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Abstract Previous studies demonstrate that the Madden‐Julian Oscillation (MJO) modulates tropical
cyclone (TC) activity over various locations worldwide. Since TCs are associated with anomalous large‐scale
circulations, they can influence the development of the MJO. However, the impact of TC on the MJO has not
been thoroughly examined. This study investigates the influence of TC‐associated processes on the MJO
development based on the analysis of a case observed during the Dynamics of the Madden‐Julian Oscillation
field campaign. During the suppressed phase before the December 2011 MJO initiation, two TCs were active in
the southern Tropical Indian Ocean (TIO). A dry air band within 10°S‐Eq is sustained by TC‐induced horizontal
advection and descent, inhibiting large‐scale convection in the southern equatorial IO. Consequently,
convection is triggered and develops only in the northern TIO around Eq‐10°N. TheMJO initiates as convection
develops south of the equator after the TCs dissipate.

Plain Language Summary The Madden‐Julian Oscillation (MJO) is an eastward‐moving
disturbance, characterized by variations in cloud cover, rainfall, and wind patterns, with a period of 30–60 days.
It travels along the equator, significantly influencing extreme weather events worldwide, including tropical
cyclone (TC) activity. TCs can, in turn, potentially influence the development of the MJO through their
associated strong anomalous large‐scale circulation. However, this impact has not been systematically
investigated in previous studies. This study demonstrates the impact of TCs on the initiation of an MJO event
over the Tropical Indian Ocean (TIO), using data collected from an international field campaign. In early
December of 2011, two TCs were observed in the southern TIO. They induced descending motion and strong
eastward winds over the southern equatorial IO (EIO), sustaining a dry air band that inhibits large‐scale
convection over this region. As a result, convection develops only in the northern EIO during the presence of
TCs. After TCs dissipate, convective systems extend south of the equator, organizing into a large‐scale
convective envelope, indicating the initiation of the MJO.

1. Introduction

The Madden‐Julian Oscillation (MJO; Madden & Julian, 1971, 1972) is the dominant mode of the tropical at-
mospheric intraseasonal variability during boreal winter and spring (e.g., Jiang et al., 2020). Many previous
studies have demonstrated that the MJO strongly modulates tropical cyclone (TC) activity across various ocean
basins throughout its life cycle (e.g., Aiyyer & Molinari, 2008; Balaguru et al., 2021; Barrett & Leslie, 2009;
Camargo et al., 2008; Chand & Walsh, 2010; Hall et al., 2001; Hansen et al., 2024; Klotzbach & Blake, 2013;
Liebmann et al., 1994; Maloney & Hartmann, 2000; Ramsay et al., 2012; Sobel & Maloney, 2000; Ventrice
et al., 2011). It also influences the rapid intensification of TCs (e.g., Aberson & Kaplan, 2020; Klotzbach, 2012)
and their landfall (Klotzbach et al., 2023).

In the Tropical Indian Ocean (TIO), while the MJO enhances the TC activity during its convectively active phase
over the basin (e.g., Bessafi & Wheeler, 2006; Ho et al., 2006; Krishnamohan et al., 2012), TCs could also in-
fluence the MJO due to their associated anomalous large‐scale circulation. Several previous studies have
investigated the influence of westward propagating waves, including the equatorial Rossby (ER) waves, the
mixed Rossby‐gravity (MRG) waves and the tropical depression (TD)‐type disturbances, on the development of
MJO (e.g., S. Chen et al., 2015; Muraleedharan et al., 2015; Takasuka & Satoh, 2020; Yasunaga et al., 2010). For
instance, Kerns and Chen (2014) suggest that equatorial dry air intrusion from subtropics driven by the circu-
lations associated with westward‐propagating waves suppress convection on the west side of the November
2011 MJO (referred to as “Nov. MJO” hereafter), facilitating its eastward propagation. TCs are associated with
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more intense anomalous circulation than the westward‐propagating waves. Nevertheless, the impact of TCs on the
MJO remains unclear. In particular, previous research has not explored how TCs influence the development of
convection that ultimately leads to MJO deep convection.

This study investigates the potential impact of TCs on the development of the MJO, focusing on a case observed
in December 2011 (referred to as “Dec. MJO” hereafter) during the Dynamics of the Madden‐Julian Oscillation
(DYNAMO) field campaign (Yoneyama et al., 2013). In the convectively suppressed phase preceding the Dec.
MJO initiation, two TCs developed in the southern TIO, substantially influencing convection development over
the equatorial IO (EIO). For typical MJO events initiated in the IO, convection begins in the Southwest TIO (e.g.,
Takasuka & Satoh, 2020), intensifies and shifts toward the equator while propagating eastward across the region
(e.g., Zhao et al., 2013). However, for the Dec. MJO event, convection is initially triggered in the northwestern
EIO (NW‐EIO), with subsequent development also occurring north of the equator. After the dissipation of TCs,
the MJO initiates over the central EIO (C‐EIO) with convection extending south of the equator. This study
emphasizes the role of TC‐associated processes in controlling large‐scale circulation and moisture distribution,
which significantly influences the convection development leading to the MJO initiation.

2. Data and Methodologies

Large‐scale convection associated with the MJO is described using the daily NOAA Interpolated Outgoing
Longwave Radiation (OLR; Lee et al., 2014) data with a 2.5° horizontal resolution. Precipitation is examined
using the NOAA Climate Data Record of Climate Prediction Center Morphing Technique (CMORPH) High‐
Resolution Global Precipitation Estimates version 1 (Xie et al., 2019), which provides daily and hourly bias‐
corrected reprocessed satellite precipitation on a 0.25° horizontal grid. Surface winds are described using the
Cross‐Calibrated Multi‐Platform (CCMP; Atlas et al., 2011; Wentz et al., 2015) gridded surface vector wind data,
which are available 6‐hourly on a 0.25° global grid. The International Best Track Archive for Climate Stew-
ardship (IBTrACS; Knapp et al., 2010) data are used to track the TCs. The atmospheric circulation and moisture
distribution are analyzed using the ECMWF Reanalysis v5 (ERA5; Hersbach et al., 2020), which provides hourly
data on 37 pressure levels with a 0.25° horizontal resolution. These data agree well with the DYNAMO sounding
data (Johnson & Ciesielski, 2013; Johnson et al., 2019; Figure S1 in Supporting Information S1). The sea surface
temperature (SST) variation is displayed daily on a 0.25° horizontal grid using the NOAA Optimum Interpolated
SST version 2.0 (OI SSTv2; Reynolds et al., 2007).

Previous studies suggest that westward‐propagating equatorial waves significantly influence convection devel-
opment over the TIO (e.g., Fukutomi & Yasunari, 2013; Takasuka & Satoh, 2020). However, isolating individual
modes of these waves (e.g., MRG, ER and TD‐type disturbances) can be challenging, as they often transition into
other wave modes due to background flow variations (e.g., G. Chen & Huang, 2009; Kerns & Chen, 2014;
Liebmann & Hendon, 1990; Roundy & Frank, 2004). Consequently, this study examines the convection
development north of the equator primarily in the context of sub‐monthly scale waves, applying a band‐pass
Lanczos filter (Duchon, 1979) with a window of 2–30‐day to extract their signals. Additionally, the role of
MRG and TD‐type disturbances (referred to as MRGTD thereafter due to their continuous presence on the
wavenumber frequency spectra) and ER waves in triggering convection are examined by applying band‐pass
filters for the 2–10‐day and 10–30‐day periods, respectively. All anomalies are computed with respect to the
2011 November‐December mean. Variables averaged within 1,000–800 hPa represent their values in the lower
troposphere (LTr).

3. Results

3.1. TCs in the Convectively Suppressed Phase of the December 2011 MJO

The eastward propagation of large‐scale deep convection associated with the 2011 Nov. and Dec. MJOs over the
EIO is evident from the negative OLR anomaly shown in Figure 1a. The Nov. MJO initiates in the southwestern
EIO (SW‐EIO) around 50°E and has been extensively analyzed in previous studies (e.g., S. Chen et al., 2015;
Kerns & Chen, 2014; Moum et al., 2014; Powell & Houze, 2015; Shinoda et al., 2013; Takasuka
et al., 2019, 2021). Unlike the Nov. MJO, deep convection of the Dec. MJO initiates on December 16 in the C‐
EIO, indicated by the significantly enhanced apparent heating source and moisture sink profiles (Yanai
et al., 1973) derived from the DYNAMO sounding array data (Figure S2 in Supporting Information S1; Ruppert &
Johnson, 2015) and the OLR anomaly (Figure 1a).
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In the convectively suppressed phase prior to the Dec. MJO initiation, two TCs are active in the southern TIO
(Figure 1a). The eastern TC (eTC) was first detected near 96°E, 5°S, categorized as a moderate tropical storm. It is
active during Dec. 02–10, reaching its maximum sustained wind speed (Vmax) of >48.9 m s−1 on Dec. 08. The
western TC (wTC) was first recorded around 70°E, 10°S, categorized as a tropical depression during Dec. 02–11
with a Vmax of >17.5 m s−1 attained on Dec. 06. The wTC develops from some TD‐type disturbances formed
when the Nov. MJO propagates across the central IO (Kerns & Chen, 2014). The eTC forms from an ER gyre that
spins off the Nov. MJO when its convection center enters the Maritime Continent (MC) (Figure 2a1). Their paths
are shown in Figure 1b along with the mean precipitation during their active period. Heavy rainfall areas are found
surrounding the TCs and in the NW‐EIO, indicating the development of convection in these regions. It should be
noted that the track and intensity of the two TCs are strongly modulated by the location and strength of the
subtropical high over the southern IO during this period (not shown).

3.2. Impact of TCs on Large‐Scale Atmospheric Circulation

In the TIO, the December climatological mean winds are generally strong northeasterlies over the Arabian Sea
and the Bay of Bengal (BOB) associated with the winter monsoon. These winds weaken toward the equator and
turn to weak westerlies south of the equator (e.g., Beal et al., 2013). However, during the TC‐active period (Dec.
02–11), strong westerlies persist in the southern EIO (S‐EIO; 10°S‐Eq, Figure 2a) due to the influence of TCs, as
demonstrated by the analysis in this section.

The wTC sustains strong anomalous westerlies within 55°E–75°E, 10°S‐Eq (Figure 2b1). This is further evi-
denced by the time‐latitude Hovmöller diagram of zonally averaged LTr anomalous wind speed, where enhanced
anomalous westerlies (≥3 m s−1) closely track the movement of the wTC (Figure 2b2). In contrast to the limited
poleward movement of the wTC, the eTC initiates near the equator and moves poleward, spanning a large
meridional area (Figure 2b1). On Dec. 02, the equatorial winds between 80°E and Sumatra are strengthened by a
pair of ER gyres generated west of the Nov. MJO deep convection (Figure 2a1). While the northern gyre quickly
dissipates, the southern gyre transitions into the eTC. The eTC intensifies as it moves poleward from the
equatorial area (Figures 2a2 and 2a3), reinforcing anomalous westerlies in the eastern EIO (E‐EIO) within 10°S–
5°S (Figure 2b3). In early December, the large‐scale Walker circulation linked to the Nov. MJO deep convection
over the MC also supports the LTr anomalous westerlies in the S‐EIO. However, as the eTC approaches the wTC
on Dec. 05 (Figures 2a1 and 2a2), strong convection develops between them, disrupting the MJO‐linked large‐
scale Walker circulation by inducing a zonal circulation within 60°E–90°E, 10°S‐Eq (Figure S3a in Supporting
Information S1). During Dec. 08–11, westerlies in the S‐EIO remain strong despite the Nov.MJOweakening over
the MC (Figure S3b in Supporting Information S1), indicating these westerlies are primarily sustained by the TCs
rather than the large‐scale Walker circulation.

Figure 1. (a) Longitude‐time Hovmöller diagram of OLR anomaly averaged between 10°S–10°N. The green (blue) crosses display the longitudinal locations of wTC
(eTC) during its active period. The white dashed lines indicate eastward propagation of 5 m s−1. The purple dashed dotted line marks the Dec. Madden‐Julian Oscillation
initiation date December 16. (b) Mean precipitation rate during the TC‐active period 02–11 December 2011. The green (blue) crosses represent the locations of wTC
(eTC) every 12‐hr during this period. The green (blue) circle indicates the location where wTC (eTC) reaches its maximum sustained wind speed.
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3.3. Impact of TCs on Moisture Distribution in the Southern Equatorial IO

Climatologically in December, the weak westerlies within 10°S‐Eq align closely with the moist Intertropical
Convergence Zone (ITCZ), where the northeasterly and southeasterly monsoons converge. The TC‐associated
anomalous circulation significantly alters this moisture distribution over the TIO, making the initiation of the
Dec. MJO event distinct from typical MJO events. Kerns and Chen (2014) suggest that equatorial dry air intrusion
from the subtropics shuts down the Nov.MJO convection over the TIO. This equatorial dry air intrusion is evident
on Dec. 02, forming a dry air band (DAB) along the EIO (Figure 2a1), which persists until the Dec. MJO initiation
(Figure S4 in Supporting Information S1). In addition to supplying subtropical dry air to the equatorial area, TCs
play a critical role in maintaining the DAB within 10°S‐Eq, as shown in the following analysis.

The western part of the DAB (wDAB; 50°E–75°E, 10°S‐Eq) is drier than the eastern part (east of >75°E,
Figures 2a2 and 2a3) due to a more confined poleward movement of the wTC than the eTC. The zonal advection
associated with the wTC‐induced strong westerlies contributes primarily to reinforcing the wDAB, as indicated

Figure 2. Daily mean column water vapor anomaly (CWVa; shading) and lower troposphere (LTr) winds (vectors) over the Tropical Indian Ocean (TIO) on (a1) Dec.
02; (a2) Dec. 05; (a3) Dec. 08. The yellow (blue) cross indicates the center of the wTC (eTC) on each day. Green (red) shading indicates areas with anomalous moist
(dry) condition. The yellow (blue) box represents the western (eastern) part of the dry air band, where area‐averaged column‐integrated moisture budget is further
analyzed (see Figure 3 below). (b1) Mean LTr anomalous winds (vectors) and wind speed (shading) over the TIO during the TC‐active period. The white boxes are the
regions where zonally averaged anomalous winds are examined. (b2) Time‐latitude Hovmöller diagram of LTr anomalous wind speed (shading) and contours of zonal
winds at 3 m s−1 (thick black lines) and 6 m s−1 (thin black lines) averaged between 55°E–75°E, indicated by the left box in (b1) during 30 Nov.–13 Dec. 2011. (b3) is
the same as (b2) except averaged between 75°E–100°E, indicated by the right box in (b1). The yellow (blue) crosses represent the latitudinal path of wTC (eTC) at 12‐hr
intervals, while the circle indicates the time and latitude corresponding to the TC's maximum sustained wind speed.
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by the area‐averaged column‐integrated moisture budget over the central wDAB area (55°E–70°E, 10°S–5°S)
(Figure 3c2; refer to the Supporting Information S1 for a detailed derivation). Prior to Dec. 02, convection over
the wDAB area weakens (Figure 2a1) due to the substantial drying caused by dry air intrusion through horizontal
advection, with zonal advection playing a primary role. As the wTC strengthens and moves poleward to >15°S,
zonal advection continues to dominate the drying of the wDAB. Additionally, the wDAB is sustained by a wTC‐
induced meridional circulation. The presence of DAB over the S‐EIO allows convection to only develop north of
the equator, indicated by the eastward extension of moist areas (Figure 2a; Section 3.4). The convective updraft in
the NW‐EIO, along with that of the wTC south of 10°S, creates a double‐cell meridional circulation with strong
descent over 10°S–5°S (Figure 3c1), further strengthening the wDAB as indicated by the negative vertical
advection term (Figure 3c2). Note that the instantaneous convective updraft associated with the wTC is much
stronger and narrower than that averaged over the TC‐active period (Figure S5a in Supporting Information S1).

Figure 3. (a) Mean sea surface temperature (SST) (shading) and surface winds (vectors) averaged during the TC‐active period (December 02–11). The thick (thin)
contours indicate SST anomalies of 0.5°C (0.25°C). The purple box represents the Seychelles–Chagos Thermocline Ridge (SCTR) region (50°E–65°E, 10°S–5°S).
(b) Time series of surface wind speed (black) and latent heat flux (orange) from November 23‐December 15 averaged over the SCTR region as indicated by the purple
box area in panel (a). The time between the two vertical dashed lines represents the TC‐active period. (c1) Meridional‐vertical contour of mean anomalous specific
humidity (q2; shading) and meridional circulation (v2, ω2; vectors) averaged over 50°E–75°E during TC‐active period. The vertical velocity ω2 has been multiplied by a
factor of 1,000 for viewing purposes. (c2) Time series of area‐averaged column‐integrated moisture budget over the central wDAB area (55°E–70°E, 10°S–5°S; yellow
box in Figure 2a) during 30 Nov.–13 Dec. 2011. The overbar indicates area average, the bracket represents vertical integration from 1,000 hPa to 100 hPa. The solid
black line is the moisture tendency term; the solid red line is the total moisture advection term, which is the summation of zonal (red dashed dotted line), meridional (red
dashed line) and vertical (red dotted line) components. The solid green line represents the apparent moisture source term, which is the difference between surface
evaporation and precipitation. The black dotted line displays zero moisture change. A 5‐day running mean is applied to smooth the results. All terms shown are in units
of 100 W m−2. Refer to the Supporting Information S1 for a detailed derivation of each budget term. (d1) is the same as (c1) except averaged over 75°E–100°E. (d2) is
the same as (c2) except over the central eDAB area (80°E–100°E, 5°S‐Eq; blue box in Figure 2a).
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Meanwhile, although the wDAB is moistened by enhanced evaporation (Figure 3c2) due to the wTC‐strengthened
westerlies, this effect is weaker compared to the drying caused by zonal and vertical advection. After the wTC
reached maximum sustained winds on Dec. 06, both advection and moisture source terms begin to decrease, with
advection declining more rapidly. Consequently, the drying of the wDAB weakens. During Dec. 08–10, the
wDAB is maintained by a balance between moistening through surface evaporation and drying from zonal and
vertical advection. As the wTC dissipates on Dec. 11, the advection‐driven drying ceases, and the wDAB begins
to moisten by surface evaporation.

In addition to the anomalous atmospheric circulation associated with the wTC, anomalous SST distribution could
further contribute to maintaining the wDAB. The wDAB extends over the Seychelles–Chagos Thermocline Ridge
(SCTR) region (Figure 3a, purple box), which is the shallowest thermocline near the equator due to the year‐round
upwelling. As a result, the SST is sensitive to small changes of surface forcing and thermocline depth in this
region (e.g., Hermes & Reason, 2008; Shinoda et al., 2017; Xie et al., 2002). During the TC‐active period, the
wTC supports strong surface winds over the SCTR region, maintaining enhanced evaporative cooling even after
the Nov. MJO westerly wind bursts (Figure 3b). Also, the cyclonic circulation associated with the wTC
strengthens the negative wind stress curl in this area, leading to stronger upwelling and an elevated thermocline
(Figure S6 in Supporting Information S1). Coupled with the strong surface winds, this could enhance entrainment
cooling through vertical mixing. These cooling processes result in a persistent cold SST (>28°C, with a negative
SST anomaly >0.5°C) area within 50°E–65°E centered at >5°S, extending northeastward toward the equator
(Figure 3a). The relatively cold SST in this area could facilitate convective inhibition by slowing the remoistening
process. Previous studies suggest that the MJO convective triggering occurs favorably over the SCTR region due
to strong air‐sea interactions (e.g., Rydbeck & Jensen, 2017; Webber et al., 2010, 2012; West et al., 2020).
However, for the 2011 Dec. MJO, the cold SST caused by the wTC‐induced wind forcing suppresses convective
initiation over the SCTR region.

The eastern part of the DAB (eDAB; 75°E–100°E, 10°S‐Eq) is weaker and experiences more variability than the
wDAB, as the eTC travels more than 15° poleward and shifts its direction from southwestward to southeastward
(Figure 1b). Consequently, the mechanism that sustains the eDAB differs from that of the wDAB. Before the TC‐
active period, equatorial dry air intrusion by horizontal advection generates remarkable drying over the area as
indicated by the moisture budget over the central eDAB area (80°E–100°E, 5°S‐Eq; Figure 3d2). Meridional
advection plays a greater role than zonal advection in drying the eDAB as dry air is largely transported by the
eTC‐associated southerlies (Figure 2a1). While the eTC moves southwestward toward the wTC, strong con-
vection occurs, moistening the area between them. During Dec. 02–04, drying of the eDAB shifts to slightly
moistening when the moisture sink term turns into a source term driven by decreased (increased) precipitation
(evaporation). As the eTC approaches the wTC, convection develops southwest of the eDAB, further enhancing
the moistening. Subsequently, following the southeastward movement of eTC, convection extends eastward
within 10°S–5°S, separating the eDAB from the eTC and preventing further equatorial dry air intrusion from
subtropics (Figures 2a2 and 2a3). During Dec. 05–08, despite weakened horizontal advection, the eDAB persists
due to increased moisture sink term. Meanwhile, the northeastern EIO (NE‐EIO) remains predominantly dry,
which creates a meridional circulation with convective updraft south of the eDAB area and descent within 5°S–
10°N (Figure 3d1; a much stronger and narrower instantaneous convective updraft associated with the eTC can be
found in Figure S5b in Supporting Information S1). After Dec. 08, convection extends eastward from the NW‐
EIO into the NE‐EIO (Figure 2a3), moistening the eDAB area from the north through increased vertical advection
(Figure 3d2).

3.4. Convection Development in the Northern Equatorial IO During TC‐Active Period

The TC‐supported DAB inhibits development of large‐scale convection in the S‐EIO, allowing it to occur only in
the northern EIO (N‐EIO). On Dec. 02, a large moist area over the southern Arabian Sea, extending to 5°N,
facilitates convective initiation in the NW‐EIO (Figure 2a1). Convection initiates within 53°E–59°E, 5°N–10°N
(Figure 4a1), driven by LTr meridional convergence caused by the equatorward deceleration of northeasterlies
(Figure 2a1). The deacceleration occurs northwest to an anomalous counterclockwise circulation centered at 60°E
on the equator (Figure 4b1). A pair of nearly symmetric anticyclonic gyres is evident in the sub‐monthly scale
winds (Figure 4c1), resembling the circulation structure of theoretical ER waves (e.g., Matsuno, 1966). The
northern gyre, centered at 62°E, 7°N, generates southeasterlies south of the convection area, suggesting notable
contribution of the ER waves to the convective initiation. This is further supported by examining the LTr winds
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associated with the ER waves through the application of a 10–30‐day band‐pass filter (Figure S7b1 in Supporting
Information S1). Meanwhile, theoretical circulation structure of MRGwaves is identified in the 2–10‐day filtered
LTr winds (Figure S7a1 in Supporting Information S1). However, the meridional winds associated with the MRG
waves do not contribute to the convective initiation.

By Dec. 05, convection intensifies in the NW‐EIO and extends eastward to 70°E (Figure 4a2). An anomalous
counterclockwise circulation is evident south of the convection area, centered at 50°E, just south of the equator
(Figure 4b2). Strengthened LTr anomalous northeasterlies along the Somali coast and southerlies within 50°E–
65°E, 5°S–4°N, drive strong meridional convergence associated with the enhanced convection west of 60°E. The
anticyclonic circulation, previously identified as the southern gyre of ER waves on Dec. 02 (Figure 4c1), shifts
westward to 54°E, 4°S, facilitating weak meridional convergence in the NW‐EIO (Figure 4c2). Additionally,
easterlies develop within 60°E−70°E, 5°N–10°N, converging with southwesterlies to extend convection eastward
beyond 60°E (Figure 4b2). Sub‐monthly scale winds significantly contribute to these easterlies (Figure 4c2),
primarily from the 10–30‐day filtered winds (Figure S7b2 in Supporting Information S1). At this time, the cir-
culation structures in the EIO differ remarkably from those of the theoretical MRGTD and ERwaves, likely due to
the modulation of intensified TCs (Figure S7a2 and S7b2 in Supporting Information S1).

On Dec.08, convection extends from the NW‐EIO to the C‐EIO (Figure 4a3). Strengthened northeasterlies
enhance the LTr anomalous circulation at 50°E, 2°S, intensifying convection east of 60°E (Figure 4b3). Strong
easterlies develop north of the equator in the E‐EIO as Nov. MJO weakens over the MC (Figure 4b3). These
easterlies converge with southwesterlies west of 65°E, leading to intense convection around 70°E (Figure 4a3).
Convection also develops east of 80°E, southwest of Sri Lanka (Figure 4a3), primarily driven by the conver-
gence of easterlies (Figure 4b3), as indicated by their time evolution during Dec. 06–07 (Figure S8 in

Figure 4. Daily mean horizontal convergence (shading in gray and black) in the lower troposphere (LTr) (only absolute values > 0.175 × 10−5 s−1 are shown) and
precipitation of 8 mm day−1 (orange contours) on (a1) Dec. 02; (a2) Dec. 05; (a3) Dec. 08. (b1–b3) are the same as (a1–a3) except for the LTr anomalous winds (vectors,
the vector size in the legend represents 4 m s−1), anomalous meridional winds (shading, from −3 to 3 m s−1) and CWVa contours of 6 kg m−2 (green lines); (c1–c4) are
the same as (b1–b4) except for the LTr 2−30‐day filtered winds. The location of the wTC (eTC) is indicated by a yellow (blue) cross on each day. The circulations
associated with convection development in the NW‐EIO are marked with the letter “G” at their approximate centers.
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Supporting Information S1). Sub‐monthly scale winds substantially strengthen the equatorial easterlies in the E‐
EIO. In addition, the anticyclonic circulation associated with the sub‐monthly scale waves at 50°E on the equator,
significantly contributes to the convection west of 65°E (Figure 4c3). Another anticyclonic circulation is evident
at 72°E, 5°S, promoting zonal convergence and convection in the C‐EIO. These circulations can be clearly
identified in the 10–30‐day filtered winds (Figure S7b3 in Supporting Information S1).

Previous studies suggest that the characteristics of westward‐propagating equatorial waves can be significantly
altered by variations in background flow (e.g., G. Chen & Huang, 2009; Dickinson & Molinari, 2002; Frank &
Roundy, 2006; Fukutomi & Yasunari, 2013; Schreck et al., 2012). For the Dec. MJO event, these waves could be
substantially modulated by the location and intensity of TCs, strengthened monsoon northeasterlies and con-
vection development in the NW‐EIO. While these analyses highlight the role of equatorial waves in convection
development in the N‐EIO, further theoretical and modeling studies are necessary to elucidate detailed processes,
which are beyond the scope of this study.

3.5. Development of Large‐Scale Convective System Across the Equator After TCs Dissipate and the Dec.

MJO Initiation

After both TCs dissipate on Dec. 11, strong convection persists in the NW‐EIO (Figure 5a1), north of a cyclonic
circulation centered at 65°E, 2°N (Figure 5a2). Additionally, new convection develops in the eastern TIO,
including the BOB, Sumatra, and near the equator, surrounding a cyclonic gyre centered slightly north of the
equator over a warm SST area (Figures 5a2 and 5a3). These convection areas are associated with intensified
northeasterlies. Consequently, a large‐scale convective system is established across nearly the entire N‐EIO.
Strong convection also forms in the SW‐EIO near the Somali coast where northeasterlies converges with
southeasterlies (Figures 5a1 and 5a2). However, unlike the convection initiated in the NW‐EIO, it does not

Figure 5. (a1) Precipitation (shading) and CWVa contours of 6 kg m−2 (green lines); (a2) CWVa (shading) and 850 hPa winds (vectors); (a3) Daily mean sea surface
temperature (shading) and 10 m surface winds (vectors) on Dec. 11; (b1–b3) are the same as (a1–a3) except on Dec. 13; (c1–c3) are the same as (a1–a3) except on Dec.
16. The arrow size in the legend indicates 5 m s−1 for surface winds and 850 hPa winds. The cyclonic circulation of a TD‐type disturbance, generated as part of the
weakened eTC on Dec. 11, is marked with a letter “C” in purple at its approximate center on each day.
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propagate further eastward due to the DAB.Moreover, a cyclonic gyre is identified around 95°E, 15°S in the wake
of the substantially weakened eTC (purple markers in Figures 5a1–5a3).

On Dec. 13, the enhanced convection in the NW‐EIO strengthens the counterclockwise circulation over 55°E–
70°E, 5°S–8°N centered near the equator, supporting southwesterlies in the equatorial area between 65°E–75°E
(Figures 5b1–5b2). These southwesterlies converge with strong northeasterlies in the C‐EIO area between the two
cyclonic circulations, enhancing local convection and moistening the area (Figure 5b2; Figure S9a in Supporting
Information S1). Concurrently, strong convection develops in the E‐EIO within the cyclonic gyre centered around
87°E, 2°N, where warm SSTs and relatively weak surface winds are observed on Dec. 11 (Figure 5a3). This leads
to moistening over the equator (Figure 5b2) and SST cooling in the E‐EIO (Figure 5b3). In the S‐EIO, SST warms
notably in the DAB region. Nevertheless, the DAB remains in a large area spanning 50°E–95°E, 15°S‐Eq, despite
weakened intensity. The cyclonic gyre identified on Dec. 11 propagates westward to 85°E, with convection
developing at its center, indicating characteristics of a TD‐type disturbance (Figures 5b1 and 5b2).

On Dec. 16, large‐scale deep convective systems have extended over both hemispheres of the EIO (Figure 5c1).
The northeasterlies in the BOB further intensify and generate strong convergence near the equator. In the E‐EIO,
the cyclonic circulation moves further equatorward with its center east to the deep convection area, promoting
strong westerlies in the S‐EIO (Figures 5c2 and 5c3). Meanwhile, the cyclonic gyre continues moving westward
to 75°E, 10°S, south of the enhanced westerlies (Figures 5c2 and 5c3), becoming an essential part of the large‐
scale organized convective system (Figure 5c1). After Dec. 16, this cyclonic circulation and the one centered just
north of the equator form a double‐gyre circulation, generating the Dec. MJO‐associated westerly wind bursts
slightly south of the equator. Substantial moistening occurs over the S‐EIO, driven primarily by vertical moisture
advection associated with deep convection (Figure S9b in Supporting Information S1), eliminating the DAB in
the C‐EIO. Convection develops a hierarchical structure, characterized by multi‐scale convective systems
embedded within a broader convective envelope (Figures 5c2 and 5c3). Consequently, large‐scale organized
convection associated with the Dec. MJO is initiated at this stage (Figures S2b, S2c, S10 in Supporting
Information S1).

4. Conclusions and Discussion

The MJO is the leading mode of atmospheric intraseasonal variability during boreal winter and spring, which has
a profound impact on global tropical cyclone (TC) activity as demonstrated in many previous studies (e.g.,
Klotzbach, 2014; Zhang, 2013). Since TCs are associated with anomalous large‐scale circulations, they could also
influence the MJO. However, such an influence has not been reported so far. Unlike typical MJO events initiated
in the TIO, where convection begins in the Southwest TIO and develops equatorward into the MJO deep con-
vection, the convection of December 2011 MJO (Dec. MJO) develops primarily in the northern equatorial IO (N‐
EIO) due to the influence of two TCs in the southern TIO. This study examines the impact of TCs on the con-
vection development leading to the Dec. MJO initiation.

Before the Dec. MJO initiation, two TCs were active in the southern TIO during Dec. 02–11, strongly modulating
large‐scale circulation and moisture distribution over the EIO. The anomalous circulations of TCs significantly
enhance westerlies in the southern EIO (S‐EIO) within 10°S‐Eq. In addition, they transport dry air from sub-
tropics to the EIO through horizontal advection, producing a DAB in the S‐EIO, where the moist climatological
ITCZ is located. The western part of the DAB (wDAB) is sustained by zonal advection driven by the western TC
(wTC)‐enhanced westerlies, along with the descent associated with wTC‐induced meridional circulation. The
wDAB covers the SCTR region, where cold SST anomaly is generated by the wTC‐associated wind forcing,
preventing convective initiation in the Southwest TIO. The eastern part of the DAB persists during the TC‐active
period due to drying driven by moisture sink and horizontal advection. The DAB favors convection development
in the moist N‐EIO, which is examined in the context of sub‐monthly scale waves. These waves, primarily
westward‐propagating equatorial waves significantly altered by variations in background flow, largely contribute
to convection initiation in the northwestern EIO and its subsequent eastward development into the central EIO
(C‐EIO).

After TCs dissipate, convective systems spanning nearly the entire N‐EIO form associated with the strengthened
northeasterlies over the Arabian Sea and the Bay of Bengal. Subsequently, SST warms notably in the S‐EIO. The
enhanced northeasterlies promote deep convection in the central S‐EIO, eliminating DAB over this area.
Meanwhile, a TD‐type disturbance, generated during the weakening of the eastern TC, propagates westward into
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the C‐EIO. A hierarchical convective system extending over both hemispheres with multi‐scale convective
systems organized into a broader convective envelope is established, indicating the initiation of the Dec. MJO
convection in the C‐EIO.

While this study demonstrates the prominent impact of TCs in the southern TIO on the development of the
December 2011 MJO, the results are based on the analysis of one case. The large‐scale atmospheric and oceanic
conditions prior to the MJO initiation also vary substantially from event to event (e.g., Li et al., 2015; Mat-
thews, 2008). Moreover, the timing of TC activity relative to the MJO development could affect the MJO
initiation. Although this study identified TC‐linked processes that influence the development of large‐scale
convection, such as TC‐induced atmospheric circulation and moisture distribution and air‐sea interactions in
the SCTR region, the relative importance of these processes is not quantified. Further analyses and modeling
studies involving many cases are necessary to address these issues.

Data Availability Statement

The IBTrACS data can be accesses at https://www.ncei.noaa.gov/products/international‐best‐track‐archive. The
CMORPH precipitation data can be downloaded from https://www.ncei.noaa.gov/products/climate‐data‐records/
precipitation‐cmorph. The NOAA OISST v2 data can be downloaded at https://www.ncei.noaa.gov/products/
optimum‐interpolation‐sst. The CCMP surface wind data are available at http://www.remss.com/measurements/
ccmp/. The OLR data can be found at https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html. The ERA5 data
can be found at https://cds.climate.copernicus.eu/datasets/reanalysis‐era5‐pressure‐levels?tab=overview. The
DYNAMO sounding data provided by NCAR/EOL under the sponsorship of the National Science Foundation can
be obtained from https://orca.atmos.washington.edu/dynamo_legacy/.
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