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ABSTRACT

Explanations for the barrier effect of the Indo-Pacific Maritime Continent (MC) on the MJO should satisfy two
criteria. First, they should include specific features of the MC, namely, its intricate land—sea distributions and
elevated terrains. Second, they should include mechanisms for both the barrier effect and its overcoming by some
MIJO events. Guided by these two criteria, a precipitation-tracking method is applied to identify MJO events that
propagate across the MC (MJO-C) and those that are blocked by the MC (MJO-B). About a half of MJO events
that form over the Indian Ocean propagate through the MC. Most of them (>75%) become weakened over the
MC. The barrier effect cannot be explained in terms of the strength, horizontal scale, or spatial distribution of MJO
convection when it approaches the MC from the west. A distinction between MJO-B and MJO-Cis their precipitation
over the sea versus land in the MC region. MJO-C events rain much more over the sea than over land, whereas rainfall
over the sea never becomes dominant for MJO-B. This suggests that inhibiting convective development over the sea
could be a possible mechanism for the barrier effect of the MC. Preceding conditions for MJO-C include stronger low-
level zonal moisture flux convergence and higher SST in the MC region. Possible connections between these large-
scale conditions and the land versus sea distributions of MJO rainfall through the diurnal cycle are discussed.

1. Introduction

The Madden—Julian oscillation (MJO; Madden and
Julian 1971, 1972) is a primary source of predictability of
the Earth system on subseasonal (3-6 weeks) time scales
(Waliser et al. 2003). As the MJO moves eastward, its in-
fluences on many environmental hazards (e.g., tropical
cyclones, cold surges, heat waves, lightning, and flood) and
climate modes [e.g., Indian Ocean dipole (IOD), ENSO,
and NAO] depend on whether its convection center is over
the Indian Ocean, the Indo-Pacific Maritime Continent
(MCQ), or the Pacific (Zhang 2013). Teleconnection pat-
terns from the tropics to extratropics generated by the
MJO are the strongest when its convection center is

located near the eastern edge of the MC (Adames and
Wallace 2014). An example of MJO remote influences is
the record warm temperatures over the United States in
March 2012 that have been attributed to an active MJO
event propagating through the MC (Dole et al. 2014).
The behavior of the MJO over the MClis very different
from that over the open water of the Indian and Pacific
Oceans. In observations, when the MJO propagates over
the MC, it often weakens, its propagation speed becomes
uneven, and it may completely break down and fail to
reemerge on the Pacific side (Rui and Wang 1990;
Hendon and Salby 1994; Hsu and Lee 2005; Kim et al.
2014). The weakening and blocking of the MJO by the
MC is known as a ‘‘barrier effect” on MJO propagation.

This barrier effect of the MC in nature is often exagger-
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ated in numerical models (Inness and Slingo 2003; Kim
et al. 2009; Seo et al. 2009), creating an MJO “‘prediction
barrier”” (Weaver et al. 2011; Fu et al. 2013). For example,
the fraction of MJO events that fail to propagate through

© 2017 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).

Unauthenticated | Downloaded 12/28/22 07:27 PM UTC


mailto:lingjian@lasg.iap.ac.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

3440

the MC is 30% in a global reanalysis product but 50%
in the ECMWF forecast system (Vitart and Molteni
2010). The MJO prediction barrier would inevitably un-
dermine the model capability of forecasting global in-
fluences of the MJO (Hendon et al. 2000) and hinder the
overall model capability of subseasonal prediction.
Several possible reasons for the MC barrier effect on
MJO propagation have been suggested. If surface fluxes,
especially latent heat flux, are important to the MJO
(Maloney and Sobel 2004; Sobel et al. 2008), then the
MJO would be weakened or diminished by the reduction
in surface fluxes in the MC region because of its many
islands. If moisture convergence of the low-level circulation
is essential to the MJO (Wang 1988; 2005), then its distor-
tion by topographic interference would impair the MJO
(Hsu and Lee 2005; Inness and Slingo 2006; Wu and Hsu
2009). It has been suggested that cloud-radiation in-
teraction is the source of instability for the MJO and sets its
intraseasonal rhythm (Hu and Randall 1994, 1995; Sobel
and Maloney 2013; Adames and Kim 2016). This in-
teraction can be interrupted by persistent diurnal convec-
tion over islands (Neale and Slingo 2003; Hagos et al. 2016)
that is almost synchronized throughout the MC. The diurnal
cycle in the MC may make it difficult for the MJO to
propagate through its rectified influences on the symmetric
and asymmetric components of the MJO (Tung et al. 2014;
Majda and Yang 2016). It has been suggested that the
barrier effect mainly comes from large-scale circulations
that modulate moisture distributions downstream over the
western Pacific (Kim et al. 2014; Feng et al. 2015). A strong
initial wet bias in rainfall and a cold bias in sea surface
temperature over or near the MC are found unfavorable for
MIJO to propagate through in ensemble predictions of the
ECMWEF (Kim et al. 2016). While all these factors are
plausible, satisfactory explanations for the MC barrier ef-
fect on the MJO in nature and its exaggeration in numer-
ical models are still missing for the reasons discussed below.
In this study, we intend to contribute to the current
effort of understanding the barrier effect of the MC on the
MJO. While finding a definite explanation for the barrier
effect in a single study is a tall expectation, we strive to
explore possible processes that have not been thoroughly
investigated by previous studies. At the very least, we at-
tempt to unravel aspects of the barrier effect that may
serve as targets for more focused studies in the future. For
the ease of discussion, we will refer to MJO events that are
successful in crossing the MC as MJO crossing (MJO-C)
and those that are blocked by the MC as MJO blocked
(MJO-B). Before we describe the design of our study and
its results, we wish to introduce our thoughts on the issue of
the barrier effect, which have served to guide this study.
An acceptable explanation for the barrier effect of the
MC should satisfy at least two criteria. First, it should
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include the specific features of the MC that distinguish it
from the open oceans of the Indo-Pacific region where
the MJO thrives. These features are the intricate land—
sea distribution and elevated terrains. The possible ex-
planations of the barrier effect in terms of blocking of
surface fluxes by land, topographic interference of the
low-level circulation, and the diurnal cycle of land con-
vection discussed earlier all meet this criterion. The
explanations in terms of the large-scale circulation over
the western Pacific are connected to the MC only im-
plicitly through the dependence of the mean state on the
MC. Without this dependence, the large-scale circula-
tion may ‘‘accidentally’” make the MJO weakened and
diminished more often over the MC than anywhere else,
and the barrier effect may exist not because of the MC.

The second criterion is that they should elucidate not
only why MJO-B events fail to propagate through the
MC, but also why such a barrier effect can be overcome
by MJO-C events. Because the islands are present in the
MC for all MJO events, there are only two possibilities
that may distinguish MJO-C from MJO-B. One is a
large-scale condition that is independent of the MJO.
The other is the MJO itself. Intuitively, strong MJO
events would have a greater chance than weak ones to
survive the barrier effect of the MC. This, however, has
never been quantitatively demonstrated. It is possible
that overcoming the barrier effect depends on both the
MJO itself and its large-scale conditions. None of the
existing explanations of the MC barrier effect meets this
second criterion as well as the first one.

Guided by these thoughts, we investigated in this study
the barrier effect of the MC on the MJO with two unique
aspects that distinguish ours from previous studies on the
same subject. The first is a method of tracking MJO
precipitation, which has been used by Ling et al. (2014) to
compare global versus local MJO prediction skills. Using
this method, we identified MJO events, separated MJO-B
from MJO-C, and obtained quantitative information of
the barrier effect that was unavailable before. The second
distinct aspect of this study is that we examined detailed
distributions of the MJO precipitation over the sea and
land in the MC for MJO-B and MJO-C, as well as their
large-scale conditions.

In the rest of this article, we describe the data used in
section 2 and the procedures of identifying eastward-
propagating precipitation events in section 3 and iden-
tifying MJO events in section 4. We introduce in section 5
basic statistics of tracked MJO events and quantitative
information of the barrier effect. In section 6, we present
comparisons of MJO-B and MJO-C, including their
large-scale features in precipitation (section 6a), de-
tailed distributions of precipitation over the sea and land
in the MC region (section 6b), and large-scale conditions
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over the MC (section 6c). A summary, further discus-
sions, and concluding remarks are given in section 7.

2. Data
The following data were used in this study:

1) Daily rainfall (0.25° X 0.25°) from Tropical Rainfall
Measuring Mission (TRMM) 3B42 version 7
(3B42v7) Multisatellite Precipitation Analysis
(Huffman et al. 2007) that covers the period of
1998-2015 was used to develop the tracking method
(section 3), following Ling et al. (2014).

2) Pentad mean CPC Merged Analysis of Precipitation
(CMAP) rainfall (Xie and Arkin 1997), available for
1979-2014, was used because its longer period pro-
vides more samples of the MJO than the TRMM data
for robust statistics. For direct comparisons, the
CMAP data were interpolated from their original
pentad and 2.5° X 2.5° grids to the TRMM daily and
0.25° X 0.25° grids.

3) Daily mean TRMM Microwave Imager (TMI) SST
version 7.1 (Gentemann et al. 2010) dataset is more
suitable to describing SST in the MC region than
other SST data because of its relatively high hori-
zontal resolution (0.25° X 0.25°) and the capability of
TMI to penetrate through clouds. This dataset covers
the period of 1998-2014.

4) All-season Real-Time Multivariate MJO (RMM)
index of Wheeler and Hendon (2004) is commonly
used in MJO studies, including those on the barrier
effect of the MC. It was used in this study to compare
with results derived from the method of tracking
MJO precipitation.

S) Daily zonal, meridional, and vertical wind and specific
humidity from the ECMWF interim reanalysis (ERA-
Interim, hereafter ERA-L; Dee et al. 2011) were used
to calculate the larger-scale circulation and moisture
flux convergence. The horizontal resolution of this
dataset is 0.75° X 0.75°. Its vertical resolutions are
25 hPa between 1000 and 750 hPa, 50 hPa between 750
and 250 hPa, and 25 hPa between 250 and 100 hPa.

6) Surface (10m) winds from QuikSCAT (Spencer
et al. 2000; Hoffman and Leidner 2005) covering
1999-2009 and WindSat (Gaiser et al. 2004) covering
2010-15 were used to supplement the ERA-I data.
These two datasets have a horizontal resolution of
0.25° X 0.25° and, in combination, cover the period
of TRMM.

3. Tracking of eastward-moving precipitation

The MJO tracking method used in this study is an
updated version of the one introduced by Ling et al.
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(2014). Its basic idea is to objectively identify the east-
ward movement of positive precipitation anomalies
along the equator with certain characteristics consistent
to the known canonical MJO. With a priori criteria that
have to be defined subjectively, this method allows in-
dividual MJO events to be identified without further
human intervention, hence objectively. Also provided
by the method are several variables of the identified
MIJO events, such as their starting and ending longi-
tudes and time, propagation speeds and ranges (in
longitude), strength (in terms of precipitation), life
spans, zonal scales (in longitude), and intervals be-
tween two adjacent events. All these quantities are not
available from EOF-based MJO indices (Wheeler and
Hendon 2004; Kiladis et al. 2014; Lafleur et al. 2015; Liu
et al. 2016).

This tracking method consists of three main pro-
cedures: data preparation, tracking eastward movement
of positive anomalies in precipitation, and selecting
MJO events. The method is described below with suffi-
cient details for independent reproduction of our results.

The data preparation started with calculating daily
anomalies in precipitation by removing daily clima-
tology (omitting 29 February in leap years). A two-
dimensional fast Fourier transform was used to obtain
the large-scale (zonal wavenumbers 1-10) eastward-
propagating intraseasonal (20-100 day) signals
(Gottschalck et al. 2013). The filtered precipitation
anomalies were then averaged over a latitude belt of
15°S-15°N, which is considered as the tropics based on
the zonal and time mean distribution of potential vor-
ticity (Zhang and Ling 2012). In this article, the equa-
torial anomalies in precipitation will be denoted as
P'(x, t), or simply P’. Standard deviations of P’ were
calculated at each longitude grid point, which will be de-
noted as o p(x), or simply o p.

Tracking of eastward movement of positive anomalies
in precipitation was done using P’ with the following
steps (see Fig. 1):

(i) Select a reference longitude x, and a tracking
domain. The reference longitude in this study is
90°E for effectively identifying MJO events over
the Indian Ocean. The tracking domain is eastward
from 40°W to 120°W. This broad domain was used
to capture the MJO in both the Indian and
Pacific Oceans.

(i) Run a set of straight lines passing the reference
longitude at a given day ¢, each with its own slope
(solid thin blue lines in Fig. la). They are trial
(tracking) lines. The slope of each trial line repre-
sents the zonal propagation direction and speed.
With choices of the line slopes, this method can be
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FIG. 1. Illustration of the tracking method applied to 1 Jan-1 May 2012. (a) Time-longitude diagram of anomalous
precipitation (mm day ). Precipitation envelopes (areas of P’ > op) are enclosed by black contours; x, and f, are
reference longitude and time, respectively. Thin blue lines are trial tracking lines. Thick blue lines are examples of
segments with P’ > o p along a trial tracking line. Black dashed lines are eliminated segments. White dashed lines are
segments not selected for the MJO. Thick black lines are the final selected MJO tracks. (b) Tracked amplitudes
(kgm ™ 's™1) as functions of the speed (slope of tracking lines) and the time when a trial line crosses the reference
longitude xo. Black dots marks A,,,(¢, s) for events E1 and E2 in (a), based on which of the final tracks [thick black lines in
(a)] of the MJO event are selected. Open circles represent local maximum amplitudes A,,(t, s) corresponding to un-
selected segments (for events E1 and E2) and unselected events (E3 and E4). See text for more details.

equally applied to track eastward- and westward-
propagating P’. In this study, only eastward-
propagating P’ was tracked.

Identify a longest segment along each trial line that
satisfied P’ > o p continuously (e.g., the longer solid
thick blue line in Fig. 1a). If a gap between two
neighboring segments of P’ > o pis smaller than 10°
longitude, then they are considered joined and
treated as one segment.

Calculate the amplitude of each selected segment as
integrated P’ along the segment A(f, s) where s
represents the slope of the trial line (or speed of the
event) passing through the reference longitude at day .
Repeat steps (ii)—(iv) for each day. As a result,
amplitudes of all selected segments are expressed as a
two-dimensional function A(t, s) for all days (Fig. 1b).
Identify eastward-propagating precipitation events.
Local maxima in A, denoted as A,(t, s), are
identified as peaks centered on an 11-day running
window. Their examples are marked by dots and
open circles in Fig. 1b. Each A,,(t, s) represents a
selected segment along a trial line that crosses the
reference longitude at time ¢ with a propagation
speed s. If there are two segments within the same
eastward-moving precipitation envelop (areas of

P’ > op enclosed by black contours in Fig. 1a), the
one with the greater amplitude is retained and the
other neglected (e.g., dashed white lines of events
E1 and E2 in Fig. 1a are discarded for their smaller
amplitudes). The remaining selected segments will
be referred to as tracks for eastward-propagating
events (thick solid and dashed black lines in Fig. 1a).
Once eastward-moving precipitation events are
identified, their several characteristics (illustrated in
Fig. 2) can be quantified in addition to the speed and
amplitude. A starting point (black diamonds in Fig. 2)
and ending point (black squares) correspond to the
starting and ending longitudes and dates of a track, re-
spectively. Averaged strength is the rain rate averaged
along a track from its starting to ending points. A
propagation range is the distance of a track between its
starting and ending longitudes. A life span is the time
between the starting and ending dates of a track. A daily
zonal scale is the zonal coverage of a precipitation en-
velope P’ > op for a track at a given day, and a mean
zonal scale of an event is the average of its daily zonal
scales through its entire life span. An interval is the time
between the starting dates of two adjacent events.
There are a total of 190 eastward-moving pre-
cipitation events identified using the TRMM data. All
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FIG. 2. Asin Fig. 1a, but for definitions of quantities of eastward-
moving precipitation events. The thick black line is an MJO track.
Thin black contours encircle areas of P’ > op, which are pre-
cipitation (or convection) envelopes. See text for other details.

are not the MJO. For example, while the eastward-
moving speed of most tracked events is 3-7ms ', a few
have slower or faster speeds (Fig. 3a). Most tracked
events propagate over a distance greater than 50° lon-
gitude, but some propagate over a distance shorter than
that (Fig. 3b). The interval between two adjacent
tracked events range from 10 to 80 days (Fig. 3c). The
mean zonal scale of tracked events can be as small as 10°
and as large as 75° longitude (Fig. 3d).

These statistical distributions of tracked eastward-
moving events in precipitation illustrate a continuum
nature of the MJO: There is a broad range of eastward-
moving events in precipitation. The canonical MJO as
we know from composites based on EOF analysis (e.g.,
the RMM index) is embedded within the group of these
eastward-moving events. There is, however, no clear
distinction between the canonical MJO and other “non-
MJO” eastward propagation events by any definition.
Roundy (2012) pointed out the continuum nature of the
MJO and convectively coupled Kelvin waves. This
continuum nature exists for all large-scale eastward-
propagating precipitation events, as demonstrated in
Fig. 3. The broad range of eastward-propagating pre-
cipitation events is not a unique result of our tracking
method. It emerges also from other methods designed
for detecting the MJO. For example, when the RMM
index (Wheeler and Hendon 2004) is used to identify
individual MJO events based on a single criterion of
amplitude greater than one standard deviation, also in-
cluded are many other events that are not consistent to
the known canonical MJO but not distinctively sepa-
rated from the canonical MJO (Roundy et al. 2009;
Straub 2013).
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Apparently, additional criteria are needed to select
the MJO from all tracked eastward-moving events.
These criteria cannot be determined in a completely
objective way. They depend on one’s perception of
the MJO, objective, and, perhaps, convenience. De-
termining these criteria does not fundamentally differ
from determining the width of bandpass filtering that is
commonly used in MJO studies. There is always an issue
of how sensitive the final results might be to the choices
of the criteria. But once these criteria are determined,
the results should be reproducible.

4. Selection of MJO events

MIJO events were selected from all tracked eastward-
moving precipitation events based on the following
criteria:

1) The propagation range is greater than 50° longitude.
This criterion is designed to select MJO events that
propagate over at least a distance equivalent to the
width of the tropical Indian Ocean. For example,
eastward-moving event E3 in Fig. 1a does not meet
this criterion and is not considered an MJO event.
This criterion alone would eliminate 30% (56 out of
190) of all tracked events.

2) Propagation speed is between 3 and 7ms”'. An
example is eastward-moving event E4 in Fig. la,
which was eliminated because its speed is 8ms™ .
There is no physical justification for this particular
range of speed for the MJO versus a wider or nar-
rower one. The main reason for this choice is to
exclude outliers. Most fast events are not only in-
consistent to the known canonical MJO, but also
weaker and shorter lived than slow events. Totally
17% (33 out of 190) of all tracked events would be
eliminated by this criterion alone.

3) The interval is greater than 20 days. This is to ensure
the intraseasonal time scale of the MJO. Aliasing of
the 20-100-day bandpass filtering (section 3) permits
tracked events to occur within 20 days from each
other. If there is more than one event initiated
within a 20-day running window, only the one with
the greatest amplitude is retained. This criterion
alone would eliminate 25% (47 out of 190) of all
tracked events.

Eastward-moving events in precipitation anomalies
P’ satisfying all these criteria 1-3 are considered MJO
events. The segments of P’ > o p along selected tracking
lines representing the MJO events are referred to herein
as MJO tracks (thick solid black lines in Fig. 1a). There
are a total of 100 MJO events identified using the
TRMM data, 52.6% of all tracked events.
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FIG. 3. Number distributions by (a) speeds, (b) propagation ranges, (c) intervals, and
(d) averaged zonal scales of all tracked eastward-moving events based on the TRMM pre-
cipitation data. Their means are marked by triangles.

This tracking method yields quantitative information
about the MJO (e.g., starting and ending dates and
longitudes, life span, zonal scale, propagation speed and
range, and exact longitudinal location of MJO convec-
tion center) that is not all available from MJO indices
based on global EOF analysis (Wheeler and Hendon
2004; Kiladis et al. 2014; Liu et al. 2016). This is one of
the major advantages of this MJO tracking method. Its
main weakness is that several criteria need to be de-
termined subjectively. Consistent results were never-
theless obtained when some of the subjectively chosen
criteria were removed or changed slightly. For example,
not allowing neighboring segments of P’ > o p with their
gaps <10° to joint together modifies the total number of
the tracked eastward-moving precipitation events and
identified MJO events by less than 5%. This does not
change the final results. We kept this procedure because
it makes physical sense: An MJO event may temporarily
become weak and bounce back again. We also tested the
sensitivity of our results to the criteria used to select
MIJO events by expanding the longitudinal range from
50° to 60°, the speed range from 3-7 to 3-8 ms ™!, and the
interval from 20 to 25 days. As a consequence, the total
number of tracked MJO events varies from 92 to 105.
Results reported in the rest of this article remain qual-
itatively the same. Our results depend on neither the
choice of the reference longitude as long as it is in the
central Indian Ocean nor the range of tracking as long as
it covers the Indo-Pacific warm pool. These sensitivity
tests lend us confidence that our results are robust and
reproducible.

Kerns and Chen (2016) developed a different method
of tracking MJO precipitation. Their method defines

large-scale precipitation envelopes and follows their
movement. Their method tracks two-dimensional
motions of MJO precipitation in longitude and lati-
tude; ours tracks one-dimensional motions in lon-
gitude. While latitudinal positions of convection
centers of the MJO are important for overcoming the
barrier effect of the MC (see section 6a), we in this
study primarily focus on the first-order feature of
the MJO: its zonal propagation. Three-dimensional
structures and evolution of the MJO and its envi-
ronment can be reconstructed once individual MJO
events are identified. This will be illustrated later in
this article.

5. Statistics of the tracked MJO and barrier effect

Some quantities of the MJO derived from the tracking
method can be compared with that derived using dif-
ferent methods (Lafleur et al. 2015); others are
previously unavailable. The distribution of starting
longitudes indicates that MJO events may form almost
anywhere in the tropics, as suggested by Matthews
(2008), but most of them form over the Indian Ocean
(the ordinate in Fig. 4a). The distribution of ending
longitudes exhibits two peaks: one over the MC and the
other over the central Pacific (the abscissa in Fig. 4a).
This is direct evidence for the MC barrier effect on the
MIJO: an MJO event either fails to propagate through
the MC and vanishes there or, if it survives the MC,
continues to move eastward until it reaches the cold sea
surface east of the western Pacific warm pool. There is
no other explanation for the two peaks. These two peaks
rule out any explanation for the barrier effect in terms of
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FIG. 4. Individual and joint number distributions of (a) starting vs ending longitudes,
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(d) mean zonal scales vs propagation ranges of tracked MJO events using the TRMM

precipitation data. Colors of the joint distributions represent the number of events.

large-scale circulation patterns that are not direct con-
sequences of the MC.

Few MJO events that form over the Atlantic Ocean
(starting longitudes <40°E) and over the western Pacific
(starting longitudes >150°E) are all relatively weak
compared to the rest (Fig. 4b). In general, there is no
clear connection between the mean strength and zonal
scale of the MJO, except the weakest are all small
(Fig. 4c). There is, however, a clear relationship between
their zonal scales and propagation ranges: MJO events
of larger zonal scales tend to propagate over longer
distances (Fig. 4d). The two peaks in propagation ranges
correspond well to the two peaks in the ending longi-
tudes: Most MJO events with short ranges form over the
Indian Ocean and terminate over the MC; most with
long ranges propagate through the MC and terminate
over the central Pacific. These results suggest that MJO
events with larger zonal scales should have a greater
chance to propagate through the MC. This is true only
to a limited extent. Few extremely large MJO events
(zonal scales >55° longitude) all propagate through the

MC, while some MJO events with small zonal scales
(<30° longitude) also do (not shown).

To increase our sample sizes for tracked MJO events,
we applied the tracking method to the CMAP data,
which cover a longer period (1979-2014) than the
TRMM data (1998-2015).' The total number of tracked
MJO events using CMAP is 172. In the following, we
compare results from TRMM and CMAP in the context
of the MC barrier effect on the MJO to seek robust re-
sults that are independent of data used.

There are two manifestations of the barrier effect of
the MC on the MJO. One is blocking MJO propagation,
as suggested by the two peaks in the distribution of
ending longitudes of tracked MJO events in Fig. 4a. This
figure is reproduced in Fig. 5a for tracked MJO events
that start over the Indian Ocean (e.g., on their starting
dates, areas of precipitation anomalies P’ > op are

! We also tried to use OLR but influences from high, thick cirrus
are problematic for tracking the motion of MJO convection.
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between 30° and 100°E). The two peaks in Figs. 4a and 5a
suggest two distinct groups of the MJO: MJO-C events
that are successful in crossing the MC (with their ending
longitudes east of 150°E) and MJO-B events that are
blocked by the MC (with their ending longitudes over
the MC:i.e., 100°~150°E). We wish to point out that the
term ‘‘nonpropagating MJO events,” used in other
studies (Kim et al. 2014; Feng et al. 2015), is not ap-
propriate for MJO-B events defined here, which
propagate eastward by definition but not through the
MC. The second barrier effect is the weakening of
MIJO events over the MC regardless of whether they
propagate through. This effect is demonstrated in
Figs. 6a and 6b, where strength of each MJO event
formed over the Indian Ocean is plotted as a function
of longitude along its track.

These two MC barrier effects on the MJO based on
the TRMM data are well reproduced from the CMAP
data. The distributions of ending longitudes of tracked
MJO events based on the two datasets show detailed
differences, but the two peaks over the MC and central
Pacific, respectively, are present in both (Fig. 5b). The
weakening of MJO events over the MC seen in the
TRMM data is also reproduced from the CMAP data
(Figs. 6¢,d). Based on the TRMM data, out of all MJO-C
events, 75% (18 out of 24) are weakened over the MC,
measured by the ratio of the averaged strength along
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their tracks within 120°-130°E to that of 90°~100°E; 82 %
(27 out of 33) are weakened based on the CMAP data.

Of all tracked MJO events that start over the Indian
Ocean, 50% (12 out of 24) are MJO-B in boreal winter
and 54% (14 out of 26) in boreal summer based on the
TRMM data; based on the CMAP data, 42% (15 out of
36) and 59% (17 out of 29) are in boreal winter and
summer, respectively. In comparison, Kerns and Chen
(2016) reported that 43% of MJO events identified by
their large-scale precipitation tracking are MJO-B.
Based on these consistent results, about half of MJO
events formed over the Indian Ocean fail to propagate
through the MC.

These percentages of MJO-B events identified by
tracking precipitation of the MJO are much larger than
that (30% ) found by Vitart and Molteni (2010) based on
the RMM index of Wheeler and Hendon (2004). A more
detailed comparison between the results based on the
two methods is warranted. The distinctions between
MIJO-B and MJO-C identified by our tracking method
are clearly captured by the RMM index (Fig. 7). The
averaged RMM amplitude is almost always smaller than
1 for MJO-B (blue curve), whereas it is larger than 1 for
MJO-C (red) over the Indian Ocean (phases 2 and 3),
the MC (phases 4 and 5), and the western Pacific (phases
6 and 7). The barrier effect of weakening is clearly
demonstrated by the reduction in amplitude of the av-
eraged RMM amplitude for MJO-C (red) over the MC
(phases 4 and 5). The barrier effect of blocking is seen as
the mean amplitude of MJO-B (blue) quickly ap-
proaches zero over the western Pacific (phase 6). These
are consistent with the results based on our MJO
tracking method.

There are discrepancies between the descriptions of
the barrier effect by the RMM index and MJO tracking
that require careful interpretations. The RMM index
suggests MJO-C is much stronger than MJO-B before
they enter the MC (phase 3). This is not the case in
precipitation, as we will discuss in section 6a. Mean
MJO-B is hardly recognized by the RMM index as the
MJO because its amplitude is smaller than one most of
the time. These differences come mainly from the fact
that the RMM index represents the zonal wind compo-
nent of the MJO more than its convection component
(Straub 2013). The stronger circulation of MJO-C than
MJO-B can indeed be seen from its composites (section 6a).
Many MJO-B events are not recognized by the RMM
index based on the criterion of amplitude greater than
one because their propagation ranges are small, their
life spans are short, and thus they do not generate
strong global responses in the zonal wind. This explains
the relatively small percentage of MJO-B based on the
RMM index found by Vitart and Molteni (2010). The
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FIG. 6. Strength (mm day ') as a function of longitude along the track (P’ > o) for each
MIJO event that starts over the Indian Ocean for (a) MJO-B and (b) MJO-C based on the
TRMM precipitation data and (¢) MJO-B and (d) MJO-C based on the CMAP data. Thick
lines are their respective means. Starting points of the tracks are marked by diamonds and

ending points by squares.

inability of the RMM index to accurately represent
the location of convection center of the MJO is also
illustrated in Fig. 7. Longitudes of convective centers for
MIJO-B and MJO-C identified by our tracking method
(e.g., 80° 120°, and 140°E) may end up in different
RMM phases.

Most (83%) successive MJO events (Matthews 2008),
which follow a previous MJO event within 60 days, are
MJO-B. The primary MJO without a previous event
within 60 days includes slightly more (60%) MJO-C.
This suggests that an MJO event tends to be followed by
another one, but the barrier effect of the MC is a major
mechanism that terminates a series of successive
MIJO events.

6. Comparisons between MJO-B and MJO-C

In this section, we further compare MJO-B and
MIJO-C to seek differences that may provide insights to
physical mechanisms for the barrier effect of the MC
and its overcoming. We used CMAP for its longer re-
cord for large-scale features and TRMM precipitation
with its higher resolution for more detailed spatial dis-
tributions within the MC region.

For a composite of a given field, the Student’s ¢ test
was used to assess its significance at the 95% confidence
level. For assessing the significance of wind vectors, the
Student’s ¢ test was applied to each of its components.
A composite of wind vector is considered significant if
either one component passes the test. The degree of
freedom was estimated using the number of events that
went into the composite. When comparing a given field

over a certain area between MJO-B and MJO-C, we
started with a null hypothesis that its probability dis-
tribution functions (PDFs) for the two are from the
same population (i.e., nondistinguishable). This field
would be significantly different for the two types of the
MJO if this null hypothesis is rejected by the
Kolmogorov-Smirnov (KS) test at the 95% confidence
level. In the rest of this article, the term ‘significant’ is
used to indicate the 95% confidence level in either the
Student’s ¢ or KS test.

Propagation speeds for individual MJO events span
from 3 to7ms™~'. This may lead to distortions in time-lag
composites using fixed time intervals relative to the
reference point (day 0). To avoid this, we made averages
over days when MJO tracks (or its extension) pass a
given longitude (equivalent to their convection cen-
ters located at a given longitude) unless otherwise
mentioned.

a. Large-scale MJO precipitation

The barrier effect of weakening the MJO over the MC
is further demonstrated in Fig. 8. This figure shows the
distribution of the ratio of MJO strength A(x)/A(xo),
where x represents longitudinal bins of 5° from 100°E to
180°, x( represents a fixed longitude bin of 90°-100°E,
and A is CMAP P’ averaged within a longitudinal bin
along each MJO track. This figure shows how ampli-
tudes of MJO events vary after they enter the MC. Most
MIJO events become weaker immediately after their
tracks pass 100°E. The main difference is MJO-C events
manage to recover their strength over the eastern MC
(Fig. 8b), while MJO-B events do not (Fig. 8a).
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A question that arises from Fig. 7 is whether an
MIJO-Cis systematically stronger than an MJO-B before
they enter the MC. To address this question, we com-
pared their PDFs of strength, A(x), when their tracks
cross 90°E. A similar range of strength exists for both
(not shown). Strength is thus not a determining factor to
distinguish MJO-C from MJO-B.

As discussed in section 5, MJO-C events do not always
have greater zonal scales than MJO-B. We also exam-
ined meridional distributions of precipitation as tracks
of MJO events cross 90°E but found no discernable sign
that may distinguish MJO-C from MJO-B (not shown).
We conclude that neither the strength nor size of MJO
precipitation before it enters the MC is a critical factor
for overcoming the barrier effect.

The barrier effects of the MC are clearly shown in the
conventional composite time-longitude diagrams of
precipitation anomalies (Fig. 9). Both MJO-B and
MJO-C propagate eastward from the Indian Ocean to
the MC at a similar averaged speed (Sms~') with
comparable amplitudes and zonal scales of positive
anomalies in precipitation. Their amplitudes both sub-
stantially decrease immediately after their tracks enter
the MC (passing 100°E). This might be a large-scale rain-
shadow effect of Sumatra. After that, both quickly re-
cover their strength somewhat, but not to a full extent.
Their big difference comes afterward when MJO-B
weakens further and quickly vanishes, whereas MJO-C
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manages to maintain its amplitude in precipitation,
however reduced, over the MC and continues moving
eastward, with a little hesitation, through the MC into
the western Pacific.

A possible explanation for the barrier effect of the
MC on the MJO is ENSO. Abnormal subsidence over
the MC during a warm episode of ENSO may help
weaken MJO convection there. We did not, however,
find any obvious connection between the two types of
MIJO events and the phase of ENSO. Kerns and Chen
(2016) found only slight difference in the percentage of
MJO-B events between cold or neutral years (40% ) and
warm years (50%).

There are slightly more MJO-C events (58%) in bo-
real winter and slightly more MJO-B events (59%) in
boreal summer. The propagation patterns of MJO-C
events are very different between the two seasons. In
boreal winter, MJO-C propagates through the MC via
the Java Sea, Banda Sea, and Timor Sea (Fig. 10a). This
is typical in boreal winter, when the main MJO activities
are south of the equator (Hendon and Salby 1994; Zhang
and Dong 2004). In boreal summer, when the main MJO
activities are north of the equator, the major passage of
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FIG. 9. Composite time-longitude diagrams of precipitation
anomalies (mm day ') averaged over 15°S-15°N for (a) MJO-B
and (b) MJO-C based on the CMAP data. Time 0 is when their
tracks cross 100°E. Results significant at the 95% confidence level
are stippled.

MJO-C through the MC is the South China Sea and
Philippine Sea (Fig. 10b). These bifurcated MJO path-
ways across the MC are nothing new (see, e.g., Wang and
Rui 1990; Wu and Hsu 2009). We show this to make two
points. First, off-equatorial MJO-C convection projects
heavily on the equatorially asymmetric component of the
MJO. The diurnal cycle can weaken the asymmetric
component as a manifestation of the MC barrier effect,
suggested by Tung et al. (2014) and Majda and Yang
(2016). Second, MJO-C convection prefers to be over
water of the MC, which we will discuss in more detail.
Boreal-winter (October—-March) MJO events will be the
focus in the rest of this article.

There are subtle differences in the evolution of spatial
distributions of precipitation between MJO-B and
MJO-C when their tracks approach the MC (across
90°E). Precipitation is slightly stronger over the MC,
especially over the major islands (Borneo, Sulawesi, and
New Guinea) for MJO-C than MJO-B (Figs. 11a,b). We
will discuss the possible significance of this subtle dif-
ference to the barrier effect in the next subsection. For
MJO-B (left column of Fig. 11), large positive anomalies
in precipitation move around Borneo on both sides and
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F1G. 10. Composite latitudinal distributions of precipitation
anomalies (mmday ') as a function of longitudes over which
tracks of MJO-C pass during boreal (a) winter and (b) summer.
Results significant at the 95% confidence level are marked by
crosshatching. Latitudinal locations of maximum precipitation
anomalies at each longitude grid from 90° to 160°E are marked by
yellow circles.

reemerge on the eastern side of the MC near the equator
with much-reduced amplitudes. After that, they are fur-
ther weakened without further eastward motion until
they vanish. There is apparent equatorial symmetry in
positive anomalies in precipitation for MJO-B, in
contrast to MJO-C. As seen in Fig. 10a, eastward-
propagating positive precipitation anomalies for MJO-C
(right column of Fig. 11) in the MC region are mainly
south of the equator, over the Java Sea, Banda Sea, and
Timor Sea. After that, its convection center, mainly lo-
cated south of the equator, continues to move eastward
into the SPCZ. Another interesting contrast between the
two types of MJO events is their negative anomalies in
precipitation west of their convection centers. For
MIJO-B, a center of negative anomalies in precipitation
forms over the western Indian Ocean and moves slowly
eastward in tandem with its convection center (positive
anomalies in precipitation) until it is over the eastern
Indian Ocean, where it stalls as the positive anomalies in
precipitation diminish over the MC. For MJO-C, its
negative anomalies in precipitation continue to move
eastward and penetrate into the MC. One may also notice
that, when the convection center is over the MC, the main
suppressed convection (negative anomalies in precipita-
tion) is still located over the Indian Ocean for MJO-B,
whereas for MJO-C convection is suppressed over both
the Indian Ocean and the Pacific.

Next, we compare detailed distributions of pre-
cipitation in the MC region for the two types of MJO
events.

b. MJO precipitation over the MC

There has been observational evidence that convec-
tive signals of MJO-C are mainly carried by convection
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FIG. 11. Composites of anomalies in TRMM precipitation (color shading, mm day ') and 850-hPa wind vectors from ERA-I for (left)
MIJO-B and (right) MJO-C when their tracks pass longitudes marked by solid triangles. Stippling for precipitation and thick black vectors
for wind mark results significant at the 95% confidence level.

over the sea of the MC (Wu and Hsu 2009). This has convection center of the MJO moves over the MC, there
nothing to do with the fractional coverage by sea versus is more convective development over the sea than land
land surfaces of the MC (roughly a ratio of 7:3). Mean in terms of increases in the size and frequency of me-
precipitation over the MC is much higher over land than  soscale convective systems (MCSs) [Suzuki 2009; also
the sea (Qian 2008; Rauniyar and Walsh 2011). When a reported by Chen and Kerns (2015)]. Based on this, it is
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logical to assume that an MJO event would fail to
propagate through the MC if its MCSs do not develop
sufficiently over the sea of the MC. This is indeed
the case.

The evolution of precipitation over the sea and land in
the MC is different for MJO-C and MJO-B. Their pre-
cipitation averaged over the tropical MC (15°S-15°N,
100°-150°E) increases at a similar pace as their tracks
approach the MC from the west (Fig. 12a). Differences
between their precipitation amounts emerge after their
tracks cross Sumatra (105°E). After that, the mean
precipitation of MJO-C over the MC continues to in-
crease first and starts to decay at a slightly later time than
that of MJO-B. At their peak times, the mean pre-
cipitation of MJO-C is significantly stronger (by 10%)
than that of MJO-B. In consequence, even though their
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mean precipitation decays similarly after their tracks
pass 130°E, mean precipitation of MJO-C remains sig-
nificantly stronger than that of MJO-B.

As convection centers of MJO-B and MJO-C move
over the MC, increases in their precipitation in the re-
gion take place mainly over the sea (Fig. 12b, solid
lines). This increase in precipitation over the sea of the
MC is initially at the same pace for both types of the
MIJO. But it slows down and stops for MJO-B, whereas it
continues for MJO-C until its convection centers pass
125°E. The 10% stronger precipitation in the whole MC
region for MJO-C in comparison to MJO-B (Fig. 12a) all
comes from the difference over the sea. Precipitation
averaged over the land of the MC (dashed lines in
Fig. 12b) is initially significantly higher than that over
the sea for both MJO-B and MJO-C until their tracks
cross 110°E. After that, precipitation over the sea be-
comes significantly stronger than over land for MJO-C,
but remains the same for MJO-B. The ratio of pre-
cipitation averaged over the sea to land exhibits very
different evolution for MJO-B and MJO-C as their
tracks move over the MC (Fig. 12¢). For MJO-C, land-
convection dominance (ratio <1) before its track enters
the MC switches to sea-convection dominance when its
track is over the MC. For MJO-B, convection over the
sea never becomes dominant.

The detailed differential distributions of precipitation
over the sea and land of the MC for MJO-B and MJO-C
confirm the suspicion that an MJO event is unable to
propagate through the MC if its convection fails to fully
develop over the sea in the region. Over the open In-
dian and Pacific Oceans, active MJO convection fea-
tures wider, deep convection and broad stratiform
regions (Morita et al. 2006; Barnes and Houze 2013)
than normal. Large MCSs preferably grow over the sea
of the MC during the convectively active period of the
MJO.? This leads to the preference for dominant con-
vection of MJO-C to be over the sea of the MC
(Figs. 10, 11).

A possible reason for the failure of oceanic MCS de-
velopment in the MC is strong landlocked convection. A
strong diurnal cycle of land convection is a candidate for
the blocking effect on MJO propagation over the MC
(Tung et al. 2014; Majda and Yang 2016; Hagos et al.
2016). The strength of the diurnal cycle of land con-
vection might be modulated by the amount of wide-
spread stratiform clouds or saturated ground; both tend
to reduce diurnal fluctuations in surface temperature,
a main direct diurnal forcing for land convection.
Peatman et al. (2014) pointed out a ‘“vanguard of

2 This was also reported by Chen and Kerns (2015).
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FIG. 13. Enlarged versions of Figs. 11a and 11b, respectively, for the MC.

precipitation” that increases over land more than over
the sea of the MC immediately prior to the arrival of the
large-scale convective envelope of the canonical MJO
that propagates through the MC. This vanguard of
precipitation is more pronounced for MJO-C than
MJO-B (Fig. 13). Land precipitation of MJO-C is
slightly stronger than that of MJO-B as their tracks pass
90°E (Fig. 12b). This slightly stronger precipitation over
land may make the land surface wetter, which would
damp surface diurnal forcing of landlocked convection
associated with MJO-C when its convection center is
over the MC. But this possibility has yet to be explored.
Accompanied to this vanguard of precipitation is
stronger, broader (in latitude) low-level (850 hPa) east-
erly anomalies that penetrate deeper into the MC from
the western Pacific for MJO-C in comparison to MJO-B
(Fig. 11). In the next subsection, we will explore pro-
cesses that might be related to the strong easterly
anomalies and might provide a reason for a stronger
vanguard of precipitation and possibly for overall de-
velopment of precipitation of MJO-C over the MC.

¢. Large-scale processes

To seek possible reasons for the stronger vanguard of
precipitation for MJO-C, we compare what happens in
the MC region immediately before MJO convection
centers enter the MC (passing 90°E) when precipitation
strengths of MJO-B and MJO-C are similar (Fig. 9).
Moisture has been considered one of the most important
variables for the MJO (Wang 1988; Raymond and Fuchs
2009; Benedict and Randall 2007; Sobel and Maloney
2013; Adames and Kim 2016). As MJO convection
centers approach the MC (their tracks pass 90°E), pos-
itive anomalies in lower-tropospheric moisture occur
over the MC (not shown). This is consistent with the
observed moisture evolution associated with the MJO:
low-level moisture increases ahead (east) of MJO con-
vection centers (Hendon and Salby 1994; Jones and Weare
1996; Kiladis et al. 2005; Johnson and Ciesielski 2013). At

this time, the positive anomalies in low-level moisture over
the MC are different between MJO-C and MJO-B, but
only slightly (not shown). It is unknown whether the small,
insignificant differences may explain the later different
behaviors of the two types of MJO events.

Horizontal distributions of local tendencies of mois-
ture dq/dt averaged through a layer of 800-500 hPa over
the MC do not show significant difference between the
two types of MJO events. Local moisture tendencies are
small residuals between large-scale moisture flux conver-
gence and apparent moisture sink Q, (Yanai et al. 1973)
that are almost equal in amplitude but opposite in sign:

where V is three-dimensional winds, and L is the latent
heat of condensation. In general, total moisture flux
convergence —V - (Vgq) = —[d(ug)lox + a(vq)ldy +
d(wq)/op] provides a large-scale source of moisture, and
moisture is removed from the atmosphere by precipitation
through microphysical processes represented by Q,. The
differential behaviors between the vanguard of pre-
cipitation of MJO-B and MJO-C might result from the
large-scale moisture sources over the MC.

Total moisture flux convergence averaged through a
layer of 850-500 hPa over the MC does not exhibit sig-
nificant differences between MJO-B and MJO-C as their
convection centers approach the MC (not shown).
However, its vertical structures, especially those of its
individual components, do. This is demonstrated in a
longitude—vertical cross section (Fig. 14) and, more ob-
viously, in a latitude—vertical cross section (Fig. 15). For
MIJO-C, there is low-level moisture flux convergence
over the MC east of Sumatra (Fig. 14b), which is con-
tributed by its zonal component —d(uq)/dx, with a deep
(from the surface to the 500-400-hPa level) easterly
anomalies to the east and westerly anomalies to the west
(Fig. 14d). In comparison, for MJO-B, the lower-
tropospheric easterly anomalies are significantly
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weaker, leading to weaker low-level moisture flux con-
vergence by the zonal component over the MC between
Sumatra and New Guinea (Fig. 14c). The meridional
component —d(vg)/dy of MJIO-C offsets the zonal
moisture flux convergence by producing divergence,
especially at the eastern side of Sumatra (Fig. 14f),
which shifts to the western side for MJO-B (Fig. 14e).
The vertical component —d(wq)/dp provides moisture
flux divergence in the lowest level and convergence aloft
(Figs. 14gh), implying an upward moisture transport.
There is a sign of a gradual deepening of low-level mois-
ture flux convergence from the east to west over the MC
for MJO-C (Fig. 14h). This implies a systematic increase in
the depth of convection toward the convection center,
which has been observed for most MJO events over the
open oceans (Lau and Wu 2010; Del Genio et al. 2012;

Powell and Houze 2013; Xu and Rutledge 2014). This also
happens to MJO-B but to a lesser degree.

Differences between the vertical structure of
moisture flux convergence of MJO-C and MJO-B are
more evident in a meridional-vertical cross section
(Fig. 15). For MJO-B, there is a cross-equatorial flow
extending from near the surface to the midtropo-
sphere (Fig. 15a). For MJO-C, the meridional flow is
almost equatorially symmetric, with poleward flows on
both sides of the equator through the entire lower-to-
middle troposphere (Fig. 15b). Moisture flux con-
vergence by the zonal component (Figs. 15¢,d) and
divergence by the meridional component (Figs. 15¢,f)
are evidently stronger for MJO-C than for MJO-B,
which can be seen in the zonal-vertical cross sections
(Fig. 14). Midtropospheric moisture flux convergence by the
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vertical component is much higher for MJO-C (Fig. 15h)
than for MJO-B (Fig. 15g).

The major difference between MJO-C and MJO-B in
their moisture flux convergence over the MC is sum-
marized in Fig. 16, which shows profiles of each com-
ponent and the total averaged over 100°-130°E and
10°S-10°N when MJO convection centers are at 90°E.
There is no significant difference in the total moisture
flux convergence. Profiles of the moisture sink O, are
very similar to those of the total moisture flux con-
vergence, but with the opposite sign, leading to the
local moisture tendency being an order of magnitude
smaller. Detailed diagnostics of moisture budget can
be done using an approach emphasizing the “‘column
confined” process (Chikira 2014; Janiga and Zhang
2016). This approach requires information of radia-
tive and cumulus diabatic heating, which is not available
from the global reanalysis used here. The contrasting
circulation patterns and strength of MJO-C and MJO-
B deserve further investigation. There is no significant

difference in the vertical structure of the apparent
heating Q; between MJO-B and MJO-C (not shown).
The Q; distribution in the meridional direction is
wider for MJO-C than MJO-B, consistent with their
precipitation distributions (Fig. 15).

Possible effects of sea surface temperature (SST) on
the MJO have been demonstrated using observations
and numerical models [see a review on this subject by
DeMott et al. (2015)]. As an MJO track approaches
the MC, SST in the southern part of the MC (the eastern
Indian Ocean south of Java, the Banda Sea, and the Timor
Sea) is significantly higher for MJO-C than MJO-B
(Fig. 17). There, observed intraseasonal fluctuations in
SST are the strongest in the MC (Napitu et al. 2015).
Meanwhile, the equatorial SST east of the Pacific warm
pool (150°E-180°) is significantly lower for MJO-B than
for MJO-C.

The high SST in the southern part of the MC for
MIJO-C does not appear to be explainable in terms of
surface energy flux. Surface wind is actually stronger
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ferences significant at the 95% confidence level.

where SST is higher. Compared to MJO-B, surface
evaporation is slightly lower and total surface energy
flux into the ocean is higher for MJO-C in the Timor Sea
and eastern Indian Ocean immediately south of Java,
but it is the opposite in the Banda Sea (not shown). This
suggests that oceanic processes (e.g., tidal mixing and
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advection) need to be considered to explain the differ-
ence in SST between MJO-C and MJO-B.

7. Summary, discussion, and concluding remarks

In this study, we have applied a precipitation-tracking
method to identify MJO events and distinguish those that
propagate across the MC (MJO-C) from those that are
blocked by the MC (MJO-B). The main advantage of this
method is its ability to determine quantitatively character-
istics of individual MJO events that cannot be derived from
methods based on EOF analysis (Wheeler and Hendon
2004; Kiladis et al. 2014; Liu et al. 2016). This method re-
veals that 60% of all MJO events and most strong MJO
events form over the Indian Ocean between 30° and 100°E.
The weakest MJO events mostly form outside the Indian
Ocean. MJO events with larger zonal scales tend to prop-
agate over longer distance. These and other characteristics
of the MJO were used to quantify the barrier effect of the
MC. Consistent results were obtained using the TRMM
(1998-2015) and CMAP (1979-2014) precipitation data.
The results are robust in the sense that they remain quali-
tatively the same as the criteria that have to be determined a
priori for the tracking method vary slightly.

The two peaks in the zonal distribution of ending
longitudes of the MJO (Fig. 5) unambiguously demon-
strate the barrier effect of the MC that blocks about a
half of MJO events formed over the Indian Ocean from
propagating through. For the other half that propagates
through, most of them (>75%) become weakened over
the MC (Fig. 6). The barrier effect cannot be explained
in terms of the strength and horizontal scale or distri-
butions of MJO convection centers when they approach
the MC from the west. A main distinction between
MIJO-B and MJO-C is their precipitation over the sea
versus land in the MC region. MJO events may propa-
gate through the MC only when their convection over
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(marked by solid triangles) based on the TRMM precipitation data. Stippling for SST and
thick black vectors for wind mark results significant at the 95% confidence level.
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the sea of the MC is sufficiently developed and domi-
nates that over land; when land-convection dominance
persists over the MC, MJO events would fail to propa-
gate through (Fig. 12). The MC barrier effect on MJO
propagation is thus to discourage MJO convection from
developing over the sea of the MC.

We have attempted to explain this barrier effect of the
MC based on the recent work of Tung et al. (2014),
Majda and Yang (2016), and Hagos et al. (2016). Using
global data, a theoretical model, and a regional cloud-
permitting model, respectively, they reached a con-
clusion that the landlocked convective diurnal cycle
can be detrimental to MJO propagation through the
MC. If this is true, and if dominant landlocked diurnal
convection compromises the development of convec-
tion over the sea of the MC, then damping diurnal
forcing over land may help overcome the barrier effect.
One way to damp diurnal forcing of land is to increase
land surface moisture. We hypothesize that this is ac-
complished by the vanguard of precipitation over land
(Peatman et al. 2014) that is slightly stronger for MJO-
C than for MJO-B when their convection centers are
immediately west of the MC (Figs. 12b, 13). Seeking
reasons behind the stronger vanguard of precipitation
for MJO-C, we explored whether moisture flux con-
vergence over the MC and SST of the MC seas might be
factors. As MJO convection centers approach the MC,
there are significant differences between MJO-C and
MJO-B in their low-level zonal and meridional
moisture convergence over the MC, even though little
difference exists in their total moisture convergence
(Figs. 14-16). We also found significant differences
between MJO-C and MJO-B in SST over the Java Sea,
Benda Sea, and Timor Sea (Fig. 17). This part of the
results is qualitative and inclusive. Instead of pro-
viding convincing explanations for the barrier effect,
these results point to possible targets of future
research.

In the introduction of this article, we proposed two
criteria that any explanation for the barrier effect of the
MC on the MJO should meet. The first one is that such
an explanation should include specific features of the
MC: its intricate land—sea distributions and elevated ter-
rains. The second is that it should include mechanisms for
both the barrier effect and its overcoming by some MJO
events. In this study, the explanation for the barrier effect
in terms of the precipitation distributions over the sea
versus land of the MC satisfies the first criterion. The di-
agnostics of moisture flux convergence and SST in the MC
were produced to satisfy the second.

This study presents quantitative information about
the MC barrier effect on the MJO but does not reach a
complete and satisfactory explanation for the barrier

JOURNAL OF CLIMATE

VOLUME 30

effect and its overcoming by some MJO events. Much
still needs to be done to close the loose ends of our hy-
pothesized chain of processes involved with the distri-
bution of land versus sea convection, landlocked diurnal
convection, and damping of land diurnal forcing by the
vanguard of precipitation. Because of the coarse tem-
poral resolution of current observations, it is impossible
to evaluate the role of the diurnal cycle in the relation-
ship between the large-scale moisture convergence and
precipitation over MC in the current study. To fill the
gaps, we propose that the following research topics be
pursued to advance our understanding of the barrier
effect of the MC:

1) Interactions of convective systems over the sea and land
of the MC under different large-scale condition: It is
unknown how much of the MJO-C convection devel-
opment over the sea is related to offshore propagation
of convection initiated over land (Houze et al. 1981;
Mori et al. 2004; Keenan and Carbone 2008) and how
much is initiated over the water. While offshore
propagation and land-sea breezes dictate diurnal pre-
cipitation over the MC (Hashiguchi et al. 1995; Hadi
et al. 2002; Sakurai et al. 2005; Araki et al. 2006; Zhou
and Wang 2006; Tabata et al. 2011), it is unclear what
other processes may also be instrumental to the in-
teraction of convection over the sea and land. It is also
unknown if landlocked diurnal convection tends to
suppress convection over the adjacent seas as we
hypothesized and what processes (e.g., competing for
moisture and creating stronger offshore surface diver-
gence) might be involved.

2) Orographic effect on large-scale moisture flux con-
vergence: This depends on the direction as well as
strength of low-level winds. Detailed behaviors of
MIJO convection and its associated large-scale con-
ditions around and over elevated terrains have been
documented using EOF-based MJO indices (Hsu
and Lee 2005; Wu and Hsu 2009). They should be
reproduced using tracking-based methods (Kerns
and Chen 2016; this study).

3) Processes controlling SST and air-sea interaction in
the MC: The observed higher SST in the MC region
for MJO-C cannot be explained by larger energy flux
into the ocean. Upper-ocean processes are likely to
be involved. Mixing under influences of bathymetry,
tides, river runoff, and the Indonesian Throughflow
is unique to the MC in comparison to the open
oceans. For example, as discussed in Sprintall et al.
(2014) and Koch-Larrouy et al. (2015), tidal mixing
can modify the SST of the MC by 0.5°C. With the
adjacent land, the sensitivity of marine convection to
SST is presumably different from that over the open
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ocean. This sensitivity is intertwined with the land-
sea breezes that also depend on SST.

Itis possible and even plausible that the barrier effect
of the MC on the MJO is multifaceted, with more than
one mechanisms acting individually or interactively.
The results from this study, especially the difference in
precipitation over the sea and land in the MC between
MJO events that propagate through the MC and those
that do not, suggest that complete understanding of the
barrier effect should be based on thorough knowledge
of detailed processes in situ to the MC. Such knowledge
can be acquired through studies using a combination of
field observations, high-resolution data assimilation
products, and high-resolution model simulations. In-
formation to be collected by the joint research em-
phasis on understanding MJO interactions with the
Maritime Continent [organized by the Subseasonal-to-
Seasonal (S2S) Prediction Project and MJO Task
Force] and by the international program Years of the
Maritime Continent (YMC; 2017-19) will play irre-
placeable roles in advancing the study on the barrier
effect of the MC on the MJO.
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