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ABSTRACT

The Maritime Continent (MC) region is known as a “barrier” in the life cycle of the Madden—Julian os-
cillation (MJO). During boreal winter, the MJO detours the equatorial MC land region southward and
propagates through the oceanic region. Also, about half of the MJO events that initiate over the Indian Ocean
cease around the MC. The mechanism through which the MC affects MJO propagation, however, has re-
mained unanswered. The current study investigates the MJO-MC interaction with a particular focus on the
role of MC land convection. Using a global climate model that simulates both mean climate and MJO re-
alistically, we performed two sensitivity experiments in which updraft plume radius is set to its maximum and
minimum value only in the MC land grid points, making convective top deeper and shallower, respectively.
Our results show that MC land convection plays a key role in shaping the 3D climatological moisture dis-
tribution around the MC through its local and nonlocal effects. Shallower and weaker MC land convection
results in a steepening of the vertical and meridional mean moisture gradient over the MC region. The op-
posite is the case when MC land convection becomes deeper and stronger. The MJO’s eastward propagation is
enhanced (suppressed) with the steeper (lower) mean moisture gradient. The moist static energy (MSE)
budget of the MJO reveals the vertical and meridional advection of the mean MSE by MJO wind anomalies as
the key processes that are responsible for the changes in MJO propagation characteristics. Our results pin-
point the critical role of the background moisture gradient on MJO propagation.

1. Introduction (Zhang 2005). The MJO influences a wide range of
The Madden-Julian oscillation (MJO; Madden and weather and clim.a te phenqmena globally (Z.h ans 2.01?)
Julian 1971, 1972) is the dominant mode o,f intraseasonal and thereby provides a major source of predictability in
(30-90 da3;s) variability in the tropics. The MJO is the intraseasonal time scale (Lau and Waliser 2012).
essentially a planetary-scale (zonal wavenumber 1-3), The o.bserved cas tward propaga't 1on of the MJO over
castward-propagating (phase speed of ~5ms ' over the the Maritime Continent (MC) exhibits two features that

. are distinct from that over the open oceans. First, the
Indo-Pacific warm pool) envelope of anomalous con- , . »
. .. . . . center of the MJO’s convective envelope tends to ““de-
vective activity coupled with large-scale circulation

tour” the equatorial MC islands southward and moves
through the oceanic region between Indonesia and

Corresponding authors: Daehyun Kim, dachyun@uw.edu; Sungsu Australia in boreal winter (e.g., Wang and Rui 1990; Wu
Park, sungsup@snu.ac.kr and Hsu 2009; Kim et al. 2017; Zhang and Ling 2017).
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Second, MJO propagation is often interrupted in the
MC region (e.g., Kim et al. 2014; Feng et al. 2015; Zhang
and Ling 2017; Stachnik et al. 2015; DeMott et al. 2018), a
feature that is known as the “MC barrier effect.” In
particular, Zhang and Ling (2017) showed that about a
half of the MJO events that initiate over the Indian Ocean
cease over the MC. While these characteristics of the
MJO in the MC region have been well documented, our
understanding of the underlying mechanism is still limited
[see the review of Kim et al. (2020)].

Previous studies have emphasized the topography in the
MC islands and the land-sea contrast within the MC re-
gion as key factors that are responsible for the two pecu-
liar behaviors of the MJO mentioned above. For example,
Hsu and Lee (2005) and Wu and Hsu (2009) suggested
that the steep MC topography disturbs the MJO pertur-
bation wind, causing the MJO to weaken over the MC
area. Sobel et al. (2010) proposed a mechanism that is
based on the argument that the surface latent heat flux is
critical to MJO maintenance. That is, the MJO weakens
over the MC area because moisture supply to the MJO via
surface latent heat flux is limited there, especially over the
landmasses (i.e., MC islands), where surface heat capacity
is too small to sustain intraseasonal heat flux anomalies.

If either the topography or the land—sea contrast is the
main cause of the MC barrier effects and MJO detour-
ing, the full-geography models should able to realisti-
cally capture the observed characteristics of the MJO in
the MC region. However, many contemporary GCMs
tend to exaggerate the MC barrier effect, overestimating
the probability of an MJO event being terminated over
the MC region (Kim et al. 2009; Hung et al. 2013; Jiang
etal. 2015; Ahn et al. 2017; Ling et al. 2017). In addition,
in some models, MJO forecast skill is limited mainly due
to the deficiency in MJO-related convection over the
MC (Vitart et al. 2007; Seo et al. 2009; Kim et al. 2016,
2018). The stronger-than-observed MC barrier effects in
the models indicate that there might be some mecha-
nism that is not fully simulated in the models through
which the MC islands affect the MJO.

Motivated by the fact that the MC region hosts a
strong, persistent diurnal cycle of precipitation, espe-
cially on and near the islands, other studies focused on
the role of the diurnal cycle of convection (Peatman
et al. 2014; Hagos et al. 2016; Zhang and Ling 2017; Ling
et al. 2019). Using a cloud-permitting regional model,
Hagos et al. (2016) showed that MJO propagation over
the MCis enhanced in the simulation of an MJO episode
when the diurnal cycle of MC land convection is weak-
ened. They suggested that a stronger diurnal cycle of
convection results in overall a stronger MC land con-
vection, and the enhanced MC land convection could
weaken the oceanic convection by enhancing land-sea
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breezes and limiting moisture supply to the oceanic area.
Citing that MJO-associated convection is mostly over
water, they further hypothesized that the occasional
disruption of MJO propagation over the MC ocean is
the result of the competition between land and oceanic
convection. Zhang and Ling (2017) found that the MJO
events that initiate over the Indian Ocean and terminate
over the MC (“blocked” MJO events in their termi-
nology) are associated with a higher land-to-ocean
precipitation ratio than in the MJO events that propa-
gate through the MC, supporting the land versus ocean
competition idea. Ling et al. (2019) further suggested
that soil moisture can affect the strength of MC land
convection, hence the land versus ocean competition.

Meanwhile, inspired by the recent theoretical devel-
opment that explains propagation and maintenance of
the MJO by those of moisture anomalies (moisture mode
theory; Adames and Kim 2016; Sobel and Maloney 2012,
2013; Raymond and Fuchs 2009; Fuchs and Raymond
2017), many recent studies examined the moisture or
moist static energy (MSE) budget of the MJO in obser-
vations and model simulations, providing new insights
into the role of the basic state, especially that of lower
free-tropospheric humidity. Gonzalez and Jiang (2017)
found a systematic difference between a good-MJO
model group and a poor-MJO model group in the
amount of lower free-tropospheric humidity over the MC
region; in the good-MJO models, the MC area is sys-
tematically wetter in the lower troposphere than in the
poor-MJO models, which is associated with a much
steeper meridional and vertical gradient of the climato-
logical mean moisture. Using the same model set, Wang
et al. (2017) suggested that the steeper meridional and
vertical gradient of the mean moisture are responsible for
increasing meridional and vertical advection of mean
MSE by intraseasonal wind in good-MJO models. Jiang
(2017) further showed that the steeper meridional mois-
ture gradient enhances meridional moisture advection,
the key moisture budget term for MJO propagation over
the MC region (Kim et al. 2014, 2017; Jiang 2017; Wang
et al. 2017), explaining the better skill of the good-MJO
models in representing the MJO’s eastward propagation.
With an MSE budget analysis of the observed MJO, Kim
et al. (2017) suggested that the anomalous moisture and
convection associated with the MJO detour the equato-
rial MC area partly because the mean horizontal moisture
gradient is weaker there than in the oceanic region be-
tween Indonesia and Australia.

Despite the critical role of the mean state moisture
distribution on MJO propagation highlighted in many
recent studies, our understanding of the factors that
determine the seasonal mean moisture pattern around
the MC region is limited. Based on a very limited
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amount of observations available in his time, Ramage
(1968) argued that the MC is ‘“‘the greatest source of
energy for the extratropical circulation.” Since then,
studies have suggested that convection in the MC region
plays an important role in modulating the mean state
around the MC. Neale and Slingo (2003) performed a set
of two simulations using a GCM; one with realistic MC
geography and another with MC islands being replaced
by open ocean. They found significant changes in the
distribution of the mean rain rate around the MC region.
Interestingly, the mean state rain-rate distribution was
more realistic with a reduced dry bias in the simulation
without the MC islands. Tseng et al. (2017) conducted a
similar set of simulations and also found that the basic
state varies significantly when either the topography or
all landmasses are removed in the MC region.

The results of the modeling studies mentioned above
strongly suggest that the topography, land-sea mask,
and convection in the MC area are interacting with the
large-scale circulation—such as the local Hadley and
Walker circulations—to determine the mean state. The
nature of convection in the MC islands is tightly linked
to the topography and land-sea contrast, as those geo-
graphical factors are known to play critical role in the
diurnal cycle of convection in and around the MC is-
lands (Neale and Slingo 2003). Therefore, if, for exam-
ple, the MC islands are removed in a model simulation,
both the boundary condition and the characteristics of
convection change, meaning it is not easy to disentangle
the effect of one from that of another. In other words, it
would be difficult, if not impossible, to isolate the role of
convection itself from those of landmasses.

In this study, we focus on the role of convection in the
MC islands on the basic state and MJO propagation. In
an attempt to isolate the role of convection from that of
the surface boundary condition-land-sea mask and to-
pography, we configured idealized GCM experiments,
in which convection over the MC islands is perturbed to
be either deeper or shallower. It will be shown that both
the basic state and MJO propagation characteristics are
heavily affected by the changes in MC land convection.

This paper is organized as follows. The model, the
experimental design, the diagnostics used in this study,
and the validation dataset are described in section 2. The
analysis results are presented in section 3. A summary
and discussion are given in section 4.

2. Data and method
a. Model and experimental design

The general circulation model (GCM) used in our
study is the Seoul National University Atmosphere

AHN ET AL.

1661

Model version 0 with a Unified Convection Scheme
(SAMO-UNICON; Park et al. 2019), which is a new at-
mospheric GCM based on the Community Atmosphere
Model version 5 (CAMS; Neale et al. 2012; Park et al.
2014) wherein UNICON (Park 2014a,b) replaces CAMS5’s
shallow (Park and Bretherton 2009) and deep convection
schemes (Zhang and McFarlane 1995) and a revised
treatment of the convective detrainment process (Park
et al. 2017). SAMO-UNICON is one of the GCMs that
participated in the sixth coupled model intercomparison
project (CMIP6; Eyring et al. 2016). Park et al. (2019)
compared the simulation of SAMO-UNICON to that of
CAMS with same configurations of model time steps and
resolution (1.25° longitude X 0.95° latitude with 30 ver-
tical layers). It was shown that the global mean climate
and El Nifio-Southern Oscillation simulated by SAMO-
UNICON is roughly similar to those of CAMS5 but
SAMO-UNICON substantially improves the simulations
of the MJO, diurnal cycle of precipitation, tropical cy-
clones, aerosol indirect effects, and atmospheric tele-
connection associated with the MJO (Yoo et al. 2015;
Ahn et al. 2019; Park et al. 2019).

We first ran SAMO-UNICON for 20 years by pre-
scribing the observed climatological seasonal cycle of
sea surface temperature and sea ice concentration. This
simulation, which was made with default configurations,
will be referred to as the control simulation (Control)
hereafter. In UNICON, there are constants that set the
minimum (for nonorganized state) and maximum (for
maximally organized state) updraft plume radius over
the ocean and land areas. The control simulation uses
the updraft plume radius over land of 100 and 9000 m
for the minimum and maximum updraft plume radius,
respectively. In addition to the control simulation, we
configured two idealized experiments, in which land
convection over the MCis perturbed to be shallower and
weaker (Ry,i,) and deeper and stronger (Ry,,x). The land
updraft plume radius over the MC is set to 100m for
Rmin and to 9000 m for Ry, The updraft plume radius
effectively controls convective top height by modulating
lateral entrainment rate. Updraft plumes with smaller
radius could easily be diluted by lateral entrainment of
environmental air, which is drier than that of the updraft
plumes, while those with larger radius could grow
deeper due to smaller dilution by entrainment. The en-
trainment rate is parameterized as an inverse function of
the convective updraft plume radius with additional
consideration of evaporative enhancement factor in
UNICON. Figures la—c show the mean cumulus top
height for boreal winter. Compared to Control, the cu-
mulus top height over the MC land region is overall
lower in Ry, and higher in R,.x. This indicates that
changing the maximum and minimum updraft plume
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FIG. 1. Horizontal patterns of boreal winter (November—April) mean (a)—(c) cumulus top height (km) and (d)—(f)
precipitation (mm day ™~ '): (top) Control, (middle) Ry, minus Control, and (bottom) Ry, minus Control.

radius is an effective way of altering cumulus activity.
All simulations were performed at 2.5° longitude and
1.9° latitude horizontal resolutions with 30 vertical levels.
The simulated model output is interpolated into 2.5°
longitude and 2.5° latitude horizontal grids for analysis.
Our analysis focuses on boreal winter (November—April)
when the MJO variability is most pronounced.

b. Analysis method

To examine MJO propagation, we use the lag-longitude
diagrams that are based on lead-lag regressions of intra-
seasonal (i.e., 20-100-day bandpass filtered) precipitation
against its area-averaged time series over the Indian
Ocean (i.e., 5°S-5°N, 85°-95°E). The lag-longitude dia-
gram is designed to capture characteristics of the MJO’s
eastward propagation, including the zonal extent of the
propagation range, and the propagation speed. This diag-
nostic has been used in many MJO studies (e.g., Waliser
et al. 2009; Kim et al. 2009; Jiang et al. 2015).

The MSE budget analysis has been used for examin-
ing MJO propagation and maintenance mechanisms in
many MJO studies (e.g., Maloney 2009; Kiranmayi and
Maloney 2011; Andersen and Kuang 2012; Kim et al.
2014; Arnold et al. 2015; Jiang 2017; Wang et al. 2017).

The vertically integrated MSE equation has the fol-
lowing form:

() =) (o) ~ (o) =
+ (SW)' + (LHF)' + (SHF)', (1)

where his MSE (h = CpT + gz + Lq); u, v, w are zonal,
meridional, vertical pressure velocity, respectively; LW
and SW are longwave and shortwave radiation; and
LHF and SHF are surface latent heat flux and surface
sensible heat flux. The angle bracket indicates a mass-
weighted vertical integral from the surface to 100 hPa and
the prime denotes intraseasonal anomalies. In Eq. (1), to
obtain intraseasonal anomalies, a 20-100-day bandpass
filter is applied to individual MSE budget terms. Following
Andersen and Kuang (2012), we directly calculate the
MSE tendency by backward time differentiation of (/) and
obtain the corresponding residual term by subtracting the
sum of MSE budget terms on the rhs of Eq. (1) from the
directly calculated MSE tendency.

In section 3b, the meridional and vertical MSE ad-
vection terms in Eq. (1) are further decomposed to ex-
amine relative roles of the changes in the mean state and
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in the MJO circulation. The MSE and velocity are de-
composed into low-frequency mean state (>100 days), in-
traseasonal (20-100 days), and high-frequency (<20 days)
components. For example, 4 can be decomposed as

h=h+W+h +e,

where the overbar, prime, and double prime indicate
101-day running mean, 20-100-day bandpass filtered
anomaly, and 20-day high-pass filtered anomaly, re-
spectively. The filtering is performed after removing the
101-day running mean from the total field. & indicates
the residual caused by filtering truncation. Here ¢ is
negligible and does not affect the results (not shown).
With this decomposition, the advection terms can be
decomposed into nine terms. Among the nine terms, we
show in the result section only three terms—the mean MSE
advection by intraseasonal wind, the intraseasonal
MSE advection by mean wind, and the high-frequency
MSE advection by high-frequency wind—that have
considerable magnitude. Therefore, for the meridio-
nal advection term, the result of the decomposition
reads as follows:

/ 7\’ "/ !
(o) =)+ () * () @
dy dy dy dy
where all the notations have the same definitions with
those described above. The vertical advection term is
decomposed in the same manner.

To examine the role of each MSE budget term on
MJO propagation over the MC, we first regress each
MSE budget term onto intraseasonal precipitation av-
eraged over the Indian Ocean, and then show the area
and lag-day-averaged values of them (e.g., Fig. 9). Note
that this method is different from the method based on
normalized covariances of individual MSE budget terms
with MSE anomaly or MSE tendency (e.g., Andersen
and Kuang 2012; Arnold et al. 2013; Jiang 2017; Adames
et al. 2017), which is more suitable for examining global
propagation and our method is for focusing on regional
propagation over the MC.

c. Validation dataset

Daily averaged precipitation from the Tropical Rainfall
Measuring Mission 3B42 version 7 (TRMM 3B42v7;
Huffman et al. 2007) product and daily averaged temper-
ature, specific humidity, and geopotential height from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) interim reanalysis (ERA-Interim; Dee et al.
2011) are used as the reference values. The data are ob-
tained for the period of 1998-2015 and interpolated into
2.5° longitude and 2.5° latitude horizontal grids.
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3. Result
a. Effects of MC land convection on the mean state

We begin by examining the mean state changes as-
sociated with the modifications made in the maximum
(Rmin) and minimum (Rpy.x) convective plume radius
over the MC landmasses. The focus of the analysis
presented in this subsection is on the horizontal and
vertical moisture gradient of the mean moisture, which
have been suggested to be key aspects of the mean state
in regard to the propagation of the MJO in observations
(e.g., Adames et al. 2016; Kim et al. 2017; Jiang et al.
2018) and in model simulations (Jiang 2017; Gonzalez
and Jiang 2017; Wang et al. 2017).

Figures 1d—f show the spatial pattern of the mean
precipitation in Control, and the difference of R, and
Rinax from Control. In R;,, the mean precipitation de-
creases over the MC islands and increases over the
surrounding ocean areas. In contrast, R,,.x shows in-
creased land precipitation, except over New Guinea is-
land, with decreased ocean precipitation, in particular to
the east of 110°E. Overall, the oceanic precipitation in-
creases when land convection is suppressed and vice
versa, except over the ocean area to the west of 110°E
and between the equator and 20°S. Because our modi-
fications in the convection scheme directly affect only
MC land convection, the systematic changes in ocean
precipitation in Figs. 1e and 1f suggest that there may
be a connection between land and ocean convection
over the MC, supporting the “‘competition” idea pro-
posed in previous studies (Hagos et al. 2016; Zhang and
Ling 2017).

Figure 2 shows model-simulated temperature tendency
by moist processes (Q1,) and vertical pressure velocity
(w) averaged over the land (orange), ocean (blue), and
all (gray) grid points in the western MC area (5°S-5°N,
100°-120°E). Q1. consists of the temperature tendency
produced by cloud physics and convective process. In
Control, a strong positive Q1. and associated mean up-
ward motion appear (Figs. 2a,d). In Ry, with the overall
decrease in the mean cumulus top height (Fig. 1b), Q1. is
much weaker (slightly stronger) above (below) 700 hPa
than that in Control (Fig. 2b). Consistent changes in the
mean vertical motion are also observed; a large reduction
in the mean upper-level upward motion and increase in
the lower-level mean vertical velocity (Fig. 2e).

The Rp,.x exhibits similar amplitude changes in the
mean Q1. and o but with the opposite sign. The mean
Q1. increases in the upper-level over the land MC area
because deep convection is enhanced (Fig. 1c) and the
enhanced heating over land MC area yields the mean
upward motion in the upper level that is stronger than
those in Control (Fig. 2f). In both R, and Rp,.x, the
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FIG. 2. Area-averaged (5°S-5°N, 100°~120°E) boreal winter (November—April) mean state of (a)-(c) tempera-
ture tendency by the model moist processes (Q1.) (K day ') and (d)—(f) vertical pressure velocity (w) (Pas™1):
(top) Control, (middle) R™" minus Control, and (bottom) R« minus Control. Gray, orange, and blue colors

indicate total, land, and ocean grid mean, respectively.

changes in the total Q1. and vertical motion over the
MC region are dominated by those in the land grid point,
which are partly compensated by the changes in the
oceanic grids.

Because the MC resides in the area of the upward
branch of the local Walker and Hadley circulations, the
changes in the diabatic heating over the MC effectively
influence those large-scale circulations (Ramage 1968;
Neale and Slingo 2003). Through its influence on local
vertical motion, the change in the properties of MC land
convection has nonlocal effects on the large-scale cir-
culation and the distribution of the mean precipitation

and moisture over the Indo-Pacific warm pool area.
Figures 3a—c show the local Walker circulation and its
response to the changes in MC land convection. In
Control, the upward branch of the local Walker circula-
tion shows its maximum over the MC area (100°-140°E,
Fig. 3a). In Ry, the upward branch of the Walker cir-
culation weakens over the entire MC area, except in the
lower layer, and the vertical motion is enhanced in the
Indian Ocean (Fig. 3b). In Ry, the upward branch of
the Walker circulation strengthens over the western MC
area (90°-110°E) with a weakening of the mean vertical
motion over the Indian Ocean. The upward branch of the
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FIG. 3. Boreal winter (November—April) mean state of specific humidity (g kg™') (shading) and circulation
(vector) near the Maritime Continent region: (top) Control, (middle) R,,;, minus Control, and (bottom) R, minus
Control, showing (a)—(c) latitudinally (5°S-5°N) averaged values in a longitude-pressure diagram and (d)—(f)
longitudinally (100°-120°E) averaged values in a latitude—pressure diagram. The wind vectors are obtained from u
and —100 X o for the longitude—pressure diagrams and v and —100 X w for the latitude—pressure diagrams.

Walker circulation weakens over the eastern MC area circulation overall weakens, except in the shallow layer
throughout the troposphere (Fig. 3c). below 700-hPa narrowly confined near the equator, in

Figures 3d-f show the local Hadley circulation in which the mean vertical wind enhances. This circula-
Control and its changes in the Ry, and Ry, experi- tion change is likely associated with the decreased deep
ments. In Control, the upward branch of the local convection and increased shallow convection (Fig. 1b)
Hadley circulation spans from about 10°S to about 10°N, accompanying less diabatic heating in upper layer and
while the mean downward motion prevails poleward more diabatic heating in lower layer (Fig. 2b) over
of 15°N and 15°S (Fig. 3d). In R, the mean upward the MC. The troposphere experiences drying overall,
motion in the upward branch of the local Hadley again except below 700-hPa near the equator (Fig. 3e).
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FIG. 4. Horizontal patterns of boreal winter (November—April)
mean state of vertically integrated (900-600 hPa) specific humidity
(kgm~?) for (a) Control and the difference from Control for (b)
Rinin and (¢) Ryax, respectively. The contours in (b) and (c) show
the mean state pattern for Control.

Figure 4 shows horizontal patterns of the mid- to
lower-tropospheric integrated specific humidity. In
Runin, the mid- to lower-tropospheric mean moisture
increases near the equator, especially over the land-
masses, and it decreases over the off-equatorial area
straddling the MC region (Fig. 4b). In Rpax, the
changes in the zonally averaged circulation and mois-
ture distribution are opposite to those in R,;, (Figs. 3f
and 4c), which is related to the increased deep con-
vection (upper-troposphere heating) and decreased
shallow convection (lower-troposphere heating) over
the MC (Figs. 1c and 2c¢).

The above results show that, compared to Control, the
zonal and meridional moisture gradients around the MC
are more steep in Ry, and less steep in Ry, (Figs. 4b,c).
Also, the vertical moisture gradient in the mid- to lower
troposphere (500-800-hPa) is increased in R;, and de-
creased in R, (Figs. 3b,e and c,f). In the next subsec-
tion, we will examine the effect of the changes in the
mean state moisture gradient on MJO propagation.
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b. Role of MC land convection on MJO propagation

Figure 5 shows lag-longitude diagrams of the equa-
torial intraseasonal rain-rate anomalies associated with
the MJO obtained by the method described in section 2b
in observations and the model simulations. Control
captures the observed eastward propagation of MJO
rain-rate anomalies although the rain-rate anomalies
are slightly weaker than the observed over the MC.
Compared to Control, R, exhibits more coherent and
pronounced eastward progression of MJO rain-rate
anomalies from the western Indian Ocean to the west-
ern Pacific. In contrast, R,,,x shows oscillations confined
within the Indian Ocean without eastward-propagating
features, suggesting that the MJO in Ry, is unable to
propagate through the MC. The stark difference be-
tween Ry, and Ry, in Fig. 5 suggests that representa-
tions of the MJO in the model are significantly affected
by the changes in MC land convection. In the following,
we focus on the differences between the two simulations
with altered MC land convection.

Because the MC consists of many islands and sur-
rounding water with complex land-sea distribution, it is
worthwhile to examine spatial patterns of the MJO rain-
rate anomalies propagating over the MC to better un-
derstand the effect of the MC on MJO propagation.
Figure 6 shows the spatial patterns of intraseasonal rain-
rate anomalies associated with the MJO at select lag
days. At the lag day 0, MJO convection is located over
the eastern Indian Ocean in observations and in both
experiments. While the peak rain-rate anomalies are
similar between the two simulations, the MJO precipi-
tation anomalies cover larger meridional extent to the
south in R, than in R,,., especially over the south
equatorial Indian Ocean (Figs. 6b,c).

Near the equator, narrow, zonally elongated positive
rain-rate anomalies appear over the MC area in both
simulations, mimicking the observed ‘‘vanguard” pre-
cipitation anomalies (Peatman et al. 2014). In observa-
tions, the precipitation anomalies over the MC islands
precede the main MJO convection anomalies. This so-
called vanguard precipitation signal could appear as a
result of the rapid response of diurnal cycle in the MC
land area to the frictional and topographic moisture
convergence and land convection being enhanced to the
east of the main convective envelope due to increase in
downward solar radiation at the surface (Peatman et al.
2014). Unlike in observations, however, the model pre-
cipitation anomalies near the equator are pronounced
over both MC land and ocean area except New Guinea
island, suggesting that they might have a different origin.
The in-phase structure between low pressure and east-
erly wind anomalies at lower troposphere over the
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FIG. 5. Lag-longitude diagram of precipitation averaged over 10°S-10°N for (a) TRMM, (b) Control, (c) Rumin,
and (d) Rpax. The diagram is obtained from the lead-lag regression of 20-100 day filtered precipitation against its
area-averaged time series over Indian Ocean (5°S-5°N, 85°-95°E) for boreal winter (November—April). The red

line in each panel indicates Sms™

equatorial rainbands (not shown) indicates that the
narrow rainbands in the model simulations are likely
associated with the convectively coupled Kelvin waves
(CCKWs) emanating from the enhanced convection
over the IO. There is a notable difference in the distri-
bution of the equatorial rain anomalies between the two
simulations. While the rain anomalies cover most of the
equatorial MC region (110°-150°E) in R;,, they are
located over the eastern MC and the west Pacific (130°-
170°E) with a weaker signal in the western MC region
(100°~120°E) in R,y Over the MC region, the low
pressure and easterly wind anomalies associated with
the CCKWs are also weaker in R,,, than that of R,
(not shown), suggesting that the coupling of Kelvin wave
to moisture and convection is suppressed over most of
the MC area in Ry

At the lag day +6, the main MJO envelope is located
over the MC region in R, (Fig. 6€). In Ry,,y, in contrast,
an area of near-zero precipitation anomalies exists over
the MC between the decaying MJO main envelope over
the eastern Indian Ocean and the decaying CCKW in the
west Pacific (Fig. 6f), indicating that the development of

! eastward propagation speed.

rain-rate anomalies in the MC area is suppressed in Rpax.
This result also suggests that the difference in MJO
propagation between R, and Ry, is mainly due to the
differences over the MC area (red box in Fig. 6). Between
lag day 0 and +6, anomalous convection makes poleward
propagation in the eastern Indian Ocean in observations
and in the model simulations. Interestingly, the poleward
propagation of convection appears to be faster in Ry,
than in Ry, mimicking the observed pattern more
closely. The faster poleward propagation in R,,,;, might be
due to the steeper meridional moisture gradient (Fig. 4).
Jiang et al. (2018) argued that meridional moisture gra-
dient is an important aspect of the basic state that affects
poleward propagation of MJO convection.

At the lag day +12, the main MJO envelope appears
in the Timor and Arafura seas with a secondary peak of
rain anomalies over the west Pacific in both observations
and in Ry, In contrast, positive rain-rate anomalies
have disappeared over the warm-pool region in R.y,
except the blob of enhanced precipitation that branched
off from the MJO main envelope to the south. It appears
that the equatorial region experiences strong drying,
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FIG. 6. Lag regressed horizontal patterns of precipitation (shading) and column integrated MSE (contour) anomalies for (left)
observations, (middle) Ry, and (right) Rn.x at (a)—(c) lag day 0, (d)—(f) lag day +6, and (g)—(i) lag day +12, respectively. The lag
regression of each variable is conducted using 20-100 day filtered variable against 20-100 day filtered precipitation averaged over Indian
Ocean (5°S-5°N, 85°-95°E) for boreal winter (November—April). Red boxes indicate the western MC area (100°-120°E) where the difference
between R, and R,.x becomes larger before and during the onset of enhanced MJO convection over the Maritime Continent.

while a branch of anomalous convection makes south-
ward propagation in the eastern Indian Ocean, leaving
an isolated area of positive rain-rate anomalies in the
south Indian Ocean. The blob that is located in the
subtropical region (~15°S) seems also to propagate west-
ward, suggesting that Rossby wave dynamics might play a
role in the movement of it. The westward-propagating
enhanced precipitation blob in the southern Indian
Oceanis not present in observations, indicating it is an
intrinsic model bias and not much affected by MCland
convection.

We now analyze the MSE budget of the simulated
MJO with a goal of addressing the following question:
why is the development of MJO precipitation anomalies
suppressed over the MC in R,,x? Figure 6 also shows
vertically integrated MSE anomalies in addition to the
rain-rate anomalies. Hereafter, MSE means column-
integrated MSE unless indicated otherwise. The tight
coherence of MSE with precipitation shown in Fig. 6
justifies the use of the MSE budget diagnostics to un-
derstand the MJO propagation and maintenance mech-
anisms in this model.

Our MSE budget analysis focuses on the equatorial
MC band (5°S-5°N) and the southern MC band (15°-
5°S) separately because the timing of MJO propagation
is different and the MJO propagation is likely to be
influenced by different processes in these two areas. The

latter consideration is based on two observed differ-
ences between the two regions: (i) most of MC land-
masses with steep topography reside in the equatorial
MC area, while the southern MC area is mostly covered
by water, and (ii) the horizontal mean moisture gradi-
ent is much steeper in the southern MC area (Kim
et al. 2017).

Figure 7 shows lag—longitude diagrams of intraseasonal
MSE (contour) and MSE tendency (shading) anomalies in
the near-equatorial and southern MC bands. The MSE and
MSE tendency are tightly correlated with each other with a
90° phase shift. In the near-equatorial band (Figs. 7a,b), the
difference in the eastward propagation of MSE anomalies
between R, and Ry.x becomes larger over the western
MC area, which seems to be caused by the difference in
MSE tendency from lag —15 to lag 0 days (red box in
Figs. 7a,b). In the southern MC band (Figs. 7c,d), while the
MSE anomaly in Ry, shows eastward propagation, no
hint of eastward propagation is found in Ry, and there is a
much weaker MSE tendency over the western MC area
from lag —10 to lag +5 days (red box in Figs. 7c,d). To
identify the major MSE budget terms that are contributing
to the difference in MSE tendency over the western MC
area, we plotted the MSE budget terms using the method
described in section 2b for the equatorial western MC area
(5°S-5°N, 100°-120°E) and in the southern western MC
area (15°-5°S, 100°~120°E).
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FIG. 7. Lag-longitude diagram of column integrated MSE tendency (shading) and column integrated MSE
(contour) averaged over (a),(b) 5°S-5°N and (c),(d) 15°-5°S for (left) Ryin and (right) Ry.x. The diagram of each
variable is obtained from the lead-lag regression of the 20-100-day filtered variable against 20-100-day filtered
precipitation averaged over Indian Ocean (5°S-5°N, 85°-95°E) for boreal winter (November—April). The red line in
each panelindicates 5 ms ™! eastward propagation speed. The red box in each panel indicates the target area and lag

days for the MSE budget analysis.

Figure 8 shows that the MSE tendency in R, is
about 1.6 and 3 times larger than that in R, in the
equatorial western MC (Fig. 8a) and the southern
western MC (Fig. 8b), respectively. The larger MSE
tendency in R ,;, is mainly due to the larger horizontal
and vertical advection terms despite the larger com-
pensation by the longwave radiation and the latent heat
flux terms in Ryi,. In the rightmost part in Fig. 8, we
show the sum of horizontal advection and surface latent
heat flux (HWND) because they are all influenced by
low-level MJO horizontal wind anomalies and the sum
of the vertical advection and column-integrated long-
wave heating (CONV) as they are strongly tied to local

convective activity. Note that, unlike in Chikira (2014),
in which the sum of vertical advection, cloud micro-
physical processes, radiative heating, and vertical diffu-
sion is considered as the ““column process,”” we consider
in CONV only the terms that are closely related to the
local convective activity.

In the equatorial western MC area, the difference in
CONYV dominates, indicating that the processes that are
linked to local convective activity are responsible for the
MSE tendency difference between R, and R In
particular, vertical advection of MSE is much stronger in
Ruin than in Ry,,«. The opposite is the case in the south-
ern western MC area, with a much greater difference
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FIG. 8. Column integrated MSE budget terms lead-lag regressed onto 20-100-day filtered
precipitation averaged over Indian Ocean (5°S-5°N, 85°-95°E) for boreal winter (November—
April) and averaged over (a) the equatorial MC region (5°S-5°N, 100°~120°E) during lag —15 to
lag 0 days and (b) the southern MC region (15°-5°S, 100°~120°E) during lag —10 to lag +5 days
for Ruin (red) and Ry, (blue). HWND and CONV on the x axis indicate the sum of terms
related to horizontal wind intensity (horizontal advection and surface latent heat flux) and
convective activity (vertical advection and column-integrated longwave heating), respectively.

appearing in HWND. In this region, the difference is in section 2b (Fig. 9). In both vertical and meridional
dominated by that in meridional MSE advection. advection terms, the advection of low-frequency mean

To better understand the source of the difference in MSE by MJO perturbation wind is the dominant term
vertical and meridional MSE advection terms, each ad-  that is responsible for the larger MSE advection in Ry;,.
vection term is decomposed using the method described It suggests that steeper low-frequency mean MSE

a) Vertical advection b) Meridional advection
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FIG. 9. Column integrated MSE (a) vertical advection and (b) meridional advection terms with time decom-
position lead-lag regressed onto 20-100-day filtered precipitation averaged over the Indian Ocean (5°S-5°N, 85°-
95°E) for boreal winter (November—April) for Ry, (red) and Ry,.y (blue). In (a) and (b), the terms are averaged
over the equatorial MC region (5°S-5°N, 100°~120°E) during lag —15 to lag 0 days and over the southern MC region
(15°-5°S, 100°~120°E) during lag —10 to lag +5 days, respectively.
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FIG. 10. Vertical profiles of (left) mean MSE advection by MJO perturbation wind and (middle) MJO perturbation wind lead-lag
regressed onto 20-100-day filtered precipitation averaged over Indian Ocean (5°S-5°N, 85°-95°E) for boreal winter (November—April),
and (right) boreal winter mean MSE gradient for (a) vertical advection and (b) meridional advection. In (a) and (b), the terms are
averaged over the equatorial MC region (5°S-5°N, 100°~120°E) and over the southern MC region (15°-5°S, 100°~120°E), respectively. For
the lead-lag regressed terms in (left) and (middle), lag —15 to lag 0 and lag —10 to lag +5 are averaged for (a) and (b), respectively. Red

and blue curves indicate Ry, and Rpax, respectively.

gradient and stronger MJO perturbation wind are key
factors that enhance the MSE advection, and hence the
MSE tendency over the MC.

To further examine the role of the mean MSE gradi-
ent and MJO perturbation wind in the advection terms,
we show vertical profiles of the seasonal mean MSE
gradient and the MJO wind anomalies together with the
mean MSE advection by MJO perturbation wind term
in Fig. 10. Ry, shows stronger positive vertical advec-
tion anomalies in the mid- to lower troposphere than
Rinax over the equatorial western MC (Fig. 10a), which
can be attributed to both stronger upward MJO per-
turbation wind and steeper mean MSE vertical gradient,
except in the boundary layer below 850 hPa. Also, the
vertical advection in mid- to upper-tropospheric levels is
larger in R,;, due to the stronger downward MJO per-
turbation wind than that of R.x. The stronger down-
ward MJO perturbation wind shown here is related to

the suppressed convection associated with MJO dipole
structure before the MJO convection arrives on the
western MC. In the meridional advection over the
southern western MC (Fig. 10b), the advection in mid-
to lower-tropospheric levels is larger in R,,;,. The larger
meridional advection in R, is due to the stronger
northerly MJO perturbation wind and the steeper me-
ridional gradient of the mean MSE. Our MSE budget
analysis pinpoints both stronger MJO wind anomalies
and the steeper mean MSE gradient as the factors that
are responsible for the difference between R, and
Rpax in their representation of the MJO’s propagation.

It is worthwhile to note that the magnitude of MJO
wind anomalies is tightly related to the magnitude of the
MIJO convection and the associated suppressed con-
vection (Kim et al. 2014; Chen and Wang 2018) because
the MJO perturbation wind field is formed as a wave
response to the MJO convective heating in the tropics
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(Gill 1980; Adames and Kim 2016; Wang et al. 2018).
Therefore, the stronger MJO wind anomalies in R,
cannot be the cause of the change in MJO intensity at
the first stage of MJO development although it can
give a positive feedback to MJO convection to grow
further. On contrary, attributing the difference in MJO
intensity to the mean state differences is free from the
causality issue because the mean state can be considered
as external to the MJO variability. The mean state
moisture of 101-day moving average data in which the
moisture variation associated with MJO is removed is
almost same with the mean state moisture of raw data
(not shown). Here we are assuming there is no nonlinear
rectification of MJO activity and its impacts on the MJO.
Therefore, it is reasonable to conclude that the differ-
ence in the mean MSE gradient between Ry, and Rpax
is likely the factor that made the difference between the
two simulations. With a steeper mean MSE gradient, the
MJO in R, can be maintained longer, propagate and
grow further, and MJO wind anomalies would be stron-
ger as a result and give a positive feedback to growth of
the MJO convection. Our result suggests that the vertical
and meridional moisture gradient around the MC is the
key aspect of the mean state that affects MJO propaga-
tion over the MC, which is consistent with previous
studies that emphasized the importance of mean mois-
ture gradient on MJO propagation (e.g., Gonzalez and
Jiang 2017; Kim et al. 2017; Kim 2017).

4. Summary and discussion

The MJO behaves differently in the MC region than
over the open water: it tends to detour the MC islands
and its eastward propagation is often disrupted in the
MC region (see a recent review by Kim et al. 2020).
Despite the robustness in observations, our under-
standing of these peculiar behaviors of the MJO in the
MC region is still limited and models poorly represent
them. In particular, the way the strong diurnal cycle of
convection in and around the MC islands interacts with
MIJO circulation and convection has remained elusive.
Motivated by many recent studies that emphasized the
role of the mean state moisture distribution in the
propagation of the MJO, we performed a modeling
study with a specific goal of examining the effects of MC
land convection on the mean state, especially that of
moisture distribution around the MC region, and on the
MIJQO’s eastward propagation.

With a GCM that simulates a realistic MJO, we per-
formed three 20-yr AMIP-type simulations. In the control
simulation, the default convection scheme (UNICON) is
used without any modifications. One of the key parame-
ters in UNICON is the updraft plume radius, which is
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calculated interactively within the scheme and affects the
depth of simulated convection via its effects on the lateral
entrainment rate and other plume properties. To force
convection over the MC landmasses to be deeper and
shallower, the updraft plume radius is set to its minimum
(Rmin) and maximum (R,,,) value only in the MC land
grids, respectively.

The results show that convective cloud top height and
rain rate over the MC land area decrease (increase) in
Ruin (Rmax), With compensating changes in rain rate
over the adjacent water. The vertical structures of dia-
batic heating and vertical motion show that they become
more bottom heavy (top heavy) in Ry, (Rmax) cOm-
pared to the control simulation, which is the change that
is dominated by those over the MC island. The changes
in the vertical structure of diabatic heating and vertical
motion are consistent with the changes in cloud type—
mostly deep in R,.x and mostly shallow in Rj,.

The changes in cloud type and the vertical structure of
diabatic heating are associated with the local Walker
and Hadley circulations and the three-dimensional dis-
tribution of the mean moisture. In Ry,;,, upward motion
strengthens below 700 hPa and while it weakens above
700 hPa in the upward branch of the local Hadley cir-
culation over the equatorial MC region. The enhanced
and weakened vertical motion in the lower and upper
troposphere is accompanied by an increased and decreased
moisture content, respectively. With this moisture content
change, the mean vertical moisture gradient steepens in
Rin. Meanwhile, the sinking motion in the downward
branch of the local Hadley circulation strengthens in Ry,
drying the off-equatorial MC area. As a result, the merid-
ional and vertical gradient of the mean moisture in the MC
region increases in Ry;,. The changes in the mean circu-
lation and moisture in R,,x mirror those in R, except
with an opposite sign.

Compared to the control simulation, R.;, simulates
more pronounced MJO propagation over the MC, whereas
Rinax shows a standing wave-like oscillation over the Indian
Ocean. To identify the processes that are responsible for
the difference in MJO propagation between the two ex-
periments, we analyzed the MSE budget of the MJO. The
MSE budget analysis focused on the western MC area, in
which the two simulations exhibit a marked difference. The
MSE budget analysis was performed for the equatorial and
southern western MC areas, separately, because the two
regions feature different land—sea contrast and the mean
moisture gradient.

The MSE budget analysis revealed that the vertical and
meridional advection of the mean MSE by MJO pertur-
bation winds are the dominant processes that are re-
sponsible for the difference between the two experiments
in MJO propagation, highlighting the role of the mean
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MSE (moisture) gradient. Moreover, there is an inter-
esting regional difference. In the equatorial MC region,
it is vertical MSE advection that shows the largest dif-
ference between R,,;, and R,,.. In the southern MC
region, however, the meridional MSE advection most of
the difference in MJO MSE budget between Ry,
and SLMC.

In many contemporary GCMs, the MJO rarely propa-
gates through the MC (Kim et al. 2009; Hung et al. 2013;
Jiang et al. 2015; Ahn et al. 2017). Gonzalez and Jiang
(2017) suggested that this common model bias might be
linked to the bias in the mean moisture distribution
around the MC. They showed that the correlation be-
tween MJO propagation skills and mean moisture pattern
skills over the MC is about 0.8 across 23 GCM simula-
tions. They also presented that the main difference in the
mean moisture distribution between the good and poor
MIJO models is in the equatorial MC area, where the mid-
to lower troposphere is systematically wetter in the good
MIJO models. We also found that the MJO is much better
represented in the simulation in which the equatorial MC
area has more moisture in the lower troposphere (R,
versus Ry,.x). Our results together with those in Gonzalez
and Jiang (2017) strongly suggest that the exaggerated
MC barrier effect on MJO propagation in some models
may be caused by biases in the meridional and vertical
mean moisture gradients around the MC region. Our
result also suggests that the bias in the mean state mois-
ture gradient in some models may be influenced by that of
the MC land convection. Baranowski et al. (2019) showed
that many contemporary GCMs exhibit biases in the di-
urnal cycle of precipitation over the MC islands. In this
sense, it would be worthwhile to examine the simulation
skill of MC land convection for the models that simulate
dry bias in the mid- to lower-tropospheric MC area. For
the models with the dry bias, our results suggest that
improving the representation of MC land convective in-
tensity and convective top height (convective heating
level) could help improve the mean state moisture.

Previous work has suggested that the convection over
the MC region, especially those associated with diurnal
cycle, plays a critical role in the mean state (e.g., Neale
and Slingo 2003). Our modeling study is the first one in
which the effect of MC land convection is isolated from
those of land-sea contrast and topography. While our
work shed some new lights on the role of the MC land
convection in shaping the mean moisture pattern, more
work is needed to better understand the factor that
controls the mean state, especially moisture distribution,
in observations and models.
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