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Indonesian Throughflow promoted
eastward propagation of the Madden-

Julian Oscillation

M| Check for updates
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Understanding the impacts of the Indonesian Throughflow (ITF) on the eastward propagation of the
Madden-Julian Oscillation (MJO) is crucial for accurately simulating the MJO and achieving high-skill
sub-seasonal predictions. Our analyses demonstrate a significant enhancement of MJO eastward
propagation due to the strong ITF. Blocking the ITF decreases the eastward sea surface temperature
(SST) gradient over the tropical Indian Ocean, hindering MJO propagation across the Maritime
Continent (MC). Removing the MJO circulation-induced intraseasonal variability of the ITF transport
also weakens the eastward propagation of the MJO, as the MJO easterly winds enhance the ITF
transport and warm the eastern tropical Indian Ocean. These experiments reveal that mean and
intraseasonal variability of the ITF transport contribute to 73% and 42% of the eastward propagation
of the MJO over the MC, respectively. The findings presented in this study highlight the significant role

of the ITF in shaping the propagation of the MJO.

The MJO, the most dominant intraseasonal variability in the tropical
atmosphere, is characterized by a planetary-scale, eastward-moving
tropospheric circulation that propagates around the equator at
approximately 5 ms™. Originating in the western Indian Ocean, the
MJO strengthens as it moves across the Indian Ocean and continues its
eastward propagation over the ITF'. The impacts of the MJO on the
intraseasonal variability of the ITF have been well observed”™. Clarifying
the feedback of the ITF on MJO propagation is also crucial for accurately
simulating the MJO, as air-sea interaction plays a vital role in regulating
the MJO°~.

The ITF, with an annual transport of 10-15 Sv (1 Sv=10°m’s™)'’ and
heat flux 0of 0.5-1.0 PW (1 PW = 10> W)'"'"2, connects the Pacific Ocean and
the Indian Ocean and exerts a significant influence on local and global
climate'*". Previous studies have demonstrated that the ITF has a sig-
nificant impact on the hydrographic features of the surrounding seawater, as
the Pacific and Indonesian sea waters cross the ITF and enter the Indian
Ocean thermocline'®"”. Therefore, variations in ITF volume transport lead
to changes in subsurface temperature, which, in turn, induce significant SST
changes in certain regions'*'*"®. The specific mechanisms and extent to

which the ITF influences the eastward propagation of the MJO are still open
questions.

Closing the ITF could result in changes in the ocean and atmosphere
mean states across the tropical Indo-Pacific region, leading to cooling in the
eastern tropical Indian Ocean and a shift of precipitation towards the east
over the warm pool region"’. The vital role of SST mean state in shaping the
MJO’s eastward propagation, by modulating the MJO-related deep
convection” and moisture static energy budget”, has been thoroughly
investigated. Simulations consistently indicate that the closure of the ITF
can induce SST cooling in the eastern tropical Indian Ocean, thereby
weakening the intraseasonal variability of precipitation there'*™"***"**, This is
attributed to the westward moisture static energy gradient, which has been
found to impede the eastward propagation of the MJO**.

It is also important to investigate the impact of intraseasonal variability
of the ITF transport on the eastward propagation of the MJO, as the MJO
has the potential to significantly influence the former*”*. Both observations
and model results have provided evidence that variations in ITF transport
can lead to changes in the intraseasonal variability of SST in the Indo-Pacific
region during boreal winter””. These intraseasonal SST variations, in turn,
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should have the potential to alter the magnitude and timing of surface fluxes
associated with the MJO****2. However, this feedback of intraseasonal
variability of ITF transport on the eastward propagation of the MJO has not
been investigated.

The extent to which the ITF can impact the eastward propagation of
the MJO by altering the mean state and intraseasonal variability remains
unclear. To investigate this issue, we conducted one control experiment with
an opened ITF (NESM_OITF) and two additional sensitivity experiments,
namely NESM_CITF and NESM_OITF_NISV (see Methods). The
NESM_CITF experiment focuses on the mean state changes resulting from
the closure of the ITF, whereas the NESM_OITF_NISV experiment
examines the impact of the intraseasonal variability of ITF transport. Our
objective is to quantify the relative contributions of these two processes in
modifying the eastward propagation of the MJO.

Results

Observed and simulated influence of ITF transport

The observed depth-integrated ITF volume transport displays notable
variations (Fig. S1A). We categorize the monthly ITF transport into two
groups. If the transport anomalies exceed one positive (negative)
standard deviation, we designate them as strong (weak) ITF (see
Methods). During the boreal winters of 1998-2017, there were 11 MJO
events linked with strong ITF and four MJO events associated with weak
ITF (Fig. S1A). The composite MJO linked with strong ITF exhibits
well-organized eastward propagation (Fig. 1A), while a discontinuity in
MJO propagation occurs over the MC for weak ITF (Fig. 1B). The MJO
composites for strong and weak ITF resemble the so-called “slow” and
“jump” MJO types, respectively”, suggesting that strong ITF transport
can bolster the eastward propagation of the boreal-winter MJO,
particularly over the MC.

Variations in ITF transport contribute to SST alternation in the Indo-
Pacific warm pool region. The composite background SST difference
between MJO events correspondingly linked with strong and weak ITF
(see “Methods”) indicates warming in the equatorial Indian Ocean,
southern MC, and Indonesian seas, alongside cooling in the equatorial
Pacific (Fig. 1C). Moreover, intraseasonal SST during MJO events associated
with strong ITF events demonstrates enhancement in the southern MC
compared to events with weak ITF (Fig. 1D).

The simulation with full ITF coupling, denoted NESM_OITF, suc-
cessfully replicates the significant variability of ITF transport as shown in the
observation (Fig. S1B). We identified 68 MJO events associated with strong
ITF and 22 events with weak ITF during the 100 simulated boreal winters.
Model results confirm the observation that strong ITF favors MJO events
more than weak ITF. The composite of the 68 MJO events associated with
strong ITF depicts a continuous eastward propagation of the MJO, albeit ata
slower speed than observed (Fig. 1E). However, the composite for weak ITF
transport shows a degraded MJO eastward propagation, with its propaga-
tion disturbed over the MC (Fig. 1F).

NESM_OITF also demonstrates a remarkable contrast in both mean
and intraseasonal SST between MJO events associated with strong and weak
ITF (Fig. 1G, H), similar to the observed differences. In comparison to weak
ITF, composite of background SST for MJO events linked with strong ITF
indicates warming in the southern tropical Indian Ocean, Indonesian seas,
northwestern tropical Pacific, and the northeastern region of Australia, as
well as cooling in the western tropical Indian Ocean, Bay of Bengal, and the
central equatorial Pacific (Fig. 1G), consistent with previous simulations™.
Additionally, the simulation with strong ITF also presents enhanced
intraseasonal SST in the southeastern tropical Indian Ocean and the
southern MC (Fig. 1H).

Due to the barrier effect of the MC, the MJO often weakens, detours, or
even dissipates as it propagates eastward over this region***’. However, the
warmer SSTs in the MC increase the temperature gradient between the
ocean and the atmosphere, enhancing latent heat release and promoting
greater atmospheric instability. This convective instability creates favorable
conditions for moisture accumulation and enhances moisture convergence,

thereby supporting the maintenance of MJO convection as it moves east-
ward over the MC, facilitating the completion of a full MJO life cycle.

Both observational and simulation analyses suggest that a strong ITF
benefits the maintenance and strengthening of the MJO events and favors
the eastward propagation of the MJO over the MC. A strong ITF induces
warmer winter SST in the eastern Indian Ocean and enhances the eastward
SST gradient (Fig. 1C, G), a factor known to enhance MJO eastward
propagation™. Furthermore, a strong ITF markedly intensifies intraseasonal
SST in the southern MC during boreal winter (Fig. 1D, H). This indicates
that the ITF can influence the mean and intraseasonal SST in the Indo-
Pacific region. Therefore, we conducted two additional sensitivity experi-
ments to delve deeper into how the ITF impacts the eastward propagation of
the MJO.

Effects of ITF closure and intraseasonal ITF transport

In comparison with observations and NESM_OITF (Fig. 2A, B), the closure
of the ITF significantly dampens the eastward propagation of the MJO
(Fig. 2C). Based on the continuous eastward propagation of the MJO in
observations (Fig. 2A), we computed a metric termed the “MC propagation
index” to quantify the MJO’s eastward propagation over the MC
(see Methods). This MC propagation index registers at 0.27 in NESM_CITF,
much weaker than 0.79 in NESM_OITF (Fig. 2B). Such a result demonstrates
that in NESM, the closure of the ITF substantially inhibits the eastward
propagation of the MJO by approximately 73% over the MC.

With the ITF open, while eliminating intraseasonal ITF transport by
nudging the 3-month running-mean ITF transport, NESM_OITF_NISV
can simulate the eastward propagation of the MJO, but with weaker pro-
pagation over the MC (Fig. 2D). The MC propagation index measures 0.58
in NESM_OITF_NISV. This indicates that the removal of intraseasonal ITF
transport leads to a 42% reduction in MJO’s eastward propagation over the
MC compared to NESM_OITEF.

Impact of ITF closure

It has been firmly established that the ITF closure can cool the tropical Indo-
Pacific by modulating Kelvin and Rossby waves™ . Blocking the ITF
effectively impedes the southward transport of Rossby waves from the
equatorial western Pacific to the southeastern Indian Ocean’*’ and also
obstructs the leakage of coastal Kelvin waves into the western Pacific
through the Lombok Strait*'~*’. Additionally, the ITF closure amplifies sea-
level pressure over the western tropical Pacific while decreasing it over the
tropical Indian Ocean". This process stimulates and intensifies the upwel-
ling of Kelvin waves, transporting cold water to the eastern equatorial Indian
Ocean'*”.

Experiments with ocean and coupled general circulation models have
consistently shown a robust SST response to the closure of the ITF, resulting
in a significant reduction in SST in the tropical Indian Ocean'*"**. Simi-
larly, the closure of the ITF in NESM_ CITF showcases a notable decrease in
winter-mean SST in the equatorial and southern tropical Indian Ocean, as
well as the southern MC (Fig. 3A). Consequently, the vertical-integrated
specific humidity from the surface to the upper atmosphere exhibits a
similar pattern, with significant reductions observed over areas where SST
decreases due to the ITF closure (Fig. 3A).

SST variations are commonly understood to modulate low-level con-
vergence and boundary-layer moisture convergence (BLMC)***. NES-
M_OITF accurately reproduces observed features where BLMC, in relation
to MJO precipitation, shows zonal asymmetry relative to the MJO con-
vective center (Fig. S4A). The MJO-associated BLMC expands eastward,
extending across the northern MC and the western tropical Pacific from the
central Indian Ocean. However, without the influence of the ITF, the MJO-
associated BLMC is reduced to the east of the MJO convective center (Fig.
$4B). Additionally, NESM_CITF shows a discontinuity of BLMC over the
MG, inhibiting the vertical moisture convection to the east of the MJO
convective center. In line with the MC cooling due to ITF closure, the mean
Walker Circulation is also weakened, and its ascending motion over the MC
region is suppressed (Fig. S5A, S5B), posing a negative impact on the
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development of MJO convection there. The propagation of BLMC further
illustrates that closing the ITF induces the BLMC propagates westward (Fig.
$4D), contrasting with the eastward propagation of BLMC in NESM_OITF
(Fig. $4C).

Closing the ITF also diminishes the intraseasonal variability associated
with the MJO in the Indo-Pacific region during boreal winter. In compar-
ison to NESM_OITF, NESM_CITF reduces the variability of MJO-scale
(20-70-day) precipitation approximately by 16.8% in the Indo-Pacific warm
pool region (90°E-180° and 15°S-0°) due to the ITF closure (Fig. S3A).
Moreover, there is a reduction of approximately 5.4% in MJO-scale zonal
wind at 850 hPa (Fig. S3B) and 11.7% in MJO-scale vertical velocity at 500
hPa (Fig. S3C). Thus, closing the ITF in NESM_CITF fails to generate the
asymmetric structures of moisture, especially in the low troposphere, which
is a key factor in the MJO’s eastward propagation**”’, compared to NES-
M_OITF (Fig. 3B). The suppressed deep convection leads to a reduction in
low-troposphere moisture to the east of the MJO convective center, which
ultimately disrupts the MJO’s eastward propagation. As a result, the
resulting SST response to this ITF closure hinders the MJO’s eastward
propagation due to air-sea interaction****’. This result demonstrates that in
NESM, the ITF closure heavily suppresses the eastward propagation of the
M]JO by about 73% over the MC. The cold equatorial Indian Ocean is a key
factor™.

Feedback of intraseasonal ITF transport

When the intraseasonal variability of ITF transport is removed, NES-
M_OITF_NISV reduces the intensities of intraseasonal precipitation, zonal
wind at 850 hPa, and vertical velocity at 500 hPa by 6.1%, 10.9%, and 6.4%
over the southern MC (95°-120°E and 15°-7.5°S), respectively, compared to
NESM_OITF (Fig. S3D-S3F). Furthermore, the removal of intraseasonal
ITF transport weakens the ascending of the mean Walker Circulation over
the MC (Fig. S5C). Consequently, NESM_OITF_NISV exhibits a 42%

reduction in the MJO’s eastward propagation over the MC compared to
NESM_OITF.

It is intriguing to observe how the intraseasonal ITF transport feed-
backs to the MJO propagation by altering SST. When the ITF is fully active, a
portion of the warm water, conveyed by the MJO-changed ITF, flows
northwestward into the western South China Sea through the Karimata
Strait (Fig. 4A). Simultaneously, the remaining warm water is directed
toward the coastal areas west of the Java and Sumatra Islands through the
Sunda and Lombok Straits. Additionally, warm water from the Banda Sea is
transported southward to the southeastern Indian Ocean via the Ombai
Strait and the Timor Passage. Eliminating intraseasonal ITF transport leads
to a cooling effect on the seawater east of the MJO convective center, par-
ticularly in the southeastern Indian Ocean and the coastal region west of the
Sumatra and Java Islands (Fig. 4B). Warm seawater in these southeastern
Indian Ocean and Sumatra regions has been evidenced to play a vital role in
promoting the MJO’s eastward propagation over the MC”. Specifically, the
reduction in MJO-associated SST decreases evaporation over the MC region
(Fig. S6), which weakens latent heat release into the atmosphere, suppresses
convection, and increases atmospheric stability. This creates unfavorable
conditions that inhibit the eastward propagation of the MJO over the MC.

The role of intraseasonal ITF transport can be illustrated by ana-
lyzing the transection of seawater temperature and ocean currents along
a critical path, involving the MJO detouring route around the MC in the
Indian Ocean and the ITF pathway (Fig. 4A). With the full operation of
the ITF, warm water is transported by the MJO-changed ITF to the
southeastern IO and the southwestern coast of Sumatra and Java Islands
in the upper ocean (Fig. 4C, E). However, the removal of intraseasonal
ITF transport generally results in reduced ocean currents throughout the
upper ocean, leading to less transport of warm water to the southeastern
Indian Ocean (Fig. 4D) and the southwestern coast of Sumatra and Java
Islands (Fig. 4F).
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We conducted further statistical analysis to examine the impact of
intraseasonal SST variability in the southern MC and ITF outflow regions on
the eastward propagation of the MJO. In this regard, we utilized results from
NESM_OITF. Initially, we calculated the time series of MJO-scale SST by
averaging over the area 105°-130°E and 15°-5°S during boreal winter.
Subsequently, we eliminated the signal associated with MJO-scale SST from
the 20-70-day filtered precipitation. Following this, we assessed MJO’s
eastward propagation using the lead-lag correlation based on the resulting
precipitation (refer to Methods). The MC propagation index of the resulting
MJO eastward propagation is 0.48, which is smaller than that of NES-
M_OITF (Fig. S7). Moreover, significant biases are observed in the long-
itudinal range of the MC when the precipitation associated with the MJO-
scale SST variability in the southern MC is removed. These statistical results
suggest that intraseasonal SST variability in the southern MC region,
induced by intraseasonal ITF transport, plays a role in shaping the MJO’s
eastward propagation over the MC.

Discussion

Our observational and modeled results both demonstrate that strong ITF
favors the eastward propagation of the MJO, particularly over the MC,
during boreal winter. Sensitivity experiments show that the closure of the

ITF and the removal of intraseasonal ITF transport will reduce the MJO’s
eastward propagation over the MC by 73% and 42%, respectively. The
closure of the ITF cools the Indo-Pacific region, reducing the eastward SST
gradient over the tropical Indian Ocean, and ultimately weakening the
eastward propagation of the MJO. Feedback from the intraseasonal varia-
bility of ITF transport also affects the MJO’s propagation, as the MJO
easterly wind-enhanced ITF transport warms the tropical Indo-Pacific,
promoting the eastward propagation of the MJO.

This finding highlights the importance of accurately simulating the ITF
transport in improving the simulation of MJO propagation, especially the
feedback from MJO easterly wind-enhanced ITF transport. The intrasea-
sonal variability of ITF is influenced by remote equatorial Indian Ocean
wind-forced coastally trapped Kelvin waves, as well as local wind stress over
the MC"***". The local wind stress directly impacts the surface layer of the
ITF, while the wind forced Kelvin waves affect the ITF transport at sub-
surface depths of 100-450 m*. Both of them are associated with the pro-
pagation of MJO events over the eastern Indian Ocean and the MC.

MJO events crossing the MC tend to occur more frequently during
negative Indian Ocean Dipole (I0OD) and La Nifia years™'. The SST gradient
and low-level wind anomalies associated with positive IOD inhibit low-level
convergence over the eastern Indian Ocean and as result suppresses MJO. In
addition, strong ITF transports warm water to the eastern Indian Ocean and
deepens the thermocline during La Nifia and negative IOD****”. This
enables warmer subsurface water under the MJO forcing to maintain high
SST that then strengthens eastward propagation of the MJO. The combined
influences of the IOD and El Nifio-Southern Oscillation (ENSO) related ITF
variability on MJO propagation over the MC also warrant further
investigation.

Methods

Model description and experimental designs

The coupled model used in this study is the Nanjing University of Infor-
mation Science and Technology Earth System Model version 3.0
(NESM3)*, which includes the atmosphere component ECHAM6.3.02%,
ocean component NEMO3.4°, and sea-ice component CICE4.1” through
the coupler OASIS3-MCT3.0°. The standard resolution is utilized in this
study. The atmosphere component has T63 resolution with 47 vertical
levels, while the ocean component has a horizontal resolution of 1°x1° with
the meridional refinement up to 1/3° in the tropical regions and 46 vertical
levels. The sea-ice component has a resolution of 1° x 0.5° in the zonal and
meridional directions, respectively. Further details of the model can be
found in the reference™.

Three sensitivity experiments are conducted. The first involves an
opened ITF (referred to as NESM_OITF). The second involves a closed ITF,
achieved by creating a land bridge across the Indonesian passages (Fig. S2;
referred to as NESM_CITF), following the approach used by previous
studies™”. The third experiment uses the same model configuration as
NESM_OITF but involves nudging the monthly three-dimensional ocean
currents, which are the 3-month running mean, from NESM_OITF in the
Indonesian Seas (20°S-15°N, 100°-160°E) (referred to as NESM_OITF_-
NISV). This third experiment aims to investigate whether the intraseasonal
SST variability induced by the ITF variations influences the MJO eastward
propagation.

Observed and modeled data

We utilized daily precipitation data from the Tropical Rainfall Measuring
Mission (TRMM) 3B42” for the period of 1998-2017 to analyze the MJO’s
eastward propagation. Daily wind and specific humidity data for the same
period as precipitation were obtained from the European Center for
Medium-Range Weather Forecasts (ECMWF) Interim reanalysis®. Addi-
tionally, we used daily Optimum Interpolation sea surface temperature
(OISST) version 2 data from the National Oceanic and Atmospheric
Administration®' to assess the influence of the ITF. To estimate the ITF
transport, we utilized monthly ocean current data from the ECMWF ocean
reanalysis system 4 (ORAS4)".
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Fig. 4 | Feedback of intraseasonal ITF transport on SST anomalies. MJO-
associated seawater temperature (shadings; °C) and ocean currents (vectors; cm s™)
averaged over the upper 20 m during boreal winter for (A) NESM_OITF, (B) dif-
ferences between NESM_OITF_NISV and NESM_OITF. C, D Same as in (A, B)
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except for profiles of seawater temperature (shadings; °C) and ocean currents
(vectors; cm s') along the transection (labeled as the purple lines and solid circles in
(A)). Stippled points in (A) and (C) represent significant signals of seawater tem-
perature at 95% confidence level.

Both NESM_OITF and NESM_CITF were integrated for 500 years
using the 1990s forcing. NESM_OITF_NISV, initialized by the 400th-year
restart files from NESM_OITF, was run for an additional 100 years. We
conducted a comparative analysis using the data from the last 50 years of the
three numerical experiments.

In our analysis, the background SST for each MJO event was derived
from the 30 days before and after the event’s reference date (day 0). Addi-
tionally, we applied a 20-70-day bandpass filter to the SST to obtain the
intraseasonal component. This allows us to discuss the intraseasonal SST
associated with each MJO event, calculated within +1 day of the reference
date (day 0) when the MJO peak in the Indian Ocean.

ITF transport
The ITF transport is estimated by the depth-integrated meridional ocean
current v along the section at 8.5°S, defined as follows®:

0 prx,
Vi =— / / vdxdz
HJ x,

Here, H is the water depth (with downward as positive), while x,, and
x, correspond to the western and eastern boundaries respectively, with
values of 115°E and 145°E. Following the removal of the monthly clima-
tology, if the ITF transport exceeds (falls below) one positive (negative)
standard deviation, it is categorized as a strong (weak) I'TF event.

¢y

MJO events associated with the strong and weak ITF events
We initially identify individual MJO event by focusing on the 20-70-day
filtered precipitation over the equatorial Indian Ocean (EIO; 80°-100°E,
10°S-10°N) region. Following a similar approach to a previous study’, we
consider an MJO event to be presented when area-averaged precipitation
anomalies exceed one positive standard deviation for five consecutive days.
Furthermore, we select the day when the area-averaged precipitation
anomalies reach their maximum as the reference date for a given MJO event
(referred to as day 0).

Following these criteria, we subsequently determined the MJO events
associated with strong and weak ITF events during boreal winter. An MJO
event related to a strong (weak) ITF event is considered only if its reference
date falls within the period of strong (weak) ITF events. In the observational
data from 1998 to 2017, based on this criterion, we identified 11 MJO events
for strong ITF events and 4 MJO events for weak ITF events (Fig. S1A).
Meanwhile, in the 100-year results from NESM_OITF, there were 68 MJO
events associated with strong ITF events and 22 MJO events related to weak
ITF events (Fig. S1B).

Statistical MJO evaluation

To statistically diagnose the MJO, we initially applied a 20-70-day bandpass
filter to circulation and thermodynamic fields. We discussed the resulting
intraseasonal anomalies during the boreal winter period, spanning from
November 1st to April 30th. Evaluation of the MJO’s eastward propagation
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is conducted using a lead-lag map of anomalous precipitation along the
equator relative to precipitation anomalies over the EIO region***"*. Unless
otherwise specified, the regressed maps discussed in this study are obtained
against the 20-70-day filtered precipitation area-averaged over the EIO
region. To specifically evaluate MJO propagation over the MC, we further
calculate a metric termed the “MC propagation index”, similar to a previous
study”. This metric involves the summation of positive correlation coeffi-
cients over the MC area (105°-150°E) and over the 0-20 lag days normalized
by the observed value.

Data availability

The daily TRMM 3B42 data can be accessed at http://apdrc.soest.hawaii.
edu. The daily OISST data was obtained from https://www.ncei.noaa.gov/
data/sea-surface-temperature-optimume-interpolation/v2.1.  The  daily
ERA-Interim data is available at http://apdrc.soest.hawaii.edu. The data
used to plot figures in this study can be downloaded from https://doi.org/10.
6084/m9 figshare.25513993.

Code availability

The scripts used to create Figures in this study were written in NCAR
Command Language (NCL; http://www.ncl.ucar.edu/) and are available on
https://doi.org/10.6084/m9.figshare.25513993.
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