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ABSTRACT
A multination joint field campaign called the Dynamics of MJO/Cooperative Indian Ocean Experiment on
Intraseasonal Variability in Year 2011 (DYNAMO/CINDY2011) took place in the equatorial Indian Ocean
(IO) in late 2011. During the campaign period, two strong MJO events occurred from the middle of October
to the middle of December (referred to as MJO I and MJO II, respectively). Both the events were initiated
over the western equatorial Indian Ocean (WIO) around 508–608E. Using multiple observational data
products (ERA-Interim, the ECMWF final analysis, and NASA MERRA), the authors unveil specific processes that triggered the MJO convection in the WIO. It is found that, 10 days prior to MJO I initiation,
a marked large-scale ascending motion anomaly appeared in the lower troposphere over the WIO. The cause
of this intraseasonal vertical motion anomaly was attributed to anomalous warm advection by a cyclonic gyre
anomaly over the northern IO. The MJO II initiation was preceded by a low-level specific humidity anomaly.
This lower-tropospheric moistening was attributed to the advection of mean moisture by anomalous easterlies over the equatorial IO. The contrast of anomalous precursor winds at the equator (westerly versus
easterly) implies different triggering mechanisms for the MJO I and II events. It was found that uppertropospheric circumnavigating signals did not contribute the initiation of both the MJO events. The
EOF-based real-time multivariate MJO (RMM) indices should not be used to determine MJO initiation
time and location because they are primarily used to capture large zonal scale and eastward-propagating
signals, not localized features.
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1. Introduction
The Madden–Julian oscillation [MJO; i.e., the intraseasonal oscillation (ISO)] is the most prominent mode
of intraseasonal variability in the tropics. First identified
by Madden and Julian (1971) using single station data
from Canton Island (2.58S, 171.48W), the MJO is characterized by a wavenumber one structure with a thermal
direct vertical cell propagating eastward along the equator (Madden and Julian 1972). Later analysis of satellite
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data, such as outgoing longwave radiation (OLR), confirmed the planetary scale of the MJO (Weickmann 1983;
Murakami and Nakazawa 1985; Lau and Chan 1986; Li
and Zhou 2009). Studies also show that the oscillation is
more broadband than the original 40–50-day period identified by Madden and Julian (1971) and can span a range of
20–100 days (e.g., Krishnamurti and Subrahmanyam 1982;
Annamalai and Slingo 2001; Lau and Waliser 2005; Zhang
2005; Li and Wang 2005, Waliser 2006). As the most significant variability between day-to-day weather and El
Niño–Southern Oscillation, MJO is a major predictability
source for extended-range (10–30 days) weather prediction.
The least understood aspect of MJO is its initiation
process [see Li (2014) for a recent review on this topic].
A number of theories have been advanced in an attempt
to understand the initiation mechanism. These theories
can be classified according to a tropical or an extratropical origin. The tropical origin hypotheses include
a forcing from upstream related to a preceding MJO
event that circumnavigates around the global tropics
(e.g., Lau and Peng 1987; Wang and Li 1994; Li and
Wang 1994; Matthews 2000, 2008) and processes due to
local changes of atmospheric planetary boundary layer
(PBL) moisture, circulation and sea surface temperature
(Kemball-Cook and Weare 2001; Jiang and Li 2005; Li
et al. 2008; Ling et al. 2013; Sobel et al. 2014; Wang et al.
2015), or downward influence of midtropospheric
potential vorticity (Seo and Song 2012). The promise
behind the circumnavigation theory is that eastwardpropagating MJO waves may trigger deep convection
over the moist and warm Indian Ocean after passing the
African continent, with a possible topographic lifting effect (Hsu and Lee 2005). Different from this upstream
forcing scenario, Zhao et al. (2013) proposed a downstream forcing scenario in which a preceding suppressedphase MJO over the eastern equatorial Indian Ocean
(EIO) initiates new convection in the western equatorial
Indian Ocean (WIO) through anomalous moisture advection. The extratropical origin hypotheses emphasize
a forcing from midlatitudes including the Rossby wave
energy dispersion and the momentum transport of midlatitude baroclinic eddies (e.g., Hsu et al. 1990; Matthews
and Kiladis 1999; Pan and Li 2008; Ray et al. 2009; Zhao
et al. 2013; Ray and Li 2013).
A multination joint field campaign called the Dynamics of MJO/Cooperative Indian Ocean Experiment
on Intraseasonal Variability in Year 2011 (DYNAMO/
CINDY2011) took place in the equatorial Indian Ocean
(IO) in late 2011 (Yoneyama et al. 2013). During the
campaign period, two strong MJO events occurred from
the middle of October to the middle of December (referred to as MJO I and MJO II, respectively). A number

VOLUME 28

of site observational studies (e.g., Johnson and Ciesielski
2013; Gottschalck et al. 2013) have revealed the important role of low-level moisture and circulation in
triggering MJO convection. However, as seen from the
Hovmöller diagram of precipitation ﬁeld along the
equator, the MJO convection signals were already
present before moving to the observational site. Therefore, the studies above, strictly speaking, are not aimed
to the real MJO initiation issue but rather to the MJO
propagation issue: namely, why new convection occurs to
the east of existing MJO convection. The objective of the
present study is to investigate real MJO initiation mechanisms in the WIO. We aim to reveal precursor signals
and dynamic processes associated with the initiation of
MJOs I and II in the WIO, based on multiple observational datasets. The remaining part of this paper is organized as follows: In section 2, data and analysis methods
are introduced. The precursor signals and specific processes that trigger MJO convection during MJO I and II
events are investigated in section 3. In section 4, we discuss the relationship between upper-tropospheric circumnavigating signals and convection initiation over the
WIO and the possible role of high-frequency waves in
MJO initiation. A summary is given in the last section.

2. Data and method
The primary datasets used for this analysis include
1) daily satellite-observed outgoing longwave radiation
(OLR) from the National Oceanic and Atmospheric
Administration (NOAA; Liebmann and Smith 1996),
2) the Interim European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-Interim;
Dee et al. 2011), 3) the ECMWF final analysis (FNL), and
4) the NASA MERRA reanalysis (Rienecker et al. 2011).
The horizontal resolution is 1.58 3 1.58 for ERA-Interim,
0.258 3 0.258 for ECMWF FNL, and 1.258 3 1.258 for
MERRA. The observed OLR (2.58 resolution) is used as
a proxy for deep convection. All analysis/reanalysis data
have a 6-hourly interval, consisting of multiple vertical levels
of horizontal velocity, vertical velocity, specific humidity,
temperature, and geopotential height fields.
Daily OLR and atmospheric variables were first decomposed into a low-frequency background state (LFBS;
with a 100-day low-pass filter), an MJO component (with
a 20–100-day bandpass filter), and a higher-frequency (HF;
with a 20-day high-pass filter) component. Moisture and
heat budgets were diagnosed to understand specific processes that give rise to moisture and temperature changes.
According to Yanai et al. (1973), atmospheric temperature
tendency at a constant pressure coordinate is determined
by the sum of horizontal temperature advection, the adiabatic process associated with vertical motion, and the

Unauthenticated | Downloaded 01/09/23 04:52 AM UTC

15 MARCH 2015

LI ET AL.

2123

atmospheric apparent heat source Q1. The moisture tendency is determined by the sum of horizontal and vertical
moisture advections and the atmospheric apparent moisture sink Q2. The temperature and moisture tendency
equations may be written as
›T
RT
›T
5 2V  $T 1 v
1 Q1 /cp
2v
›t
cp p
›p

and

›q
›q Q
5 2V  $q 2 v 2 2 ,
›t
›p L

(1)

(2)

where cp denotes specific heat at constant pressure, R is
the gas constant, $ is the horizontal gradient operator, L
is the latent heat of condensation, t is time, p is pressure,
T is temperature, q is specific humidity, V is the horizontal velocity vector, and v is vertical p-velocity. The
expression (RT/cpp) 2 (›T/›p) represents the atmospheric static stability. The term Q1 represents total diabatic heating including radiation, latent heating, surface
heat flux, and subgrid-scale processes, and Q2 represents
the latent heating due to condensational and evaporational processes and subgrid-scale moisture flux convergence (Yanai et al. 1973). For the detailed description of
Q1 and Q2 calculation procedures, readers are referred to
Hsu and Li (2011, 2012). Applying a 20–100-day bandpass
filtering operator to each term at right and left sides of the
equations above and integrating each term vertically
from the surface (1000 hPa) to 700 hPa, one may derive
the MJO-scale low-level moisture and heat budget
equations, following Hsu and Li (2012).

3. Precursor signals associated with initiation of
MJOs I and II
The MJO initiation region was determined based on
the Hovmöller diagram of the observed intraseasonal
OLR ﬁeld (Fig. 1). Figure 1 shows that MJO convection
was initiated in the WIO around 508–608E. To test the
sensitivity of the budget result to the choice of initiation
region, two initiation domains, (58S–58N, 508–608E) and
(108S–108N, 458–658E), were used for the subsequent
analysis.
To reveal precursor signals associated with the MJO
convection initiation, we plotted the time evolution of the
intraseasonal OLR, vertical motion, and specific humidity fields averaged over the initiation regions (Fig. 2). The
OLR anomaly transitioned from a positive to a negative
value on 14 October (Fig. 2a). Thus, this date is regarded
as the initiation date for MJO I.
Precursor signals derived from the ensemble average of
the ERA-Interim, ECMWF FNL, and MERRA datasets
over the two initiation domains reveal that anomalous

FIG. 1. Hovmöller diagrams of (a) raw OLR and (b) 20–100-day
filtered OLR anomaly fields (unit: W m22) averaged along 58S–58N
from 1 Oct to 16 Dec 2011.

ascending motion appeared in the lower troposphere 10
days prior to the initiation date. Initially near the surface,
the ascending motion anomaly gradually deepened into the
upper troposphere. A positive specific humidity anomaly
also appeared in the lower troposphere prior to the initiation date, but it lagged the anomalous ascending motion by
5 days (Fig. 2c). The precursor signals are consistent within
the three datasets and the two initiation domains (figure
not shown).
A low-level moisture budget diagnosis indicates that
the moistening during 9–13 October was attributed to
anomalous vertical advection (Fig. 3a). The result is
robust among the three datasets and the two initiation
domains. To examine specific vertical advection processes that contribute to the lower-tropospheric moistening, both the specific humidity and vertical velocity
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FIG. 2. Evolutions of (a) 20–100-day filtered OLR anomaly and (b),(c) vertical profiles of intraseasonal vertical
velocity and specific humidity anomalies during October 2011 averaged over the MJO I initiation regions. The
vertical velocity and specific humidity fields are the ensemble average of ERA-Interim, ECMWF FNL, and
MERRA datasets for both the initiation domains, (58S–58N, 508–608E) and (108S–108N, 458–658E). (d)–(f) as in
(a)–(c), but during November 2011.

are decomposed into three components: the LFBS, the
intraseasonal (20–100 days) component, and the HF
(with a period less than 20 days) component,
q 5 q 1 q0 1 q*, v 5 v 1 v0 1 v*,

(3)

where a bar, a prime, and a star denote the LFBS, MJO,
and HF component, respectively.
The diagnosis result shows that the anomalous
vertical advection is primarily attributed to advection

of the mean moisture by anomalous ascending motion
(Fig. 3b). As the mean moisture decays exponentially
with height, the anomalous ascending motion advected high near-surface mean moisture upward. A
key question is, what caused the anomalous ascending motion during the earlier initiation stage (5–8
October)?
The diagnosis of vertically integrated (1000–700 hPa)
temperature budget reveals that the ascending motion is
triggered by anomalous warm horizontal advection
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FIG. 3. Vertically integrated (1000–700 hPa) (a) moisture budget
terms and (b) vertical moisture advection terms averaged during
9–13 Oct. The budget result is based on the ensemble average of the
three datasets (ERA-Interim, ECMWF FNL, and MERRA) and
two initiation domains: (58S–58N, 508–608E) and (108S–108N, 458–
658E). Bars with whiskers indicate a standard deviation of six ensemble members. Individual vertical moisture advection terms in
(b) are, from left to right, [2v(›q/›p)]0 , [2v(›q0 /›p)]0 , [2v(›q*/›p)]0 ,
[2v0 (›q/›p)]0 , [2v0 (›q0 /›p)]0 , [2v0 (›q*/›p)]0 , [2v*(›q/›p)]0 ,
[2v*(›q0 /›p)]0 , and [2v*(›q*/›p)]0 . Units are g kg21 day21.

(Fig. 4a). It is found that a warm advection anomaly
appeared during the earlier initiation stage. The warm
horizontal advection was balanced approximately by the
adiabatic cooling term while local temperature tendency
is relatively small (Fig. 4a). Again, this warm advection–
adiabatic cooling feature is robust among the three datasets.
This is physically reasonable because a warm advection
promotes ascending motion so that adiabatic cooling associated with the ascending motion can offset the horizontal
advection effect. This warm advective effect acts in a similar
way as discussed in the traditional omega equation for a
quasigeostrophic system (Holton 2004). The issue then
becomes, what causes the anomalous warm advection?
Similar to the above moisture diagnosis, temperature
and horizontal wind fields can be decomposed into the
LFBS, the intraseasonal, and the HF components: that is,

FIG. 4. Vertically integrated (1000–700 hPa) (a) temperature budget
terms (unit: K day21) and (b) horizontal temperature advection terms
averaged during 5–8 Oct. The result is based on the ensemble average
of ERA-Interim, ECMWF FNL, and MERRA with two initiation
domains: (58S–58N, 508–608E) and (108S–108N, 458–658E) [shown in
green boxes in (c)]. Bars with whiskers indicate a standard deviation of
six ensemble members. (c) Anomalous wind (vector; unit: m s21) and
mean temperature (shading; unit: K) fields at 850 hPa. Symbol ‘‘C’’
denotes the center of the anomalous cyclonic gyre.

T 5 T 1 T 0 1 T*, u 5 u 1 u0 1 u*, and
y 5 y 1 y0 1 y* ,

(4)

Thus, the anomalous horizontal temperature advection
may be decomposed into nine terms and the diagnosis
result is shown in Fig. 4b. The most dominant term is
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FIG. 5. Intraseasonal 850-hPa wind (vector; unit: m s21) and OLR (color; unit: W m22) fields
averaged during (top) 1–4 and (bottom) 5–8 Oct 2011. The wind fields are derived from the
ensemble average of the three datasets.

the advection of background mean temperature by the
intraseasonal wind. (A further separation of zonal and
meridional components showed that zonal advection
dominates the horizontal advection term.) Figure 4c illustrates anomalous wind and mean temperature fields at
850 hPa during 5–8 October. A large-scale cyclonic gyre
appeared in the northern IO. Associated with this cyclonic
gyre were northeasterly anomalies that advected warmer
mean temperature southwestward. There were pronounced westerly anomalies at most of the equatorial IO.
The large-scale cyclonic gyre in the northern IO was
a Rossby wave response to positive heating anomalies
off the equator over the western Pacific and South China
Sea regions. It is noted that the anomalous cyclonic gyre
and the western Pacific heating anomalies persisted
from 1 to 8 October (Fig. 5). It is the anomalous lowlevel northeasterly associated with the gyre circulation
that advected warm mean temperature southwestward,

inducing the anomalous ascending motion. The ascending motion further moistened lower to middle troposphere through vertical advection. This built-up local
moist static energy and set up a convectively unstable
stratification. As a result, the ascending motion developed upward, triggering the MJO convection.
Different from MJO I, precursor signals associated
with MJO II were characterized by the occurrence of both
positive specific humidity and ascending motion anomalies almost the same time (Figs. 2e,f), 4 days prior to the
initiation date (which was defined at 14 November according to the anomalous OLR evolution; Fig. 2d). To
quantitatively examine the cause of low-level moistening,
a vertically (1000–700 hPa) integrated moisture budget
analysis was performed. Figure 6a shows the diagnosis
result from this vertically integrated moisture budget
analysis. It is clear that the moistening during the initiation
period (10–13 November) is attributed to both the
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FIG. 6. (a) Vertically integrated (1000–700 hPa) intraseasonal
moisture budget terms (unit: g kg21 day21) averaged during 10–13
Nov. The result is based on the ensemble average of ERA-Interim,
ECMWF FNL, and MERRA with two initiation domains: (58S–
58N, 508–608E) and (108S–108N, 458–658E). Bars with whiskers indicate a standard deviation of six ensemble members. (b) As in (a), but
for horizontal advection terms. (c) As in (a), but for vertical
advection terms, with terms 1–9 (from left to right) representing [2v(›q/›p)]0 , [2v(›q0 /›p)]0 , [2v(›q*/›p)]0 , [2v0 (›q/›p)]0 ,
[2v0 (›q0 /›p)]0 , [2v0 (›q*/›p)]0 , [2v*(›q/›p)]0 , [2v*(›q0 /›p)]0 , and
[2v*(›q*/›p)]0 . (d) Anomalous wind (vector; m s21) and mean
moisture (shading; g kg21) fields at 850 hPa during the same period.
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horizontal and vertical advections. The apparent moisture
source term (2Q2/L), on the other hand, plays a negative
role. The result is robust among the three datasets.
Figure 6b shows the contributions from each of nine
horizontal advection terms. The largest term is the advection of the mean moisture by the MJO flow
(2V0  $q). The horizontal patterns of the background
specific humidity and the intraseasonal wind fields at
850 hPa averaged during 10–13 November were plotted
in Fig. 6d. As maximum background specific humidity
appears over the eastern IO/Maritime Continent region and decreases toward the west, anomalous lowlevel easterlies in the central equatorial IO advected
the high background mean moisture westward and increased the lower-tropospheric moisture over the initiation region.
In addition to the horizontal advection, anomalous vertical advection also contributed to the moistening process.
A diagnosis shows that the vertical advection was dominated by the advection of the background mean moisture
by the intraseasonal wind (Fig. 6c). The in-phase growth of
both the moisture and vertical motion fields suggests that
there was a positive convection–circulation feedback during the period. On one hand, the low-level moistening
triggered convective instability in lower troposphere and
induced shallow convection. On the other hand, anomalous ascending motion associated with shallow convection
deepened moist layer, promoting deeper convection.
Through this interactive process, both the ascending motion and moisture anomalies developed upward.
An examination of the 1000–700-hPa integrated
temperature budget shows that a warm advection
anomaly appeared prior to the initiation of MJO II.
This implies that both the convective instability and
the warm horizontal temperature advection night play
a role in triggering anomalous ascending motion
during the initiation stage.
The result above suggests that the advection of the
high mean moisture/temperature by low-level easterly
anomalies holds a key for MJO II initiation. What
caused the anomalous easterly prior to the initiation?
Our analysis shows that the equatorial easterly
anomaly was a result of Rossby wave response to
a preceding suppressed-phase MJO that propagated
eastward (Figs. 1, 7). This is consistent with the Rossby
wave downstream forcing scenario previously identified by Zhao et al. (2013).
Thus, relevant processes for the initiation of MJO II
may be summarized as follows: In response to a negative
heating anomaly of the preceding suppressed phase
MJO over EIO, equatorial easterly anomalies were set
up. The easterlies advected the high mean moisture
westward, leading to low-level moistening in the WIO.
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FIG. 7. Intraseasonal 850-hPa wind (vector; unit: m s21) and OLR (color; unit: W m22) fields
averaged during (a) 6–9 and (b) 10–13 Nov, prior to MJO II initiation. The wind fields were
derived from the ensemble average of three datasets.

The increase of the PBL moisture promoted a convectively unstable stratification, leading to the onset of
shallow convection. The upward moisture transport associated with the anomalous ascending motion deepened the moist layer and favored deeper convection. An
opposite precursor wind anomaly at the equatorial IO
signified different initiation processes involved between
MJO I and II events.

4. Discussion
a. Role of upper-tropospheric circumnavigating
signals
An important issue related to MJO initiation is,
what is the role of global circumnavigation of uppertropospheric divergent signals associated with a preceding MJO? From the evolutions of the 20–100-day
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FIG. 8. Evolution of the 20–100-day filtered velocity potential field at 200 hPa (color; unit: 106 m2s21) in (left) October and (right)
November 2011 based on the three dataset ensemble. Red (blue) denotes upper-level convergence (divergence). Black arrows indicate the
initiation dates for MJO I and II, respectively.

filtered upper-tropospheric velocity potential field
(Fig. 8), one can see that, on both of the initiation dates
(14 October and 14 November), anomalous uppertropospheric divergence centers appeared over the
South America/Atlantic sector, far away from the WIO.
The upper-tropospheric divergence centers arrived over

the WIO around 23 October and 23 November, 9 days
after the MJO initiation over the WIO. This implies
that the upper-tropospheric forcing did not contribute
to the occurrence of precursor low-level ascending
motion and moisture signals over the WIO for both the
events.
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The upper-tropospheric divergence patterns shown in
Fig. 8 are consistent with the evolution of vertical profiles of anomalous descending signals in the upper troposphere prior to and during the MJO initiation periods
(Figs. 2b,e). Thus, Fig. 8 provides observational evidences that the upper-tropospheric forcing was not
a cause of convection initiation for the MJO I and II
events. The result is consistent with idealized ECHAM4
experiments conducted by Zhao et al. (2013) and Ray
and Li (2013), who found that overall MJO variance
does not change after the global circumnavigating mode
is removed.

b. Detection of initiation time and location
One issue related to MJO initiation is how to determine the initiation time and location. The method
used in Zhao et al. (2013) and the current study is based
on the temporal and spatial evolution characteristics
of the OLR anomaly field, by examining both the
Hovmöller OLR or rainfall diagram averaged along the
equator or time sequence maps of 2D anomalous OLR/
rainfall patterns. Straub (2013), on the other hand, used
the real-time multivariate MJO (RMM) index to identify the initiation location and time by examining where
and when the RMM amplitude increases from a value
below one to a value above one in the RMM diagram.
As pointed out by Straub (2013), this method with use of
the conventional RMM index cannot identify correct
initiation time and location, because the index is heavily
weighted by the circulation field, particularly the uppertropospheric wind field. It was suggested that a simpler
RMM index with the OLR only might be useful.
To examine this issue further, we plotted the RMM
diagrams for both the conventional RMM index and the
simplified one with the OLR only (see Fig. 9). As one
can see, the conventional RMM index indicates the
MJO activity center being in the Western Hemisphere
on 14 October and 14 November, when significant dynamic and thermodynamic precursor signals have already been observed and the local OLR anomaly has
already changed from a positive to a negative value. It is
only until 20 October and 26 November that MJO activity signals appeared over the western IO. The cause of
the mismatch is attributed to the fact that the RMM
index is constructed based on two leading EOF modes,
which are primarily used to capture large zonal scale and
eastward-propagating signals. For initiation processes
that happened in a narrow zonal scale, the method
cannot capture the right signals.
The bottom panel of Fig. 9 shows the RMM diagram
with the OLR field only. Does this simplified index
perform better? The answer is no. A similar feature
appeared. This is because the same EOF decomposition
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methodology was applied. Although the OLR anomaly
is more localized compared to the upper-tropospheric
wind, the calculation of two leading EOF modes of the
OLR anomaly over the entire tropics domain can only
capture large-scale eastward-propagating signals. Therefore, while the RMM index is an excellent diagnostic tool
for detecting the MJO phase propagation, it is not proper
to use this tool to detect the MJO initiation timing and
location. This result is consistent with a recent study by
Kiladis et al. (2014), who also examined the circulation and
OLR-based indices. It is thus recommended that the best
way to detect the MJO initiation timing and location is to
examine both the time–longitude cross section and 2D
evolution patterns of the anomalous OLR/precipitation
field.

c. Higher-frequency wave effect
The heat budget analysis in Fig. 4b shows that HF eddy
heat transport also contributed to the anomalous warm
temperature advection during the earlier initiation stage
of MJO I. A further diagnosis indicates that zonal advection dominates (Fig. 10). Separating the HF component into convectively coupled Kelvin waves (CCKW),
mixed Rossby–gravity waves (MRG), eastward inertial–
gravity waves (EIG), and westward inertial–gravity
waves (WIG) based on the Wheeler–Kiladis spectral filtering method (Wheeler and Kiladis 1999; calculation
package obtained from the NCL website: https://www.
ncl.ucar.edu/Applications/space_time.shtml), one may
calculate their relative importance.
Our calculation shows that CCKW contribution is
largest among these wave components (Fig. 10d). To
illustrate how CCKW contributed to the anomalous
warm advection, we plotted the horizontal structure of
the CCKW (Fig. 11). It illustrates the phase relationship
between the eddy zonal wind and temperature fields. As
CCKW moved eastward, the nonlinear temperature
advection always contributed positively to the intraseasonal temperature tendency over the initiation region. The CCKW vertical structure illustrates that the
eddy zonal wind is indeed in phase with the eddy geopotential height field (figure not shown), being consistent with the Matsuno (1966) theoretical solution.

5. Summary
The precursor signals of convection initiation associated with MJOs I and II during the DYNAMO/
CINDY2011 field campaign period were investigated
through the diagnosis of the multiple datasets (ERAInterim, ECMWF FNL, and MERRA reanalysis). The
western equatorial Indian Ocean (around 508–608E) is
a key initiation region for both MJO events.
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FIG. 9. (top) The RMM diagram with use of the conventional multivariable RMM index and (bottom) the simplified
RMM index with the OLR only for (left) October and (right) November 2011.

For MJO I, a marked ascending motion anomaly
appeared in the lower troposphere 10 days prior to the
convection initiation. A warm temperature advection
anomaly was responsible for triggering of the upward
motion during the earlier initiation stage. The ascending
motion moistened air column and induced a convectively
unstable stratification. The upward development of largescale ascending motion anomalies eventually led to onset
of MJO convection. The anomalous warm advection was
primarily attributed to the advection of the background
mean temperature by anomalous northeasterly, which was
a part of large-scale cyclonic gyre in response to preceding
intraseasonal heating anomalies over the western Pacific–
South China Sea region. HF waves contributed, to

a certain extent, to the anomalous warm advection and
thus the MJO initiation.
Different from MJO I, the initiation of MJO II was
primarily caused by a moistening in the lower troposphere induced by advection of the background mean
specific humidity by anomalous easterlies arising from
the Rossby wave response to a preceding suppressedphase MJO over the EIO. The initiation process of MJO
II resembles well that described in Zhao et al. (2013)
based on a 20-yr composite analysis.
It is worth mentioning that the initiation processes described here differ from those focused on the observational
campaign sites. In the latter case, initiation of convection is
primarily caused by existing MJO convection to its west,
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FIG. 10. 1000–700-hPa integrated (a) anomalous horizontal temperature
advection, (b) zonal advection, and (c) meridional advection (unit: K day21)
at different vertical levels during 5–8 Oct 2011. The result is based on the
ensemble average of ERA-Interim, ECMWF FNL, and MERRA with two
initiation domains: (58S–58N, 508–608E) and (108S–108N, 458–658E). Bars
with whiskers indicate a standard deviation of six ensemble members.
(d) Same as (a) but for the 850-hPa zonal temperature advection anomalies
contributed by HF waves (from left to right: CCKW, MRG, EIG, and WIG).
The vertical axis scale in (d) is 10 times smaller than that in (a)–(c).
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FIG. 11. Evolutions of 850-hPa temperature (shading; unit: K) and wind perturbation field
(vector; unit: m s21) associated with CCKW from 5 to 7 Oct 2011.

which essentially is a propagation problem. As demonstrated by Hsu and Li (2012), the PBL moistening associated with the eastward propagation is primarily
attributed to anomalous vertical advection, which differs from dominant anomalous horizontal advection in
the ‘‘pure’’ WIO initiation scenario (Zhao et al. 2013).

An interesting issue related to MJO initiation is, what
is the relative role of tropical forcing versus midlatitude
forcing? It is likely that the former is mostly responsible
for successive MJO events, while the latter may be responsible for primary MJO events. From dynamics point
of view, the two processes differ markedly. The former
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emphasizes low-level moistening in situ, and the latter
emphasizes extratropical upper-tropospheric wave energy dispersion and accumulation. In a future study, we
will examine individual MJO events in the past 20 yr to
reveal the relative roles of the local and remote processes in triggering MJOs.
Acknowledgments. We thank anonymous reviewers for
constructive comments and Steve Williams, DYNAMO
data manager at NCAR EOL, for sharing the ECMWF
FNL dataset. This work was supported by China National
973 Project 2015CB453200; NSFC 41475084/41375100;
NSF AGS-1106536; and the International Pacific Research
Center, which is sponsored by the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC).
REFERENCES
Annamalai, H., and J. M. Slingo, 2001: Active/break cycles: Diagnosis
of the intraseasonal variability of the Asian summer monsoon.
Climate Dyn., 18, 85–102, doi:10.1007/s003820100161.
Dee, D. P., and Coauthors, 2011: The ERA-Interim reanalysis:
Configuration and performance of the data assimilation system. Quart. J. Roy. Meteor. Soc., 137, 553–597, doi:10.1002/
qj.828.
Gottschalck, J., P. E. Roundy, C. J. Schreck III, A. Vintzileos, and
C. Zhang, 2013: Large-scale atmospheric and oceanic conditions during the 2011–12 DYNAMO field campaign. Mon.
Wea. Rev., 141, 4173–4196, doi:10.1175/MWR-D-13-00022.1.
Holton, J. R., 2004: An Introduction to Dynamic Meteorology. 4th
ed. Academic Press, 535 pp.
Hsu, H.-H., and M. Lee, 2005: Topographic effects on the eastward
propagation and initiation of the Madden–Julian oscillation.
J. Climate, 18, 795–809, doi:10.1175/JCLI-3292.1.
——, B. J. Hoskins, and F.-F. Jin, 1990: The 1985/86 intraseasonal
oscillation and the role of the extratropics. J. Atmos. Sci.,
47,
823–839,
doi:10.1175/1520-0469(1990)047,0823:
TIOATR.2.0.CO;2.
Hsu, P.-C., and T. Li, 2011: Interactions between boreal summer
intraseasonal oscillations and synoptic-scale disturbances over
the western North Pacific. Part II: Apparent heat and moisture
sources and eddy momentum transport. J. Climate, 24, 942–
961, doi:10.1175/2010JCLI3834.1.
——, and ——, 2012: Role of the boundary layer moisture asymmetry in causing the eastward propagation of the Madden–
Julian oscillation. J. Climate, 25, 4914–4931, doi:10.1175/
JCLI-D-11-00310.1.
Jiang, X., and T. Li, 2005: Reinitiation of the boreal summer intraseasonal oscillation in the tropical Indian Ocean. J. Climate,
18, 3777–3795, doi:10.1175/JCLI3516.1.
Johnson, R. H., and P. E. Ciesielski, 2013: Structure and properties
of Madden–Julian oscillations deduced from DYNAMO
sounding arrays. J. Atmos. Sci., 70, 3157–3179, doi:10.1175/
JAS-D-13-065.1.
Kemball-Cook, S. R., and B. C. Weare, 2001: The onset of convection in the Madden–Julian oscillation. J. Climate, 14, 780–793,
doi:10.1175/1520-0442(2001)014,0780:TOOCIT.2.0.CO;2.
Kiladis, G. N., J. Dias, K. H. Straub, M. C. Wheeler, S. N. Tulich,
K. Kikuchi, K. M. Weickmann, and M. J. Ventrice, 2014:
A comparison of OLR and circulation-based indices for

VOLUME 28

tracking the MJO. Mon. Wea. Rev., 142, 1697–1715, doi:10.1175/
MWR-D-13-00301.1.
Krishnamurti, T. N., and D. Subrahmanyam, 1982: The 30-50 day
mode at 850 mb during MONEX. J. Atmos. Sci., 39, 2088–2095,
doi:10.1175/1520-0469(1982)039,2088:TDMAMD.2.0.CO;2.
Lau, K.-M., and P. H. Chan, 1986: Aspects of the 40-50 day oscillation during the northern summer as inferred from outgoing longwave radiation. Mon. Wea. Rev., 114, 1354–1367,
doi:10.1175/1520-0493(1986)114,1354:AOTDOD.2.0.CO;2.
——, and L. Peng, 1987: Origin of low-frequency (intraseasonal)
oscillations in the tropical atmosphere. Part I: Basic theory.
J. Atmos. Sci., 44, 950–972, doi:10.1175/1520-0469(1987)044,0950:
OOLFOI.2.0.CO;2.
Lau, W. K. M., and D. E. Waliser, Eds., 2005: Intraseasonal Variability
in the Atmosphere–Ocean Climate System. Springer, 474 pp.
Li, T., 2014: Recent advance in understanding the dynamics of the
Madden-Julian oscillation. J. Meteor. Res., 28, 1–33, doi:10.1007/
s13351-014-3087-6.
——, and B. Wang, 1994: The influence of sea surface temperature on
the tropical intraseasonal oscillation: A numerical study. Mon.
Wea. Rev., 122, 2349–2362, doi:10.1175/1520-0493(1994)122,2349:
TIOSST.2.0.CO;2.
——, and ——, 2005: A review on the western North Pacific
monsoon: Synoptic-to-interannual variabilities. Terr. Atmos.
Oceanic Sci., 16, 285–314.
——, and C. Zhou, 2009: Planetary scale selection of the Madden–
Julian oscillation. J. Atmos. Sci., 66, 2429–2443, doi:10.1175/
2009JAS2968.1.
——, F. Tam, X. Fu, T.-J. Zhou, and W.-J. Zhu, 2008: Causes of the
intraseasonal SST variability in the tropical Indian Ocean.
Atmos. Oceanic Sci. Lett, 1, 18–23.
Liebmann, B., and C. A. Smith, 1996: Description of a complete
(interpolated) outgoing longwave radiation dataset. Bull.
Amer. Meteor. Soc., 77, 1275–1277.
Ling, J., C. Zhang, and P. Bechtold, 2013: Large-scale distinctions
between MJO and non-MJO convective initiation over the
tropical Indian Ocean. J. Atmos. Sci., 70, 2696–2712, doi:10.1175/
JAS-D-13-029.1.
Madden, R. A., and P. R. Julian, 1971: Detection of a 40-50 day
oscillation in the zonal wind in the tropical Pacific. J. Atmos.
Sci., 28, 702–708, doi:10.1175/1520-0469(1971)028,0702:
DOADOI.2.0.CO;2.
——, and ——, 1972: Description of global-scale circulation cells in
the tropics with a 40-50 day period. J. Atmos. Sci., 29, 1109–1123,
doi:10.1175/1520-0469(1972)029,1109:DOGSCC.2.0.CO;2.
Matsuno, T., 1966: Quasi-geostrophic motions in the equatorial
area. J. Meteor. Soc. Japan, 44, 25–42.
Matthews, A. J., 2000: Propagation mechanisms for the MaddenJulian oscillation. Quart. J. Roy. Meteor. Soc., 126, 2637–2651,
doi:10.1002/qj.49712656902.
——, 2008: Primary and successive events in the Madden-Julian oscillation. Quart. J. Roy. Meteor. Soc., 134, 439–453, doi:10.1002/qj.224.
——, and G. N. Kiladis, 1999: The tropical–extratropical interaction between high-frequency transients and the Madden–
Julian oscillation. Mon. Wea. Rev., 127, 661–677, doi:10.1175/
1520-0493(1999)127,0661:TTEIBH.2.0.CO;2.
Murakami, T., and T. Nakazawa, 1985: Tropical 45 day oscillations
during the 1979 Northern Hemisphere summer. J. Atmos.
Sci., 42, 1107–1122, doi:10.1175/1520-0469(1985)042,1107:
TDODTN.2.0.CO;2.
Pan, L.-L., and T. Li, 2008: Interactions between the tropical ISO
and mid-latitude low-frequency flow. Climate Dyn., 31, 375–
388, doi:10.1007/s00382-007-0272-7.

Unauthenticated | Downloaded 01/09/23 04:52 AM UTC

15 MARCH 2015

LI ET AL.

Ray, P., and T. Li, 2013: Relative roles of circum navigating waves
and extratropics on the MJO and its relationship with the mean
state. J. Atmos. Sci., 70, 876–893, doi:10.1175/JAS-D-12-0153.1.
——, C. Zhang, J. Dudhia, and S. S. Chen, 2009: A numerical case
study on the initiation of the Madden–Julian oscillation.
J. Atmos. Sci., 66, 310–331, doi:10.1175/2008JAS2701.1.
Rienecker, M. M., and Coauthors, 2011: MERRA: NASA’s ModernEra Retrospective Analysis for Research and Applications.
J. Climate, 24, 3624–3648, doi:10.1175/JCLI-D-11-00015.1.
Seo, K.-H., and E.-J. Song, 2012: Initiation of boreal summer
intraseasonal oscillation: Dynamic contribution by potential
vorticity. Mon. Wea. Rev., 140, 1748–1760, doi:10.1175/
MWR-D-11-00105.1.
Sobel, A., S. Wang, and D. Kim, 2014: Moist static energy budget of
the MJO during DYNAMO. J. Atmos. Sci., 71, 4276–4291,
doi:10.1175/JAS-D-14-0052.1.
Straub, K., 2013: MJO initiation in the real-time multivariate MJO
index. J. Climate, 26, 1130–1151, doi:10.1175/JCLI-D-12-00074.1.
Waliser, D. E., 2006: Intraseasonal variability. The Asian Monsoon,
B. Wang, Ed., Springer, 203–258.
Wang, B., and T. Li, 1994: Convective interaction with boundary
layer dynamics in the development of a tropical intraseasonal system. J. Atmos. Sci., 51, 1386–1400, doi:10.1175/
1520-0469(1994)051,1386:CIWBLD.2.0.CO;2.

2135

Wang, S., A. Sobel, F. Zhang, Y. Sun, Y. Yue, and L. Zhou, 2015:
Regional simulation of the October and November MJO events
observed during CINDY/DYNAMO field campaign at gray zone
resolution. J. Climate, doi:10.1175/JCLI-D-14-00294.1, in press.
Weickmann, K. M., 1983: Intraseasonal circulation and outgoing
longwave radiation modes during Northern Hemisphere
winter. Mon. Wea. Rev., 111, 1838–1858, doi:10.1175/
1520-0493(1983)111,1838:ICAOLR.2.0.CO;2.
Wheeler, M., and G. N. Kiladis, 1999: Convectively coupled
equatorial waves: Analysis of clouds and temperature in the
wavenumber–frequency domain. J. Atmos. Sci., 56, 374–399,
doi:10.1175/1520-0469(1999)056,0374:CCEWAO.2.0.CO;2.
Yanai, M. S., S. Esbensen, and J. H. Chu, 1973: Determination of
bulk properties of tropical cloud clusters from large-scale heat
and moisture budgets. J. Atmos. Sci., 30, 611–627, doi:10.1175/
1520-0469(1973)030,0611:DOBPOT.2.0.CO;2.
Yoneyama, K., C. Zhang, and C. N. Long, 2013: Tracking pulses of
the Madden–Julian oscillation. Bull. Amer. Meteor. Soc., 94,
1871–1891, doi:10.1175/BAMS-D-12-00157.1.
Zhang, C., 2005: Madden-Julian Oscillation. Rev. Geophys., 43,
RG2003, doi:10.1029/2004RG000158.
Zhao, C., T. Li, and T. Zhou, 2013: Precursor signals and processes
associated with MJO initiation over the tropical Indian Ocean.
J. Climate, 26, 291–307, doi:10.1175/JCLI-D-12-00113.1.

Unauthenticated | Downloaded 01/09/23 04:52 AM UTC

