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Abstract: A Madden–Jillian oscillation (MJO) and boreal summer intraseasonal oscillation (BSISO)
are important climate variabilities, which affect a forecast of weather and climate. In this study,
the MJO and the BSISO hindcasts from the Global Seasonal Forecast System, version 5 (GS5) were
diagnosed using dynamic-oriented theories. We additionally analyzed the GS5 climatological run to
identify whether the weakness of the GS5 hindcast results from the model physics or initialization
processes. The GS5 hindcast captures three-dimensional dynamics and thermodynamics structure of
MJO eastward propagation well in the Indian Ocean. The model produces the boundary layer (BL)
moisture convergence anomalies to the east of the MJO deep precipitation with easterly anomalies
associated with the Kelvin wave. The enhanced BL moisture convergence increases upward transport
of moisture from the surface to the lower troposphere, inducing the moist lower troposphere and
the positive convective instability by destabilization of the lower atmosphere and, thus, generating
the next convection to the east of MJO deep convection and promoting MJO eastward propagation.
However, the signal for eastward propagation is relatively weak in the Maritime Continent (MC) and
the Western Pacific (WP). To improve the MJO eastward propagation in the MC and WP, improved
heating induced by shallow (or congestus) clouds interacting with enhanced BL dynamics may
be required. On the other hand, the GS5 hindcast reproduces the BSISO northward propagation
reasonably well in the Indian Ocean, which is attributed to positive vorticity anomalies induced by
strong vertical shear.

Keywords: MJO; GloSea5; BSISO; eastward propagation; northward propagation

1. Introduction

The Madden–Julian oscillation (MJO) shows a convective system propagating east-
ward with a 20–70-day period over 15◦ S and 15◦ N. The sub-seasonal-scale prediction
related to MJO is important for the forecast of extreme temperature, typhoons, heavy
precipitation, and El Nino events [1–3]. Although the MJO predictions using general
circulation models (GCM) have improved considerably, many prediction systems have a
limitation to forecast the observed MJO characteristics [4].

Various mechanisms have been proposed to understand the propagation of the MJO.
Many studies suggested the moisture–convection interaction and the transport of moist
static energy may be a dominant factor for MJO [5,6]. A study [5] revealed that equator-
ward moisture advection and latent heat flux induced by wind may be critical for MJO
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simulation. Another process for the MJO is a coupled Kelvin and Rossby wave theory [7,8].
This theory emphasizes the interaction between a convective heating and boundary layer
moisture convergence associated with the coupled Rossby–Kelvin wave. The boundary
layer moisture convergence may induce major MJO propagation. The heating and moisture
that are induced by boundary layer convergence precede the MJO major precipitation,
which leads to the MJO-scale coupled Kelvin–Rossby wave structure with eastward propa-
gation. Previous studies found that the stepwise transition from shallow to deep convection
may be critical for MJO eastward propagation [9,10]. They emphasized the occurrence
of shallow and congestus clouds before the development of the MJO deep convection
and their gradual change to deep convection. The interaction between stratiform cloud
and wave has been proposed for MJO [11,12]. They suggested that the stratiform clouds
produce diabatic heating, which generates eddy available potential energy for MJO, which
promotes the MJO eastward propagation.

Many studies found that cloud interacting with radiative processes may be a dominant
mechanism for MJO [13,14]. The observation shows radiative heating anomalies are related
to convective heating anomalies. A recent study [15] suggested a trio-interaction theory,
which emphasizes the interaction among dynamics, moisture, and convective heating. The
theory includes not only coupled Rossby–Kelvin dynamic mode but also moisture mode
theories. They showed that the boundary layer dynamics can lead to the MJO eastward
propagation, and the moisture and convective heating may contribute to the speed of
eastward propagation [16–18].

Many studies have evaluated the forecast data on MJO propagation. A previous
study5 showed that the NCEP climate forecast system version 2 does not capture MJO
eastward propagation. A study [19] that the European Centre for Medium-Range Weather
Forecast ensemble prediction system often produces poor MJO propagations due to both
absent convective anomalies and incorrect ocean–atmosphere coupled processes in the
Western Pacific and Maritime Continent. Another study [5] found from hindcast data of
the Forecast-Oriented Low Ocean Resolution (FLOR) version of the Geophysical Fluid
Dynamics Laboratory (GFDL) model a strong dependency of MJO prediction skill on target
phase. A study [20] found that most reforecast data produce poor MJO propagation over
the Maritime Continent due to incorrect cloud-radiation feedback. These results show that
the MJO prediction for eastward propagation is still a big challenge issue although the MJO
prediction skill has been considerably improved over a few past decades.

Boreal summer intraseasonal oscillation (BSISO) moves northward significantly in the
Indian Ocean. The BSISO northward propagation begins near the equator, extends to the
Bay of Bengal, affecting typhoon activities and extreme weather events [21–23].

Many processes have been proposed to understand the BSISO northward propagation
in the Indian Ocean, including air-sea interaction, moisture advection in the boundary
layer, and vorticity anomalies generated by vertical shear. The first is the dynamic theories
encompassing wave dynamics and vorticity-wind shear [23–25]. A study suggested that the
northward propagation of ISO convection may be generated by inducing a boundary layer
moisture convergence to the north of the BSISO convection center [23]. Another study [26]
suggested that not only moisture advection in the boundary layer but also barotropic
vorticity anomalies contribute to the northward movement of BSISO precipitation. Another
study [23] demonstrated that the interaction among wave dynamics, vorticity anomalies,
and vertical wind shear is the dominant process for BSISO northward propagation in the
Indian Ocean. The second is the role of convective momentum transport, which may induce
boundary layer convergence by a secondary meridional circulation under the presence of
an easterly shear [27]. The third is an effect of shallow convection has been emphasized [28].

A new version of the seasonal forecast system (hereafter “GS5”) was developed
operationally. The GS5 is improved compared to that of the previous forecast system (GS4)
in a few aspects: (1) increasing horizontal resolution of atmosphere, land, sea-ice, and ocean
models; (2) a new initialization for the ocean and sea-ice model using three-dimensional-
variation ocean data assimilation [29,30]. It was reported that the performance of the
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GS5 was improved for ENSO with reduced errors The GS5 shows better predictability
for both the Arctic oscillation and the North Atlantic variability. It also shows improved
prediction skills for the northwestern Pacific subtropical high which controls East Asia
summer monsoon.

This study describes the analysis of the MJO and BSISO simulation using dynamic-
oriented diagnostics. Section 2 introduces the GS5 sub-seasonal prediction system and
describes the data and diagnostic methods used in this study. Section 3 exhibits the dynamic
and thermodynamic structure of MJO, and we explain how the GS5 captures MJO eastward
propagation and BSISO northward propagation. Section 4 shows a summary and further
suggestions for better MJO simulation.

2. Data and Methods

We used the hindcast dataset produced by the sub-seasonal-to-seasonal prediction
system of the Korea Meteorological Administration (KMA), which was formally operated
by the Met Office (UKMO). The period of hindcasts is 1991–2016 with three ensemble
members. The initial conditions for three ensembles are generated by the stochastic
kinetic energy backscatter scheme, version 2 [31] (SKEB2). The predictions start on the
1st, 9th, 17th, and 25th of each month and are integrated for seven months [20]. To derive
an average of MJO and BSISO performance, all hindcast datasets are composited from
1 November to 30 April. Additionally, we analyzed the climatological run (1991–2016) with
the 1990s fixed forcings with one ensemble to estimate the model performance [32]. The
precipitation anomalies are used from the Global Precipitation Climatology Project (GPCP)
daily data [33] (1997–2016). The circulation, moisture, and temperature anomalies are
derived from the European Center for Medium-Range Weather Forecast Reanalysis (ERA)
version 5 [34] (1991–2016). National Oceanic and Atmospheric Administration (NOAA)
outgoing longwave radiation data are used during 1991–2016 [35].

The GS5 includes atmosphere, land, ocean, and sea-ice components as a coupled model.
The Met Office Unified Model Global Atmosphere 6.0 (GA6) is used for the atmosphere.
The Nucleus for European Modeling of the Ocean (NEMO) is used for ocean, the Joint U.K.
Land Environment Simulator (JULES) is implemented for land and the Los Alamos Sea
Ice Model (CICE) is used for sea ice. The OASIS version 3 is used for a coupler [36]. The
grid size of the atmosphere is about 0.55◦ degrees and 85 levels horizontally and vertically,
respectively. The horizontal resolution of the ocean model is 0.258◦ degrees.

The GA6 includes a mass flux convective parameterization. The convection scheme is
based on a single cloud [37]. This scheme allows only one cloud type among deep, middle,
and shallow clouds when convection occurs. The shallow convection is generated when the
neutral buoyancy level of a cloud is below 2.5 km, and the convective velocity of updraft is
smaller than 0.02 m s−1. Otherwise, convection is treated as a deep cloud. The mid-level
scheme occurs when the instabilities exit above the top of deep or shallow convection. The
mass flux closure for deep convection uses a convective available potential energy (CAPE),
while the closure for shallow convection is based on a simplified turbulence kinetic energy
(TKE) budget. The entrainment rate for shallow convection is larger than that for deep
convection [37].

The diagnostics used in this study are useful to examine whether a model produces
the eastward propagation of the MJO statistically based on dynamical reasons [7]. The diag-
nostics are developed by regressing 20–70-day filtered anomalies of the diagnostic variables
against the precipitation anomalies at the equatorial eastern Indian Ocean (EIO;10◦ S–10◦

N, 80 ◦–100◦ E), because the corresponding MJO precipitation and circulation are also most
active and show symmetric features about the equator. These diagnostics select specific
variables to show the structure of the intrinsic MJO mode. The first is boundary layer
moisture convergence—the BLMC couples the Kelvin and Rossby waves and convection
together, which selects eastward propagation because the BLMC is favorable for the MJO
eastward propagation by generating lower-tropospheric heating and available potential
energy to the east of precipitation center. The second is horizontal circulation. It was shown
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that the observed MJO propagation is linked to its horizontal circulation structure in the
lower troposphere [7]. The low-level circulation anomaly includes a Kelvin wave to the
east of the MJO deep convection and a Rossby wave to the west. It is observed that the
ratio of maximum Rossby westerly speed to the maximum Kelvin easterly speed is about
0.8. The horizontal circulation structure depends on the characteristic of the convective
heating. Since the convective heating is different from each model due to different parame-
terizations, it may induce different interactions between convective heating and equatorial
wave dynamics. Thus, the horizontal circulation is included as a target variable for the
MJO diagnostics. The third is the equivalent potential temperature (EPT). The observations
show deep convection of the MJO occurs after the development of a deep moist layer in
the lower troposphere. It also has been found that the maximum boundary layer moisture
convergence occurs before the enhanced moisture field in the lower troposphere. The
observed EPT shows an eastward-tilted vertical structure in the lower troposphere and the
convective instability defined by the difference of the EPT between the lower and upper
(or middle) troposphere is positive or enhanced before the development of MJO major
convection [38]. Therefore, the horizontal structure of the EPT associated with the MJO
center and convective instability is considered to be a diagnostic of the MJO.

For BSISO, we use diagnostics based dynamic theory and air-sea interaction. The
diagnostics are made by regressing 20–70-day filtered anomalies of the variables against
the precipitation anomalies at the equatorial eastern Indian Ocean (5◦ S–5◦ N, 80◦–100◦

E), because the northward propagation of the BSISO is dominant between EIO and the
Bay of the Bengal. The dynamic theory includes the role of vorticity anomalies induced
by vertical wind shear and meridional moisture advection. It has been suggested that the
presence of the mean state vertical shear generates the barotropic vorticity anomalies. The
vorticity anomalies can be converted to the boundary layer moisture at the north of the
BSISO center, contributing to BSIO northward propagation [23–25]. The air–sea interaction
was also examined whether it can explain the northward propagation of ISO or not. It is
found that warm SST anomalies by air–sea interaction destabilize the lower troposphere to
the north of convection, which leads to northward propagation.

3. Results
3.1. Mean Climate in the Boreal Winter

Figure 1 shows biases of climatology in 2 m temperature, zonal winds in the lower
troposphere, and precipitation from the GS5 hindcast and the GS5 climatological run during
the boreal winter season (November–March). The GS5 hindcast shows weak warming in
the Indian Ocean and moderate warming in the Maritime Continent and Western Pacific
(Figure 1a), suggesting that the zonal gradient of mean near-surface temperature increase
in the Indian Ocean. On the other hand, wet biases occur in the western Indian Ocean
and Western Pacific but dry bias in the eastern Indian Ocean and Maritime Continent
(Figure 1c). The biases of precipitation induce anomalous ascending motion in the western
Indian Ocean and anomalous descending motion in the eastern Indian Ocean, which
strengthens the Walker circulation and the anomalous easterly in the lower troposphere
over the Indian Ocean (Figure 1e). The easterly anomalies in the Indian Ocean may be
unfavorable for the MJO eastward propagation. Compared to those of the GS5 hindcast, the
GS5 climatological run shows a weak warm bias of 2 m temperature in the western Indian
Ocean, while weak cooling in the Western Pacific. The horizontal pattern of precipitation
bias is similar to those of the GS5 hindcast. Corresponding zonal wind bias of the GS5
climatological run resembles those of the GS5 hindcast run, suggesting that the precipitation
and zonal wind biases in the hindcast may be associated with the model systematic biases.
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Figure 1. November–April bias of climatological T2m (K), precipitation (mm day−1), and surface
zonal wind (m s −1) from the GS5 hindcast data (a,c,e) and the GS5 climatological run (b,d,f).

3.2. Basic Diagnostics in MJO Properties

The mean field biases systematically affect the MJO variance. Figure 2 shows the
biases of filtered precipitation variance from the GS5 hindcast and GS5 climatological
run. In the observation, the peak of the total variance is seen in the Indian Ocean and
Western Pacific. The filtered variance only explains about 35–40% of the total variance (not
shown). The GS5 hindcast reproduces the horizontal structure of variances reasonably
but underproduces the variances in the Indian Ocean and Western Pacific. On the other
hand, the GS5 climatological run overestimates the variance in the western Indian Ocean
and Western Pacific. This result suggests that the initialization processes are related to the
suppressed MJO amplitude of the GS5 hindcast.
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To examine the characteristics of MJO propagation in the Indian Ocean and Western
Pacific in the model, phase 2 to phase 6 in the composite life cycles of outgoing longwave
radiation (OLR) and horizontal winds at 850 hPa (U850) associated with the MJO is shown
in Figure 3. The GS5 hindcast successfully captures the MJO eastward propagation in
the Indian Ocean. However, the magnitude of convective anomalies is weaker than the
observation from the Maritime Continent to the Western Pacific. The propagation of MJO
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convection near the equator is weakened at phase 6 to phase 8, suggesting that the eastward
propagation in the GS5 is relatively weak in the Western Pacific. Compared to GS5 hindcast,
the climatological run of the GS5 shows more intensified convective anomalies from the
Maritime Continent to the Western Pacific at phase 6 to phase 8.
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anomalies (vectors) based on a function of the MJO phase during boreal winter (November–April).
(a) observation, (b) GS5 hindcast data, and (c) GS5 climatological run. The zonal wind anomalies
with statistically 99% significance are drawn. The numbers of each panel represent the number of
days used for composite for each phase. The number of days used for the observation and the GS5
climatological run is 4500 days (25y × 180 days), whereas the number for the GS5 hindcast data is
56,000 days (25y × 180 × 4 (hindcast dataset number per month) × 6 (November–April).

Figure 4 shows the analysis for the frequency–wavenumber spectrum of the precipita-
tion anomalies from the observation, the GS5 hindcast, and the GS5 climatological run. In
the observation, a maximum power occurs at 40–50-day periods and zonal wavenumber
one. It is observed that the power for westward propagation is much weaker than those of
the eastward movement. The GS5 hindcast has relatively strong eastward power at 40 days
and relatively weak power at 70-day periods, suggesting that the GS5 hindcast simulates
shorter periods than the observation. The GS5 hindcast can capture the planetary scale of
convective anomalies (zonal wavenumber one) but fails to simulate a relatively small scale
(zonal wavenumber two or three). The major weakness in the GS5 hindcast is a relatively
weak power for both westward and eastward propagation compared to the counterpart
of observation. The climatological run of the GS5 has eastward power at 50 days, which
is longer than that of the GS5 hindcast and closer to the observation. The magnitude of
the eastward propagation is larger than that of the GS5 hindcast but still weaker than the
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observation. The weak power of the GS5 hindcast are consistent with weak convective
anomalies in MJO life cycle composite (e.g., Figure 3b) and weak variance (e.g., Figure 2a).
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Figure 5 shows the lead–lag correlation of the MJO precipitation in the Indian Ocean
and the Western Pacific. Because strong MJO eastward propagation occurs in the eastern
Indian Ocean, the precipitation in the eastern Indian Ocean (80◦–100◦ E, 10◦ S–10◦ N) was
used as a reference. Observations show that the MJO precipitation moves eastward with a
speed of 5.0 m s−1 for all events. The GS5 hindcast reproduces MJO eastward propagation.
However, the magnitude of the propagation is relatively weaker, and the speed is faster
(6.5 m s−1) in the Indian Ocean than the observation. In the Western Pacific and Maritime
Continent, the signal for MJO eastward propagation of the MJO is not strong compared to
the observation (Figure 5b). There is a strong propagation barrier around 120◦ E, where
weak westward propagations are simulated. The weak westward propagation is consistent
with the result of frequency–wave number spectrum analysis that shows the moderate
power at westward propagation and a small horizontal scale. Compared to that of the
GS5 hindcast, the GS5 climatological run shows weak eastward propagation in the Indian
Ocean but stronger in the Western Pacific, suggesting that the weak eastward propagation
of the GS5 hindcast in the Western Pacific may be related to the initialization processes
rather than the model systematic biases.
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Figure 5. Lagged correlation of 20–70 days filtered precipitation averaged over 10◦ S–10◦ N from (a) observation, (b) the GS5
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3.3. Evaluation of MJO Simulations Using Dynamic-Oriented Diagnostics

We examine how the GS5 hindcast simulates the MJO eastward propagation in the IO
but failed in the Maritime Continent and Western Pacific by analyzing the circulation and
thermodynamic fields. By analyzing the boundary layer moisture convergence (Figure 6),
the EPT (Figure 7), and convective instability (Figure 8), we can then conclude how the
model simulates an MJO-related dynamic and thermodynamics structure. In the east of the
MJO deep convection, the enhanced boundary moisture convergence increases moisture in
the free atmosphere, which enhances the convective instability and further heating that
affects horizontal circulation and boundary layer moisture convergence.
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and (c) GS5 climatological run. The strengths of regression are fixed to a 3 mm day−1.
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Figure 8. The regressed 20–70-day filtered convective instability (◦C) onto filtered precipitation (20–70 days) averaged over
the eastern Indian Ocean (10◦ S–10◦ N, 80◦–100◦ E) from (a) observation, (b) GS5 hindcast data, and (c) GS5 climatological
run. The strengths of regression are fixed to a 3 mm day−1. The convective instability is defined as EPT at 850 hPa minus
EPT at 400 hPa.

The 925 hPa boundary layer convergence from observation, the GS5 hindcast, and the
GS5 climatological run are shown in Figure 6. In the observation, a peak of the BLMC occurs
in the eastern Indian Ocean (EIO) where the major MJO precipitation center is generated.
The magnitude of the BLMC in the Maritime Continent and Western Pacific is similar to
that in the Indian Ocean. The GS5 hindcast reproduces the horizontal structure—its pattern
is very similar to the observation with a pattern correlation of 0.80. However, the GS5
hindcast underproduces the magnitude in the Western Pacific. The magnitude of the BLMC
over the EIO is larger than observation but weaker than the observation in the Western
Pacific and Maritime Continent. Compared to the GS5 hindcast, the GS5 climatological run
produces increased BLMC anomalies over the Indian Ocean and Western Pacific, but the
magnitude is slightly weaker than the observation. These results suggested that the weak
BLMC anomalies may result from initialization processes rather than model deficiencies.

The BLMC can generate vertical motion, which transports the heat and moisture from
the boundary layer to the lower troposphere. Previous studies suggested that the moist
layer is gradually deepened from the surface in advance of the deep convective of the
MJO [39]. The change in EPT anomalies primarily represents moisture variation, since the



Atmosphere 2021, 12, 114 10 of 15

temperature anomaly is small in the tropical lower troposphere. We examined the EPT
anomalies to better depict the moistening and destabilization processes. Figure 7 presents
a horizontal pattern of the EPT anomalies from the observed, the GS5 hindcast, and the
GS5 climatological run. In observation, the positive EPT occurs in the eastern Indian Ocean
and Western Pacific. The maximum of the EPT is observed around 90◦ E, where the MJO
deep convection occurs. The EPT anomaly extends eastward dominantly, indicating that
the moistening in the lower atmosphere occurs before the MJO precipitation. Note that the
horizontal patterns of the EPT anomalies are very similar to those of the boundary layer
moisture convergence, indicating that, in the lower level, an increased EPT may result from
strong BLMC. The GS5 hindcast reproduces the observed horizontal structure of EPT at
850 hPa successfully with a pattern correlation of 0.76. However, the strength of the EPT at
the east of the MJO major precipitation is weaker than the observation, indicating that the
lower atmosphere is less moistened at the east of the MJO precipitation. On the other hand,
the horizontal pattern of the EPT anomalies from the GS5 climatological run resembles the
observation. The magnitude of the EPT anomalies at the east of the MJO convection center
is stronger than that of the GS5 hindcast. Note that the horizontal pattern of the EPT from
the GS5 hindcast (or climatological run) is consistent with corresponding BLMC anomalies.

A pre-moistening in the lower troposphere may induce a positive convective instabil-
ity in advance of MJO major precipitation. Figure 8 shows the horizontal structure of the
convective instability anomalies from observation, the GS5 hindcast, and the GS5 climato-
logical run. The difference between the EPT at 850 hPa and the EPT at 400 hPa is used as a
convective instability index [25], because this index can represent the destabilizing condi-
tion before the MJO major precipitation. In the observation, a convective instability at the
MJO major precipitation is negative, but it changes to positive in the Maritime Continent
and Western Pacific, suggesting that the next convection may be generated there. The GS5
hindcast produces negative instability in the Indian Ocean and positive instability at the
Maritime Continent and Western Pacific, but the magnitude is weaker than the observation.
The GS5 climatological run produces stronger positive instability in the Western Pacific but
still weaker than the observation. The weak convective instability is associated with weak
EPT at the lower troposphere (e.g., Figure 7).

The convective heating by shallow or congestus clouds that was enhanced by the
positive EPT may change the circulation structure related to the MJO. The observation
shows the Kelvin wave is closely coupled with the Rossby wave around the convective
center in the eastern Indian Ocean (Figure 9). The peak of easterly at the equator is
comparable to the peak of westerly. The horizontal circulation pattern of the GS5 hindcast
is similar to the observed circulation patterns. The GS5 hindcast shows the Rossby (Kelvin)
wave pattern in the west (east) of the MJO precipitation, showing a coupled Kelvin–Rossby
wave structure. However, the magnitude of the easterly anomalies is weaker than the
observation. The westerly is slightly stronger than the easterly. Compared to the GS5
hindcast, the GS climatological run shows similar horizontal structures of the circulation
with a relatively large magnitude. However, the magnitude of the easterly anomalies is
weaker than that of the westerly. This result indicates that the weak low pressure in the
east of MJO precipitation and easterlies from the GS5 hindcast may be attributed to the
parameterization deficiency from the GS5 hindcast.

3.4. Diagnosing BSISO Simulations

The meridional structure of lagged correlation diagrams of intraseasonal oscillation
(ISO) precipitation from the observation and the GS5 hindcast and the GS5 climatological
run are shown in Figure 10. It is observed that the BSISO precipitation moves northward
with a speed of 1 m s−1 from the equator to the Bay of the Bengal in the eastern Indian
Ocean. In the GS5 hindcast, BSISO precipitation moves northward significantly in the EIO.
However, the magnitude of the northward movement is relatively weak, and the speed
of the movement is relatively slow with 0.8 m s−1. The GS5 climatological run produces
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observed northward propagation between 0◦–20◦ N with 0.9 m s−1, which is closer to
the observation.
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Figure 10. Lagged correlation of 20–70 days filtered precipitation (zonal wind at 850 hPa) averaged over 80◦–100◦ E
from (a) observation, (b) the GS5 hindcast, and (c) the GS5 climatological run during boreal summer (May–October). The
intraseasonal oscillation (ISO) precipitation averaged over 80◦ E–100◦ E and 5◦ S–5◦ N was used as a reference for calculating
the correlation. The shading shows precipitation, and the contour is the zonal wind at 850 hPa.

We examined mean-field circulation to understand which processes generate the ISO
northward propagation in the GS5 hindcast. Figure 11a shows the mean vertical zonal
wind shear for the boreal summer (May–October). The difference between zonal wind
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at 200 hPa and zonal wind at 850 hPa (U200 minus U850) is defined as vertical shear in
the eastern Indian Ocean. The observation shows the easterly vertical shear from 10◦ S to
25◦ N and the maximum shear occurs near 5◦ N. The GS5 hindcast captures the meridional
structure of vertical shear reasonably. However, the peak of the vertical shear occurs at
about 10◦ N, which shifts northward.
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Figure 11. Meridional pattern of (a) mean state zonal shear (U200–U850; m s−1) and (e) mean specific
humidity (925 hPa) averaged over 80◦–100◦E from observation (dashed black with black mark)
and the GS5 hindcast (solid black with blank mark) during boreal summer (May–November). The
Meridional variation of regressed ISO (b) vorticity (s−1) at 925 hPa, (c) boundary layer moisture
convergence (day−1) at 925 hPa, (d) convective instability (◦C), and (f) SST (◦C) averaged over
80◦–100◦ E from observation and model simulations. We use the 20–70 day filtered precipitation
anomaly averaged over 5◦ S–5◦ N and 80◦–100◦ E as a reference for calculating (b–d,f).

A barotropic vorticity anomaly may be generated by the strong vertical shear, which
can generate the barotropic effects [23]. The meridional structure of vorticity anomalies
at 925 hPa in the eastern Indian Ocean is shown in Figure 11b. The observation shows
dominant positive vorticity anomalies near the ISO convection center and northward prop-
agation (~15◦ N). The model reproduces the meridional structure of the vorticity anomalies
successfully. The peak of vorticity is larger than the observation and its location shifts north-
ward, suggesting that vertical wind shear is closely associated with the vorticity anomalies.
The change in vorticity can generate BLMC at 925 hPa (Figure 11c). In observation, the
peak of BLMC occurs around the ISO center. The BLMC anomalies are positive up to 15◦

N, implying that convection can be generated there. The GS5 hindcast simulates stronger
BLMC than the observation between 5◦ S and 12◦ N but weaker around 15◦ N–20◦ N. The
abundant moisture in the lower atmosphere generates positive EPT anomalies. The positive
EPT can generate a positive convective instability there. Figure 11d shows the meridional
pattern of convective instability. It is observed that convective instability at the ISO major
convection is negative, but it turns positive to the north of ISO precipitation (5◦ N–20◦ N),
suggesting that the next convection can be generated there. The GS5 hindcast simulates the
observed meridional pattern of convective instability with a slightly stronger magnitude.

On the other hand, between 15◦ N–20◦ N, the vorticity anomalies and the BLMC are
smaller than the observation, but the convective instability is higher than the observation,
which suggests that other mechanisms or processes may play a role on the BSISO northward
propagation there. We examined the meridional advection of mean moisture and air–sea
interaction. The meridional gradient of mean moisture is smaller than the observation
between 15◦ N–20◦ N, suggesting that the meridional advection of mean moisture plays
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a minor role in the BSISO northward propagation there (Figure 11e). For the air–sea
interaction mechanism, the regressed SST anomalies from the GS5 hindcast are comparable
with the observation between 15◦ N–20◦ N, indicating that air–sea interaction may be
critical for the BSISO northward propagation there (Figure 11f).

4. Summary and Discussion

In this study, the MJO simulation of the GS5 hindcast was examined. The MJO
propagation pattern of the GS5 hindcast is close to the observation. To diagnose the
MJO simulation of the GS5 hindcast, we used dynamic-oriented trio-interaction theory,
which emphasizes how the BL convergence affects the lower tropospheric moistening and
heating. The results show that the GS5 has a better performance of the MJO structure for
the eastward propagation with observed thermodynamic structures.

The GS5 hindcast simulates positive BLMC anomalies at the east of the MJO pre-
cipitation center with relatively weak magnitude, which enhances the moistening of the
lower troposphere. The enhanced EPT facilitates the MJO convective instability, which
generates the MJO eastward propagation. The result of the GS5 hindcast shows the im-
portant role of the boundary layer moisture convergence, which interacts with convective
heating and wave dynamics in the lower troposphere, which is consistent with the trio-
interaction theory [15]. The GS5 hindcast reproduces a reasonable MJO dynamic and
thermodynamic pattern. The equivalent potential temperature (EPT) extends eastward in
the lower troposphere, suggesting that the GS5 hindcast can reproduce the moistening and
the destabilization before the MJO deep convection center.

However, the GS5 hindcast needs to be improved for more accurate MJO prediction—the
signal of MJO propagation is relatively weak in the Maritime Continent and Western
Pacific. In the aspect of the mean state field, the easterly anomalies are not favorable for the
eastward propagation of the MJO. Based on dynamic-oriented diagnostic, the GS5 hindcast
data simulate relatively weak BLMC at the east of MJO convection center, particularly
over the Maritime Continent. Additionally, the climatological run of the GS5 shows a
similar problem in BLMC anomalies, suggesting that the weak BLMC anomalies may result
from the model problem rather than the initialization processes of the hindcast data. We
speculate that the weak BLMC can be improved by adding a convective trigger or new
shallow convection. For example, if we added a convective trigger, it would enhance
diabatic heating to the east of the MJO major precipitation in the lower tropospheric,
which increases Kelvin waves easterly (lower pressure) and enhances the BL moisture
convergence (BLMC) to the east of the MJO center. The shallow convection can reinforce the
upward transport of moisture and heat from the boundary layer to the lower troposphere,
thus increasing the BLMC feedback to the shallow and congestus cloud heating. As a
result, the shallow convective schemes can promote the interaction between the BLMC
and shallow/congestus cloud heating and enhance both the BLMC and lower tropospheric
heating to the east of the MJO center [18,25]. We do not know what causes the faster
propagation speed clearly, but it is assumed that it may be dependent on precipitation
intensity. This issue will be examined in the subsequent studies.

In this study, the role of vorticity anomalies generated by vertical zonal wind shear,
meridional moisture advection of the mean specific humidity, and air–sea interaction on
BSISO northward propagation of the GS5 hindcast data are investigated in the eastern
Indian Ocean. The GS5 hindcast simulates realistic northward propagation of the ISO
precipitation over EIO with a slightly slower speed of about 0.85 m s−1 from EIO to the
Bay of Bengal. The model captures the observed vertical wind shear over the EIO during
boreal summer; it generates cyclonic vorticity by coupling the barotropic and baroclinic
modes, and it increases the EPT by the enhanced boundary layer moisture convergence
(BLMC). The increased EPT in the lower level generates positive convective instability to
the north of the ISO precipitation and thus ISO northward propagation. On the other hand,
it is found that the air–sea interaction mechanism is dominant between 15◦–20◦ N rather
than vorticity anomalies by zonal wind shear.
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