclone circulation over the northwestern Pacific and stronger easterly shears
from the west coast of South Africa to the western Indian Ocean, which synergistically triggers a
stronger Rossby wave and weaker Kelvin wave component, inhibiting eastward propagation of
MJO. Secondly, by diagnosing large-scale dynamical and thermodynamical variables on an
intraseasonal time scale, we find that a prominent distinction between warm IOBM-dependent
and cold IOBM-dependent MJO episodes lies in the strength of FWC-related Kelvin wave
response. Under warm IOBM conditions, suppressed FWC leading MJO deep convection

coupled with weaker pre-moistening and heating perturbation results in weaker easterly
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anomalies in PBL and lower troposphere. The relevant ascending anomalies are further reduced,

causing the slow MJO propagation.

The differences of MJO propagation between the two phases of IOBM in the context of
“moisture mode” are mainly attributed to the different vHav process, which aligns with our
previous understanding that the vHav process causes eastward propagation of MJO (Adames &
Kim, 2016; Wang et al., 2017; Wei & Ren, 2022). A timescale decomposition analysis suggests
that during the cold IOBM phase, a stronger vHav process is primarily contributed by eddy
moistening effects, namely, advection of high-frequency moisture by high-frequency flow,
followed by advection of MJO moisture by low-frequency background meridional flow and the
advection of background moisture by the MJO flow. Full AGCM experiment result does validate
that the IOBM phase influences the initiation and propagation of the MJO. Despite some model
biases, the major differences of simulated MJO convection and circulation between two IOBM
phases are basically consistent with observations. For example, the farther MJO propagation
under the cold IOBM can be captured by the sensitivity experiments. Besides, like the
observations, the model MJO episodes during the IOBM phase can also be classified into three
clusters. The propagation patterns of Cluster#1 and Cluster#3 can well correspond to those in

observation under the warm and cold IOBM phase, respectively.

4.2 Discussions

In recent decades, significant changes have occurred in the global climate, including the
anomalous warming of SST. This study focuses on comparing the mechanisms of the zonal
propagation of MJO under the different IOBM phase. One may further use mechanisms refined

here to focus on decadal 10 warming to fully understand how global warming could affect MJO
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features. While the cause of the differences of MJO northward propagation has not yet explained,
but we speculate that the distinct background easterly shear is an important factor. Besides, as we
only turn our vision into the interannual variability of the IOBM without the influence of ENSO,
the number of MJO episodes available for this study is relatively small. Therefore, the next step
is to further investigate the conclusions of this study with large sample model simulation dataset.
Recently, Cao et al. (2024) have identified a notable westward migration in the annual mean
tropical cyclone genesis across the southern Indian Ocean occurred since 1979. We also found
that the linear trend of SST resembles the warm I0OBM phase. It is also worth further exploring
the potential relationship between the interannual variation of the IOBM, MJO initiation and

tropical cyclone genesis location.
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