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ABSTRACT
The simulated Madden–Julian oscillation (MJO) events in 27 general circulation models (GCMs) are
identified using an MJO tracking method. The results suggest that the occurrence frequencies of simulated
MJO events can represent a model’s ability to simulate several characteristics of the MJO to a certain extent
during boreal winter, such as propagation range, strength, and termination longitude. All tracked MJO events
are classified into those that propagate through the Maritime Continent (MC) (MJO-C) and those that do not
(MJO-B), and the weakening and blocking effects on MJO propagation by the MC in GCMs were quantified.
In general, if a GCM shows a stronger weakening effect on MJO strength over the MC, it tends to produce a
stronger blocking effect on MJO propagation over the MC during boreal winter. The barrier effect of the MC
on MJO propagation is exaggerated in most GCMs, while it can be underestimated in some GCMs, especially
the coupled GCMs. Strong lower-tropospheric premoistening is identified ahead of the MJO convection
center when it is over the central MC for MJO-C but not for MJO-B in most GCMs. Such strong premoistening is mainly attributed to the zonal gradient of lower-tropospheric easterly anomalies within the front
Walker cell, which could be a precursor leading to the eastward propagation of MJO convection. In contrast
to the observation, the role of the background sea surface temperature and land–sea precipitation contrast in
the barrier effect on MJO propagation by the MC is not well captured by most GCMs.

1. Introduction
The Madden–Julian oscillation (MJO; Madden and
Julian 1971, 1972) is the dominant component of intraseasonal (30–90 days) variability in the tropics. It consists of a circulation of planetary zonal scales coupled
with organized deep convection. Its convection usually
forms over the central Indian Ocean, propagates eastward across the Indo-Pacific Maritime Continent (MC)
and warm pool along the equator at an average speed of
about 5 m s21, and disappears over the central Pacific
(Zhang 2005). The MJO plays a crucial role in connecting weather and climate (Zhang 2013) and is considered one of the primary sources of predictability on
the subseasonal (10–40 days) time scale (Waliser et al.
2003). When propagating eastward, MJO can affect
global weather and climate systems, such as the Asian
and Australian summer monsoons (Wheeler and McBride
2005; Hsu and Yang 2016), tropical cyclones (Liebmann
et al. 1994), and El Niño–Southern Oscillation (ENSO)
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(Kessler and Kleeman 2000; Zhang and Gottschalck
2002).
The characteristics of MJO propagation over the MC
are different from those over the open oceans. By
tracking eastward propagation of MJO precipitation,
Zhang and Ling (2017) demonstrated that about half the
MJO events formed over the Indian Ocean failed to
propagate through the MC, and more than 75% of the
MJO events that propagate through the MC became
weakened over the MC. Such weakening and blocking
of MJO propagation over the MC is known as the
‘‘barrier effect’’ of the MC. Previous studies indicated
that this barrier effect is usually exaggerated in numerical models (Kim et al. 2009; Seo et al. 2009; Wang et al.
2014) and can lead to a ‘‘prediction barrier’’ in numerical prediction (Weaver et al. 2011; Fu et al. 2013).
Such a prediction barrier would hinder the overall subseasonal prediction (Hendon et al. 2000). Vitart and
Molteni (2010) indicated that MJO events were more
likely to terminate over the MC in the ECMWF forecast
systems than its global reanalysis. Wang et al. (2019)
found that prediction skill for MJO convection is lowest
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when it is over the MC during boreal winter in most
WMO/subseasonal to seasonal (S2S) models.
Several possible reasons were proposed to explain the
MC barrier effect on MJO propagation. They include
the reduced surface flux due to the islands of the MC
(Maloney and Sobel 2004; Sobel et al. 2008), distorted
low-level circulation by topography (Hsu and Lee 2005;
Inness and Slingo 2006; Wu and Hsu 2009), strong persistent diurnal convection over major islands (Neale and
Slingo 2003; Hagos et al. 2016; Wang and Sobel 2017;
Ling et al. 2019), impacts of shorter-time-scale monsoon
processes in the western MC (Chang et al. 2005), the
downstream large-scale circulations over the western
Pacific (Kim et al. 2014; Feng et al. 2015), and the sea
surface temperature (SST) anomaly over the central-toeastern Pacific (Liu et al. 2016a,b; Chen et al. 2016).
Zhang and Ling (2017) suggested stronger zonal moisture flux convergence in lower troposphere and higher
SST over the MC region could help the MJO to overcome this barrier effect. Chen and Wang (2018) suggested that leading suppressed convection (LSC) along
with a front Walker cell (FWC) over the MC and the
western Pacific when MJO convection is over the Indian
Ocean could help the MJO to propagate through
the MC.
Realistic climate modeling of the MJO has always
been a challenge since the discovery of the MJO
(Hayashi and Golder 1986; Lau and Lau 1986; Slingo
et al. 1996; Sperber et al. 1997; Waliser et al. 2003; Lin
et al. 2006; Zhang et al. 2006; Kim et al. 2009; Hung et al.
2013; Jiang et al. 2015). Even though progress has been
made during the past decades, most state-of-the-art
general circulation models (GCMs) still cannot produce
certain characteristics of the MJO (Zhang 2005; Hung
et al. 2013; Jiang et al. 2015), for example, its amplitude,
eastward-propagation speed, and seasonal cycle. Hung
et al. (2013) indicated only one GCM was able to simulate
the observed eastward propagation of the MJO in phase 5
of the Coupled Model Intercomparison Project (CMIP5).
Jiang et al. (2015) showed that only a quarter of the
GCMs that participated in the MJO Task Force
(MJOTF) (Moncrieff et al. 2012; Waliser et al. 2012) and
the GEWEX Atmospheric System Study (GASS) (Petch
et al. 2011; we refer to this by the abbreviation MJOTF/
GASS in this study) could produce the systematic eastward propagation of the MJO and suggested that environment moisture, convection–circulation feedback, and
air–sea interaction can significantly impact MJO simulations. Jiang et al. (2016) further suggested simulated MJO
amplitude is closely related to convective moisture adjustment time scale. Wang et al. (2017) suggested the
zonal asymmetry in column-integrated moist static energy (MSE) is important to simulating realistic eastward
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propagation of the MJO from the same sets of GCMs.
Wang and Lee (2017) indicated that if a GCM reproduces
the zonal structure of the MJO with stronger Kelvin
easterlies than Rossby westerlies in the lower troposphere, it produces the observed eastward propagation of
the MJO.
All aforementioned results are based on the methods
of extracting statistical signals of the MJO from GCMs,
such as time-lag correlation and time–space spectra of
certain variables (Lin et al. 2006; Kim et al. 2009;
Waliser et al. 2009; Hung et al. 2013; Jiang et al. 2015).
Few studies of MJO simulations focused on the characteristics of individual MJO events in multiyear simulations.
Ling et al. (2017) tracked individual MJO events in the
MJOTF/GASS GCMs, and suggested that all GCMs
could produce large-scale slowly eastward-propagating
precipitation anomalies, and the difference is that some
GCMs produced them frequently and others infrequently. This tracking method allows quantitative
evaluation of the barrier effect on MJO propagation by
the MC, which cannot be obtained by the statistical
method mentioned above. The precipitation-centric
view of the MJO diagnostics may also address other
important problems in MJO simulations.
Motivated by this, in this study we quantitatively
evaluate the barrier effect on MJO propagation over the
MC in 27 GCMs that participated in the MJOTF/GASS
following Zhang and Ling (2017), and identify mechanisms for MJO events to overcome the barrier effect.
The MJO tracking method (Ling et al. 2014; Zhang and
Ling 2017) was applied to identify individual MJO
events based on intraseasonally filtered precipitation
anomalies in both GCMs and observations. We introduce the data and method in section 2, present the
results in section 3, and discuss their implications in
section 4.

2. Data and method
Daily precipitation from Tropical Rainfall Measuring
Mission (TRMM) 3B42, version 7, Multisatellite Precipitation Analysis (TMPA; Huffman et al. 2007) from
1998 to 2015 with a horizontal resolution of 0.258 3 0.258
is used to identify individual MJO events in the observation. Other variables covering the same period are
three-dimensional wind fields, air temperature, specific
humidity (0.758 3 0.758) provided by European Centre
for Medium-Range Weather Forecasts interim reanalysis
(ERA-I) (Dee et al. 2011) and NOAA Optimum Interpolation (OI) High Resolution Sea Surface Temperature, version 2 (OISSTv2; Reynolds et al. 2007), with a
horizontal resolution of 0.258 3 0.258 provided by
NOAA/OAR/ESRL. For consistency with model
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outputs, all observations were interpolated to the same
spatial grids (2.58 3 2.58) as model outputs.
Twenty-seven climate simulations are from global
multimodel evaluation project on vertical structure and
diabatic processes of the MJO launched by the MJOTF/
GASS. Most simulations were integrated for 20 years
using external forcing from 1991 to 2010. They provided
6-hourly outputs interpolated into 2.58 3 2.58 horizontal
resolutions and 22 vertical pressure levels. Out of 27
GCMs, 20 are uncoupled models, 6 are fully coupled
models, and 1 is a partially coupled model. Their detailed descriptions are available in Jiang et al. (2015).
Daily data generated from 6-hourly outputs were used in
this study.
Not all simulations provided the temperature tendency terms. For fair comparisons among all models,
diabatic heating is estimated as the residual of the potential temperature equation following Yanai et al.
(1973), which is known as the apparent heat source (Q1):
Q1 5
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where u, y, and v are the three-dimensional wind components; and u 5 T(p0 /p)R/cp is the potential temperature, where T is the temperature, p is the pressure, p0 is
the pressure at 1000 hPa in pressure coordinates, cp is the
specific heat capacity of dry air, and R is the specific gas
constant of dry air.
The MJO tracking method (Ling et al. 2014; Zhang
and Ling 2017) identifies individual MJO events by
tracking eastward-propagating positive precipitation
anomalies along the equator based on several known
observed characteristics of the MJO. The tracking
method can provide starting and ending longitudes,
propagation ranges, duration, and strength for identified
MJO events, which are not available from other MJO
indices (Wheeler and Hendon 2004; Kiladis et al. 2014;
Lafleur et al. 2015; Liu et al. 2016). A detailed description of this method is available in Zhang and
Ling (2017).
Daily anomalies were first obtained by removing the
daily climatology (omitting 29 February in leap years).
The MJO tracking method was then applied to tropicalaveraged, intraseasonally filtered (zonal wavenumbers
1–10, and 20–100 day) daily precipitation anomalies
from both observation and simulations using the same
configuration parameters following Zhang and Ling
(2017). The intraseasonal filtering in this study retains
both eastward- and westward-propagating signals. It is
inappropriate to retain only eastward-propagating signals for GCMs, in which westward-propagating signals
cannot be ignored (Zhang et al. 2006; Jiang et al. 2015).

FIG. 1. Occurrence frequencies (yr21) of MJO events in the
observation (TRMM) and GCMs. The cross marks the occurrence
frequency during boreal winter.

MJO signals in GCM simulation would be overestimated
if only eastward-propagating signals were retained. Three
months of data at both beginning and end of the time
series are discard because of the filtering. Only the
tracked MJO events that propagated through the eastern
Indian Ocean and entered the MC (viz., their initial longitudes were west of 908E and terminal longitudes were
east of 1008E) were evaluated in this study.

3. Results
a. MJO simulation skills
Ling et al. (2017) pointed out that the occurrence
frequency of simulated MJO events could represent
the MJO simulation ability of a GCM. All GCMs
underestimate the occurrence frequency of the MJO
compared to the observation (Fig. 1). In more than 89%
of the GCMs, occurrence frequencies of the MJO are
only less than half those in observation, and in more than
67% of the GCMs they are only less than a quarter. In
the observation, the occurrence frequency of MJO
events during boreal summer is less than that during
boreal winter. Even if the overall occurrence frequencies of the MJO are underestimated in all GCMs, the
higher occurrence frequencies during boreal winter than
boreal summer are captured by most GCMs, but they
are overestimated.
If the 27 GCMs are treated as independent samples,
the correlation between their occurrence frequencies of
the MJO and other corresponding MJO characteristics
is significant at the 99% confidence level when the correlation coefficient exceeds 0.48. In general, if a GCM
produces MJO events more frequently, it has a higher
chance to produce MJO events that propagate longer
(Fig. 2a) with greater strength (Fig. 2b) and disappear
farther east into the eastern Pacific (Fig. 2c) during boreal winter. The smaller correlation in boreal summer
(Figs. 2d–f) may be related to the northward-propagation
component of the MJO induced by the Asian summer

Unauthenticated | Downloaded 01/09/23 03:35 AM UTC

5532

JOURNAL OF CLIMATE

VOLUME 32

FIG. 2. Scatter diagrams of MJO simulation skill scores in terms of occurrence frequencies (yr21) vs averaged (left) propagation ranges
(longitude), (middle) strength (mm day21), and (right) ending longitude (8E) of tracked MJO events in the observations and GCMs for the
(top) boreal winter and (bottom) boreal summer. Their correlation coefficients are given on the top right corners. The black dots represent
the observations and the color dots represent the model simulations shown in Fig. 1.

monsoon (Wang and Rui 1990; Li et al. 2001). The initiation locations of MJO events are more or less evenly
distributed over the Indo-Pacific region in GCMs, while
most MJO events form over the Indian Ocean in the
observations (Ling et al. 2017). Therefore, the termination longitude (Fig. 2c) does not show comparable correlation with the occurrence frequencies of the MJO as
the propagation range. CNRM-CM was suggested to be
one of the best GCMs in CMIP3 and CMIP5 in simulating the tropical intraseasonal variability (Lin et al.
2006), and it is the only GCM to simulate the realistic
eastward propagation of MJO (Hung et al. 2013). It
produced the highest occurrence frequency of MJO
events among all GCMs, but the amplitude (Fig. 2b) and
the propagation range (Fig. 2a) of the simulated MJO are
overestimated compared to the observation.
In the observation, MJO events tend to be stronger,
propagate longer, and terminate farther east into the
eastern Pacific during the boreal winter (black dots in
Fig. 2) than boreal summer, and their differences are
well demonstrated in the composite time–longitude of

anomalous precipitation for the tracked MJO events
(Fig. 3). In the GCMs, the MJO events also tend to be
stronger during boreal winter and propagate longer
(Figs. 2 and 3) than during boreal summer.
The above results confirm that the occurrence frequencies of MJO events can be used to measure MJO
simulation ability for GCMs to a certain extent in boreal
winter. Most GCMs show worse MJO simulation skills
during boreal summer because the eastward propagation
of the MJO can be affected by northward-propagation
component of the MJO induced by the Asian summer
monsoon. Another possible reason is there are lots of
larger islands over the northern MC that may block the
eastward propagation of the MJO during boreal summer
(Zhang and Ling 2017).

b. MC barrier effect on MJO propagation
The zonal distributions of termination frequencies of
MJO events as a function of ending longitudes in observations and all GCMs are shown in Fig. 4. The two
peaks in observed termination frequencies (Figs. 4a,b)
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FIG. 3. Time–longitude diagrams of composited tracked MJO precipitation anomalies (mm day21) averaged over 158S–158N in the (left)
TRMM, and (middle) all and (right) top 9 GCMs as ranked in Fig. 1 during (top) boreal winter, and (bottom) boreal summer. Time 0 is
when an MJO track crosses 1008E. The dashed straight lines mark the 5 m s21 eastward propagation speed, and the dashed vertical lines
marks the west and east boundary of the MC.

suggest two distinct categories of the MJO. MJO events
either fail to propagate through the MC, or they propagate through the MC and vanish around the central
Pacific. In this study, the MJO events successful in
crossing the MC were referred to as MJO-C (ending at
longitudes east of 1508E), while those that were not
successful were referred to as MJO-B (ending at longitudes within 1008–1508E) following Zhang and Ling
(2017). In GCMs, there is only one distinct peak over the
MC, indicating most simulated MJO events fail to
propagate through the MC and vanish there.
Distinct seasonal dependence is observed in the termination locations of the MJO. In the observation, most

MJO-B events tend to vanish over the eastern MC (peak
around 1508E) during boreal winter, while they tend to
vanish over the western MC (peak around 1208E) during
boreal summer. Meanwhile, MJO-C events propagate
farther east into the eastern Pacific during boreal winter.
All suggest a larger barrier effect on MJO propagation
over the MC during boreal summer than winter in the
observation. The seasonal characteristics of the barrier
effect on MJO propagation are well captured by the
GCMs in spite of the overall significantly underestimated occurrence frequencies of the MJO.
In this study, the blocking effect on MJO propagation
by the MC was quantified in terms of the ratio of the

FIG. 4. Distributions of termination frequencies of tracked MJO events that start over the Indian Ocean as a function
of ending longitude for the TRMM and GCMs composites during (a) boreal winter and (b) summer.
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FIG. 5. Scatter diagrams of the barrier effect during boreal winter
vs that during boreal summer in the TRMM and GCMs. The black
dots represent the TRMM and the color dots represent GCMs
shown in Fig. 1. The radii of the dots are proportional to the total
occurrence frequencies of the MJO events from each dataset.

number of MJO-B events to the total number of MJO
events entering the MC. The blocking effect on MJO
propagation is 60% during boreal winter and 75% during boreal summer in the observation, while it increases
to 70% during boreal winter and 77% during boreal
summer in the GCM simulations (Fig. 5). The evaluated
observed blocking effects in this study are generally
stronger than those in Zhang and Ling (2017) because
both westward- and eastward-propagating signals were
retained in filtering in this study, while only eastwardpropagating signals were retained in Zhang and Ling
(2017). In general, the blocking effects on MJO propagation were exaggerated in most GCMs during both
boreal summer and winter. However, there are still
several GCMs that could produce comparable or even
weaker blocking effects on MJO propagation by the
MC, compared to the observation.
The occurrence frequencies of MJO events are limited in most GCMs, especially during boreal summer;
therefore, only the GCMs that can produce more than
10 MJO events during boreal winter within a 20-yr
simulation are further examined in the following sections. Only five GCMs meet this criterion, and all are
thought to be good at producing MJO propagation
characteristics based on the statistical evaluation methods
(Jiang et al. 2015). Three are coupled GCMs [Pusan National University Climate Forecast System (PNU-CFS),
CNRM-CM, and ECHAM5 with Snow–Ice–Thermocline
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Coupler (ECHAM5-SIT)] and two are uncoupled GCMs
(MRI-AGCM3 and GISS-E2). It should be noted that the
mean blocking effects of the three coupled models are
weaker than those of uncoupled models, implying air–sea
coupling could help MJO to propagate through the MC.
Air–sea coupling could increase the amplitude of positive SST anomalies on the intraseasonal time scale ahead
of the convection over the MC to favor propagation of
the MJO through the MC by affecting the heat fluxes
(Lindzen and Nigam 1987; Hsu and Li 2012; Hirata
et al. 2013).
Besides the blocking effect on MJO propagation,
Zhang and Ling (2017) also pointed out that the MC
can weaken the MJO events. Based on TMPA precipitation, the strength of most tracked MJO events
decreases over the MC and recovers over the western
Pacific (around 1508E) for MJO-C (Fig. 6a), while it
never recovers and vanishes over the MC for MJO-B
(Fig. 6g). CNRM-CM shows the weakest blocking effect, but the evolution of the MJO strength along the
equator is very different from that in the observation
and the other four models. In CNRM-CM, the strength
of most tracked MJO events does not decrease over the
MC, and their strength continues to increase for MJO-C
over the MC (Fig. 6b), while their strength starts to
decrease when crossing the central MC for MJO-B
(Fig. 6h). For the remaining four models, their strength
evolution along the equator is similar to that in the observation (Figs. 6c–f), except for the locations of the
maximum strength of MJO-C events. No systematic difference was identified in locations of the maxima strength
over the MC between coupled and uncoupled GCMs.
If a tracked MJO event over the MC (1208–1258E) is
weaker than before it enters the MC (908–1008E in this
study), it is treated as a weakened MJO event by the
MC. The weakening effect on the MJO over the MC is
then quantitatively measured by the ratio of the number
of weakened MJO events to the total number of MJO
events that enter the MC. In the observation, 50% of the
MJO-C events are weakened over the MC (Fig. 6a),
while 66% of the MJO-B events are weakened (Fig. 6g).
The difference between current results and Zhang and
Ling (2017) can also be traced to the different filtering
mentioned above. Out of all tracked MJO-C events,
19% are weakened in CNRM-CM, 18% in PNU-CFS,
33% in ECHAM5-SIT, 78% in MRI-AGCM, and 40%
in GISS-E2. In general, if a GCM shows a stronger
weakening effect on MJO strength over the MC, it
tends to produce a stronger blocking effect on MJO
propagation there.
The weakening effects on MJO strength and blocking effects on MJO propagation in the observation
and GCMs are well demonstrated in the composite
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FIG. 6. Probability distribution of the ratio of tracked MJO strength to its averaged strength over 908–1008E as a function of longitude
for (top) MJO-C and (bottom) MJO-B during boreal winter in (from left to right) TRMM, CNRM-CM, PNU-CFS, MRI-AGCM,
ECHAM5-SIT, and GISS-E2. The width of the bin is 58 and colors indicate the number of events. Dots are the means, and vertical
whiskers mark one standard deviation.

time–longitude diagrams of precipitation anomalies
(Fig. 7). The eastward-propagation speed of MJO in
most GCMs has been found to be much faster than that
in the observation in previous studies (Slingo et al. 1996;

Zhang 2005), but in our composite it is slightly slower
than that in the observation. There are two possible
reasons for the slower propagation speed in the GCMs.
One is the improvement of models to better represent

FIG. 7. Time–longitude diagrams of composites of 5 day running mean (color, mm day21) and intraseasonal filtered (contour, interval is
1 mm day21) precipitation anomalies of tracked MJO averaged over 108S–108N for (top) MJO-C and (bottom) MJO-B during boreal
winter in (from left to right) TRMM, CNRM-CM, PNU-CFS, MRI-AGCM, ECHAM5-SIT, and GISS-E2. Time 0 is when an MJO track
crosses 1008E. The dashed straight lines mark the 5 m s21 eastward propagation speed, and the dashed vertical lines marks the west and
east boundary of the MC. Results significant at the 95% confidence level are stippled.

Unauthenticated | Downloaded 01/09/23 03:35 AM UTC

5536

JOURNAL OF CLIMATE

the MJO dynamics. The other is the impact of faster
eastward-propagating convection coupled Kelvin waves
on composited speed is minimized by the MJO tracking
method, while its impact on the regressed speed could
not be eliminated by commonly used statistical methods.
Both MJO-B and MJO-C in the observation and GCMs
propagate eastward from the Indian Ocean to the MC
with comparable amplitudes, which substantially decrease immediately afterward (passing 1008E) except for
CNRM-CM. The strength of MJO-B events never recovers, and they vanish over the MC, while the amplitude of MJO-C events almost fully recovers over the
eastern MC in the observation and even increases in
some GCMs (Figs. 7c–f).
The blocking effect on MJO propagation by the MC is
very different among the GCMs, and its value varies
from 0.22 to 1 during boreal winter (Fig. 5). In some
GCMs, all MJO events vanish over the MC and never
reach the western Pacific. If a model shows a stronger
weakening effect on MJO strength over the MC, it tends
to produce stronger blocking effect on MJO propagation over the MC. The barrier effect on MJO propagation by the MC is exaggerated in most GCMs; however,
there are a few GCMs that produce weaker ones.
The horizontal resolutions of the GCMs in this study
are too coarse to accurately depict the complex land–sea
distribution and topography of the MC; therefore, simulated precipitation and the lower-tropospheric circulations in GCMs are different from the observation. The
coarse resolutions of GCMs can deteriorate MJO simulations because they cannot reproduce well convection
in the tropics, especially over the MC, while they can
diminish the distortion effect on the lower-tropospheric
circulation that is essential for MJO propagation because of the smoothed topography over the MC. They
are unable to quantitatively evaluate the impacts of
horizontal resolutions on the MJO barrier effect for
each individual MJOTF/GASS GCM in the current
study. Therefore, explaining why some GCMs produce
weaker or stronger barrier effects than the observation
is beyond the scope of this study. We only intend to
explore the possible reasons why certain MJO events
could overcome the barrier effect and propagate
through the MC and others fail in GCMs, and whether
their mechanisms are the same as the observation.

c. MJO-C and MJO-B comparisons
The overall amplitudes of the tracked MJO are different among GCMs (Fig. 7). To treat each GCM
equally, normalization is applied to the composites from
each GCM before calculating the multimodel composite. The composites for each individual GCM are generated first, and the amplitudes of MJO convection
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when entering the MC are used for normalization for
each GCM. It was calculated as the mean composite
intraseasonal filtered precipitation anomalies averaged
over 108S–108N, 958–1058E for all tracked MJO events
(both MJO-B and MJO-C) at day 0 when MJO tracks
crosses 1008E (Fig. 7). The multimodel composite is the
mean of the aforementioned normalized composite
from each GCM.
The multimodel composited eastward propagation
of anomalous precipitation, zonal wind, diabatic heating, and specific humidity at 850 hPa, and moisture flux
convergence at 925 hPa are shown in Fig. 8. The
eastward-propagating anomalous zonal wind, diabatic
heating, moisture, and moisture flux convergence do not
show an obvious difference between MJO-C and MJO-B
until an MJO convection center reaches the central MC
(1308E). From there, the amplitude of anomalous easterly
wind, diabatic heating, and moisture at 850 hPa, and
moisture flux convergence at 925 hPa ahead of the MJO
convection center, along with the positive precipitation
anomalies, start to decrease in MJO-B.
Both MJO-C and MJO-B show comparable vertical
and horizontal structures in terms of large-scale circulations, moisture, and diabatic heating when they enter
the MC around 1008E. An obvious westward tilt was
identified in the vertical structure of moisture, with adequate moisture accumulating in the lower troposphere
ahead of the MJO convection center (Figs. 9a,b). The
amplitude of lower-tropospheric diabatic heating ahead
of the MJO convection center is almost the same in
MJO-C and MJO-B. The FWC in MJO-C and MJO-B
are closed and almost identical (Figs. 9a,b). The horizontal structure of their anomalous precipitation and
lower-tropospheric moisture show a similar swallowtail
pattern pointed by Zhang and Ling (2012), but the
lower-tropospheric easterly anomalies ahead of the
MJO convection center are slightly stronger in MJO-C
than MJO-B (Figs. 10a,b). The differences in the structures between MJO-C and MJO-B become distinct
when their convection centers reach the central MC
(1308E) (Figs. 9c,d). The lower-tropospheric moisture
and diabatic heating ahead of the MJO convection
center become very weak in MJO-B (Fig. 9d). Both the
swallowtail-pattern precipitation anomaly and the
anomalous FWC in MJO-B disappear (Figs. 9d and
10d), while they remain in MJO-C (Figs. 9c and 10c).
Most previous studies examined the mechanism of
eastward propagation of the MJO using column-integrated
MSE or moisture; however, this method could ignore
the westward-tilted thermal and dynamical structures
of the MJO, and then underestimates the role of lowertropospheric moisture and diabatic heating ahead of
the MJO convection center shown in Fig. 9. To
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FIG. 8. Time–longitude diagrams of multimodel composites of intraseasonal filtered normalized anomalous precipitation (contour,
interval is 0.2) and (from left to right) zonal wind at 850 hPa [m s21 (mm day21)21], diabatic heating at 850 hPa [K (mm day21)21], specific
humidity at 850 hPa [g kg21 (mm day21)21], and moisture flux convergence at 925 hPa [1026 g kg21 s21 (mm day21)21] of tracked MJO
averaged over 108S–108N for (top) MJO-B and (bottom) MJO-C during boreal winter. Time 0 is when an MJO track crosses 1008E. The
dashed vertical lines mark the west and east boundaries of the MC.

highlight the role of the lower troposphere, a massweighted average over 1000–700 hPa is used for diagnostic. The zonal distributions of lower-tropospheric
diabatic heating, moisture, and moisture flux convergence averaged over 108S–108N are almost the same for
MJO-C and MJO-B when the MJO convection center is
over 1008E (Figs. 11a,c,e), but their amplitude ahead of
the MJO convection is much weaker in MJO-B when an
MJO convection center crosses 1308E (Figs. 11b,d,f). The
mean lower-tropospheric diabatic heating, moisture, and
moisture flux convergence within a 208 window with its
center 308 ahead of the MJO convection center (blue
strips in Fig. 11) are further evaluated for individual selected GCMs and the observation. In the observation,
positive diabatic heating, moisture, and moisture flux
convergence anomalies in the lower troposphere lead
MJO convection for both MJO-C and MJO-B, and their
mean values are larger in MJO-C when an MJO enters the
MC (black dots in Figs. 12a–c). Most GCMs can capture
the observed differences between MJO-C and MJO-B,
but the differences are not significant. However, in
MRI-AGCM and PNU-CFS, the amplitudes of lowertropospheric diabatic heating and moisture are larger in
MJO-B than those in MJO-C (Figs. 12a,b). The differences
in the lower troposphere between MJO-C and MJO-B
become significant when the MJO convection moves to the

central MC (Figs. 12d–f) in most models except PNUCFS. PNU-CFS shows larger lower-tropospheric diabatic
heating and moisture flux convergence in MJO-B than
MJO-C, indicating that the three-dimensional structure of
MJO in PNU-CFS may not be the same with the other
four GCMs and observation (Fig. 12f). For the rest of the
GCMs (CNRM-CM, MRI-AGCM, ECHAM5-SIT, and
GISS-E2), the diabatic heating, moisture, and moisture
flux convergence anomalies in the lower troposphere
ahead of the MJO convection center are much larger in
MJO-C than MJO-B, which is the same as the observation, and it may be the reason why MJO-C could continuously propagate eastward into the western Pacific.
The lower-tropospheric premoistening ahead of the
MJO convection center is suggested to be important for
MJO propagation (Andersen and Kuang 2012; Ling et al.
2013; Zhao et al. 2013; Li 2014; Hsu et al. 2014). The
moisture budget analysis is applied to the lower troposphere ahead of the MJO convection center when it is over
the central MC (1308E) following Yanai et al. (1973):
›q
›uq ›yq ›vq Q2
52
2
2
2 ,
›t
›x
›y
›p
L
where u, y, and v are three-dimensional wind components; q is the specific humidity; and L is the latent heat
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FIG. 9. Multimodel composites of zonal–vertical distributions of normalized anomalous wind vectors (u, w)
overlaid with diabatic heating [contours, interval is 0.05 K day21 (mm day21)21] and specific humidity [g kg21
(mm day21)21], as well as correspondingly precipitation (curves), all averaged over 108S–108N, for (left) MJO-C
and (right) MJO-B when their tracks pass (top) 1008E and (bottom) 1308E marked by solid triangles. Vertical
velocities are scaled by a factor of 250 to make them visible.

of condensation. In general, total moisture flux convergence is the sum of the first three terms on right-hand
side of the equation, which provides a large-scale source
of moisture, and Q2 represents moisture removed from
the atmosphere by precipitation and evaporation through
microphysical processes.
The zonal structure of the zonal, meridional, and
vertical components of moisture flux convergence when
the MJO convection center is over the central MC

(1308E) are shown in Fig. 13a. The zonal and vertical
components are the dominant terms. The zonal component transports moisture from the east to the contiguous area of the MJO convection center, and the vertical
component transports moisture from the boundary layer
to the free atmosphere in the contiguous area of the
MJO convection and from the free atmosphere to the
boundary layer by the subsidence branch of the FWC
(Fig. 9c) within the LSC. A further diagnostic indicates

FIG. 10. Horizontal distributions of multimodel composites of anomalous horizontal wind vector [m s21
(mm day21)21] and precipitation (contours, interval is 0.3) overlaid with specific humidity [g kg21 (mm day21)21] at
850 hPa for (left) MJO-C and (right) MJO-B when their tracks pass (top) 1008E and (bottom) 1308E marked by
solid triangles.
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FIG. 11. Zonal distributions of multimodel composites of normalized anomalous (a),(b) diabatic heating
[K day21 (mm day21)21], (c),(d) specific humidity [g kg21 (mm day21)21], and (e),(f) moisture flux convergence [1026 g kg21 s21 (mm day21)21], all weighted averaged over 1000–700 hPa and 108S–108N, for MJO-C
(red solid lines) and MJO-B (blue dashed lines) when their tracks pass (left) 1008E and (right) 1308E marked by
solid triangles.

that the vertical advection (2v›q/›p) term is the
dominant term for premoistening the lower troposphere ahead of the MJO convection center (Fig. 13b),
which is consistent with Sobel et al. (2014). Based on
the continuity equation, the total contribution of the
three divergent terms (2q›u/›x2q›y/›y2q›v/›p) in the
moisture flux convergence is zero in premoistening
the lower troposphere; however, their role is to moisten
the free atmosphere above the contiguous area of MJO
convection center by transporting moisture from the
boundary layer east of 1708E to favor the development
of deep convection. Furthermore, the vertical velocity,
which is important in premoistening the lower troposphere, is mainly attributed to the zonal gradient of the
easterly anomalies within the boundary layer according
to the continuity law and the diabatic heating released
in the lower troposphere there (Li et al. 2009). Therefore,
the vertical advection (2v›q/›p) and zonal divergent

(2q›u/›x) terms are further evaluated through the scale
decomposition analysis.
Following Hsu and Li (2012), the specific humidity,
zonal velocity, and vertical velocity are decomposed into
three components, the low-frequency background state
(LFBS, with a period longer than 100 days), the MJO
(20–100 day), and the high-frequency (with a period
shorter than 20 days) components:
q 5 q 1 q0 1 q*; u 5 u 1 u0 1 u*; v 5 v 1 v0 1 v*,
where the bar, prime, and asterisk denote the LFBS,
MJO, and high-frequency components, respectively.
The results show that the zonal divergent term is mainly
attributed to the LFBS specific humidity and the zonal
gradient of the MJO zonal wind (2q›u0 /›x). The vertical
advection term is mainly attributed to the advection of
LFBS specific humidity by the MJO vertical velocity
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FIG. 12. Scatter diagrams of composited anomalous (a),(d) diabatic heating (K day21), (b),(e) specific humidity (g kg21), and
(c),(f) moisture flux convergence (1026 g kg21 s21), all weighted averaged over 1000–700 hPa, 108S–108N, and 1508–1708E for all tracked
MJO-C events vs MJO-B events in the observation and GCMs when their tracks pass (top) 1008E and (bottom) 1308E. The vertical and
horizontal whiskers mark one standard deviation.

(2v0 ›q/›p). The combined efforts of LFBS specific humidity and the MJO zonal and vertical circulation play
important roles in premoistening the lower troposphere
ahead of the MJO convection center. Their differences
between MJO-C and MJO-B may be the reasons for the
different propagation characteristics between MJO-C
and MJO-B over the MC.
The total vertical moisture advection (2v›q/›p) and
its dominant term (2v0 ›q/›p) ahead of MJO convection
center averaged over 1508–1708E for the observation
and selected GCMs are shown in Figs. 14a and 14b.
Their values are almost identical to the total moisture
flux convergence shown in Fig. 12f. All GCMs can capture the role the of the vertical moisture advection in
premoistening the lower troposphere in MJO-C, except
for PNU-CFS. The results emphasize that the difference
in lower-tropospheric MJO vertical velocity ahead of
the MJO convection center and the zonal gradient of the
easterly anomalies in the lower troposphere (Fig. 14d)
between MJO-C and MJO-B may be the reason why
MJO-C can continue to propagate eastward through the

MC. The difference in mean easterly anomalies ahead of
MJO convection center between MJO-C and MJO-B is
not significant in GCMs (Fig. 14c).
Wang and Lee (2017) defined the Rossby–Kelvin (R-K)
intensity index, which is the ratio of the maximum westerly anomaly versus the minimum easterly anomaly at
850 hPa to quantify the zonal asymmetry of MJO circulation. They suggested a GCM that simulated stronger
easterly ahead of MJO convection center could reproduce
better eastward propagation of MJO. Chen and Wang
(2018) found an obvious LSC over the MC and the
western Pacific when the MJO convection is over the Indian Ocean, and such LSC could help MJO to propagate
through the MC in the observation.
The possible role of the R-K index in the eastward
propagation of MJO was reevaluated using the MJO
tracking method in the study. The R-K index for each
individual GCM was not retrieved from the composited
zonal structure of zonal wind following Wang and Lee
(2017). Instead, the R-K index for each individual MJO
event was retrieved separately as the ratio of the

Unauthenticated | Downloaded 01/09/23 03:35 AM UTC

1 SEPTEMBER 2019

LING ET AL.

FIG. 13. (a) Zonal distributions of multimodel composites of
normalized anomalous zonal, meridional, and vertical components
of moisture flux convergence [1026 g kg21 s21 (mm day21)21]
weighted averaged over 1000–700 hPa and 108S–108N, for MJO-C
and MJO-B when their tracks pass 1308E. (b) Multimodel composites of individual terms of normalized anomalous moisture flux
convergence (1026 g kg21 s21) weighted averaged over 1000–
700 hPa, 108S–108N, and 1508–1708E for all tracked MJO-C and
MJO-B events when their tracks pass 1308E.

minimum of easterly anomaly versus the maximum of
westerly anomaly. During the eastward propagation of
the MJO from 1008 to 1308E (Fig. 15), the amplitudes
of the R-K index drop obviously in most GCMs, implying the weakening of the zonal asymmetry of the
large-scale MJO circulation during its eastward propagation (Figs. 15c,d). There is no obvious difference in the
R-K index between MJO-C and MJO-B for GCMs
when MJO convection is over the western MC (around
1008 and 1308E). Only CNRM-CM tends to show a larger
amplitude of the R-K index in MJO-C than MJO-B,
while other GCMs produce comparable amplitudes of
the R-K index for both MJO-C and MJO-B. The zonal
gradient of zonal wind (Figs. 15e,f) here is calculated as
the difference between minimum easterly and maximum westerly (Figs. 15a,b) divided by their zonal distance. No distinct difference in zonal gradient of zonal
wind is shown between MJO-C and MJO-B when MJO
entering the MC (Fig. 15e), but their difference becomes obvious when MJO propagates to the central
MC (Fig. 15f). The results are generally consistent with
Fig. 14d, which only depicts the zonal gradient of zonal
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wind within a small range. The amplitude of the LSC in
this study is measured by the minimum easterly wind at
850 hPa ahead of the MJO convection center. The difference in the amplitude between MJO-C and MJO-B in
the observation becomes obvious when the MJO enters
the MC, which is consistent with Chen and Wang (2018).
Such differences are distinct only in CNRM-CM and
GISS-E2. When the MJO reaches the central MC, the
amplitudes of the minimum easterly anomalies in MJO-C
are generally larger than those in MJO-B. The larger
amplitude of the LSC in MJO-C could induce a stronger
zonal gradient of zonal wind in the lower troposphere, and
further lead to stronger moisture flux convergence ahead
of the convection center of MJO-C through thermal and
dynamic processes. However, both MJO-C and MJO-B
show the obvious LSC with the closed FWC when their
convection enters the MC (Figs. 9a,b), and the FWC in
MJO-B disappears later. What happened to the FWC
in MJO-B and the role of the MC in the evolution of
the FWC need further examination to fully reveal the
mechanism of the eastward propagation of MJO.
Ling et al. (2017) suggested that the background state
in which a GCM could simulate an MJO event is different from that in which no MJO events were produced
by the GCMs. The background state of the SST for each
tracked MJO was defined as the mean of the SST
anomaly from day 245 to 45, with day 0 as the day when
the MJO track passed 1008E. In the observation, slightly
warmer tropical SSTs (averaged over 108S–108N) over
the central and eastern Pacific were found for MJO-C
(Fig. 15a), which could help the development of deep
convection there and favor the eastward propagation of
MJO. The relatively lower SST over the MC for MJO-C
may be due to less solar radiation reaching the surface to
warm the SST because of stronger convection for MJO-C
over the MC and stronger evaporation effect underneath
the MJO convection center in MJO-C that lasts longer
over the MC. However, the SST over the central and
eastern Pacific is slightly lower for MJO-C than that of
MJO-B not only in coupled models (CNRM-CM and
ECHAM5-SIT) but also in uncoupled models (MRIAGCM and GISS-E2) (Fig. 15b). These results suggested
that the role of the air–sea coupling in the eastwardpropagation mechanism of MJO in certain GCMs needs
further examination. For those GCMs, more effort
should be made to improve the air–sea coupling to fully
depict the dynamics and propagation characteristic
of MJO.
One possible role of the diurnal cycle in the barrier
effect on MJO propagation by the MC is through the
competition between convection over land and water in
the MC. It has been observed that when an MJO event
moves through the MC, its signal in precipitation is
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FIG. 14. Scatter diagrams of composited anomalous (a) moisture flux convergence (1025 g kg21 s21) due to
(a) total vertical velocity and specific humidity, and (b) MJO vertical velocity and low-frequency specific humidity
all weighted averaged over 1000–700 hPa, 108S–108N, and 1508–1708E, (c) MJO zonal wind (m s21), and (d) its zonal
gradient (1026 s21) at 850 hPa all averaged over 108S–108N, 1508–1708E for all tracked MJO-C events vs MJO-B
events in the observation and GCMs when their tracks pass 1308E. The vertical and horizontal whiskers mark one
standard deviation.

carried mainly by convection over water (Zhang and
Ling 2017; Ling et al. 2019), which mainly comes from
mesoscale convective systems (MCSs) sometimes organized into 2-day waves in the tropics (Chen et al.
1996). In the observation, the mean precipitation over
water is larger than that over land when the MJO-C
convection center is over the MC (red solid line in
Fig. 16a), while the precipitation over water never becomes dominant for MJO-B (blue dashed line in
Fig. 16a). Not only the horizontal resolution (2.58 3
2.58) but also the temporal resolution (6 hourly) of the
outputs from the GCMs are too coarse to evaluate the

possible role of the diurnal cycle in the barrier effect on
MJO propagation. Instead, only the averaged ratio of
the mean precipitation over water versus that over land
when the MJO convection is over the MC is evaluated
for GCMs. Only CNRM-CM can capture the observed
evolution of the precipitation of MJO over the MC
during its eastward propagation. The remaining four
models produce more precipitation over land than
water for both MJO-C and MJO-B. The results may
indicate the interactions between the diurnal cycle in
convection and the MJO propagation are not well depicted in most current GCMs.
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FIG. 15. Zonal distributions of composited anomalous zonal wind (m s21) averaged over 108S–108N for MJO-C and MJO-B in observations and GCMs when their tracks pass (a) 1008E and (b) 1308E. Scatter diagrams of composited (c),(d) R-K index intensities,
(e),(f) zonal gradient of zonal wind anomalies, and (g),(h) minimum zonal wind anomalies in the tropics for all tracked MJO-C events vs
MJO-B events in the observation and GCMs when their tracks pass (top) 1008E and (bottom) 1308E. The vertical and horizontal whiskers
mark one standard deviation.

4. Summary and discussion
In this study, the abilities of the 27 MJOTF/GASS
GCMs to simulate MJO propagation were evaluated
using an MJO tracking method. All GCMs underestimate
the occurrence frequency of MJO events (Fig. 1). In
more than 89% of GCMs, occurrence frequencies of
the MJO are only less than half those in observation.
Occurrence frequencies of tracked MJO events are

related to other MJO simulation abilities of the GCMs
during boreal winter. A GCM that produces a greater
occurrence frequency of MJO events is likely to produce
longer MJO propagation range, stronger strength, and
farther east termination locations during boreal winter
(Fig. 2).
The MC is the only one distinct termination location
for MJO events simulated by most GCMs, whereas
there are two in the observation (Fig. 4). The weakening

FIG. 16. (a) Zonal distributions of composited anomalous SST (K) averaged over 108S–108N for MJO-C and
MJO-B in observations when their tracks pass 1308E. (b) Scatter diagrams of composited anomalous SST
(K) averaged over 108S–108N, 1708E–1508W for all tracked MJO-C events vs MJO-B events in the observation and
GCMs when their tracks pass 1308E. The vertical and horizontal whiskers mark one standard deviation.
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FIG. 17. (a) Ratio of averaged precipitation over the sea to land averaged over the MC (158S–158N, 1008–1508E)
for MJO-C and MJO-B in observations as the function of the longitude of the MJO convection center. (b) Scatter
diagrams of averaged ratio in the observation and GCMs when MJO convection center is over 1108–1408E for all
tracked MJO-C events vs MJO-B events.

and blocking effects on MJO propagation by the MC in
those GCMs are directly related. The blocking effect of
the MC, defined as the ratio of the number of MJO-B
events to the total number of MJO events entering the
MC, varies from 0.22 to 1 among all GCMs during boreal
winter (Fig. 5). It is exaggerated by most GCMs, but
there are a few GCMs that produce weaker ones. Air–
sea coupling could be a potential factor to reduce the
barrier effect on MJO propagation, but further studies
are needed to confirm the result because the sample size
of GCMs is limited in current study.
All tracked MJO events in this study propagate at
least though a range of 508. Therefore, some tracked
eastward-propagating events that were blocked by the
MC are not identified as MJO because their propagation ranges do not meet the criteria. The averaged MJO
propagation range is relatively shorter in most GCMs
than in the observation (Fig. 2a); therefore, the number
of MJO-B events is underestimated in most GCMs.
The barrier effect may be artificially underestimated
to a certain extent because of the underestimated
number of MJO-B, and it also may not be robust because of the limited sample sizes of MJO events in
each GCM.
The possible reasons why MJO-C can overcome the
barrier effect while MJO-B fails are examined for those
GCMs that produce a relatively larger amount of MJO
events within a 20-yr simulation during boreal winter.
The westward tilt is obvious in the vertical thermal–
dynamic structures of MJO, such as moisture, diabatic
heating, and moisture flux convergence, in both MJO-C
and MJO-B when MJO convection is over the Indian
Ocean, but it was lost in MJO-B when MJO convection
moves into the MC. The MJO-B event failed to

propagate through the MC because of no obvious lowertropospheric premoistening ahead of its convection
center when it is over the MC. Stronger lowertropospheric premoistening ahead of the convection
center over the MC could lead the MJO-C to propagate
through the MC. The stronger premoistening processes
in MJO-C is mainly attributed to the stronger MJO
vertical velocity acting on the vertical gradient of LFBS
moisture (2v0 ›q/›p). The stronger MJO vertical velocity in the lower troposphere ahead of an MJO convection center is partly related to the stronger diabatic
heating release there, and partly to the stronger
boundary layer convergence, especially its zonal component induced by the FWC (2›u0 /›x). Furthermore,
the FWC also transports the moisture from the boundary layer farther east to the convection center to the free
atmosphere over the contiguous area of the MJO convection center. These results suggest that the amplitude
of the lower-tropospheric zonal gradient of the easterly
anomaly (2›u0 /›x) in the eastern contiguous area of the
MJO convection center could be a potential precursor to
lead to the eastward propagation of the MJO.
The background SST and land–sea contrast of precipitation over the MC could also impact the barrier
effects on eastward propagation of the MJO over the
MC in the observation. However, the role of the background SST (Fig. 16) and diurnal cycle (Fig. 17) in the
barrier effect on MJO propagation by the MC in most
GCMs are not the same as in the observation. Most
GCMs produce more precipitation (Fig. 17) over land
than water in the MC both in MJO-C and MJO-B. The
coarse resolution of the GCMs cannot well capture the
localized air–sea interaction and diurnal cycle in convection over the MC. Higher-resolution GCMs are
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needed to study the potential role of SST and the diurnal
cycle in the barrier effect on MJO propagation by
the MC.
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