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Abstract We have conducted experiments with the Community Atmospheric Model version 5.1
configured as an aquaplanet, with the sun at March equinox, in order to study how the model
Madden-Julian oscillation (MJO) responds to (i) the introduction of continents and (ii) realistic sea surface
temperature (SST) distribution. Model results are compared with ERA-Interim reanalysis and analyzed in
terms of the moist static energy (MSE) budget to study the growth and propagation of MJO. With idealized
zonally symmetric SST, the aquaplanet model produces a double Intertropical Convergence Zone (ITCZ)
and an MJO-like mode with variance at intraseasonal (30- to 96-day) periods and zonal wave number 1.
When we introduce continents with realistic orography and interactive surface temperature, soil moisture,
and albedo, the variance of MJO is mainly confined to zonal wave numbers 1 and 2 but reduced by a factor
of 3 due to weaker boundary layer moisture convergence. With prescribed climatological January SST
boundary condition (which includes Indo-west Pacific warm pool) in the presence of continents, model
MJO variance is enhanced and distributed across zonal wave numbers 1 to 5, in closer agreement with
observation. Thus, the presence of land by itself is not enough, but realistic SST distribution is necessary for
improved space-time characteristics of model MJO. Both in simulations and ERA-Interim data, meridional
and vertical advection of MSE promotes eastward movement of MJO. In the model experiments,
meridional advection of low-level MSE anomaly is most significant in the vicinity of the ITCZ, indicating
the importance of processes that determine the location of (single or double) ITCZ.

1. Introduction
The Madden-Julian oscillation (MJO; observed by Madden & Julian, 1971) is a dominant mode of intrasea-
sonal oscillation in the tropics. It comprises of large scale convective systems propagating eastward at a
speed of 5 m/s from the west Indian Ocean (IO) to the central-Pacific Ocean with a 30- to 90-day periodicity
(Madden & Julian, 1994; Zhang, 2005). The characteristics and structure of the MJO are well documented in
many previous studies (Adames & Wallace, 2014; Kiladis et al., 2005; Knutson et al., 1986; Li, 2014; Madden
& Julian, 1972; Nakazawa, 1988) using data on outgoing longwave radiation (OLR ;Matthews, 2000), precip-
itation (Lin et al., 2004), lower and upper level wind structure (Chen & Chen, 1997; Hendon & Salby, 1994),
sea surface temperature (SST; Woolnough et al., 2000), and so forth. The MJO is known to have well-defined
impacts on the monsoon and on rainfall variability over Asia (Barlow et al., 2005; Lawrence & Webster,
2002; Zhang et al., 2009), Africa (Matthews, 2004; Pohl et al., 2007), Australia (Hendon & Liebmann, 1990;
Wheeler et al., 2009), Indonesia (Hidayat & Kizu, 2010), western North America (Whitaker & Weickmann,
2001), and South America (Paegle et al., 2000). MJO can have profound influence on the genesis of trop-
ical cyclones (Ferreira et al., 1996; Klotzbach, 2014; Liebmann et al., 1994; Maloney & Hartmann, 2000a,
2000b); the role of MJO in modulating global weather systems is reviewed in Zhang (2013). Therefore, a bet-
ter understanding of the MJO is required to study the Earth's weather and climate events and improve the
prediction skills of the current Earth system models.

In spite of numerous published studies focussing on the observational aspects and theories of MJO, detailed
understanding of its dynamics remains elusive. Different theoretical frameworks have been proposed to
explain the origin and space-time characteristics of MJO based on tropical wave dynamics and the “mois-
ture mode.” One of the first studies by Lau and Peng (1987) uses wave conditional instability of second kind
to explain the eastward propagation of MJO as a Kelvin wave-like feature but with reduced phase speed due
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to weak vertical stratification caused by convection. However, the resulting wave is faster than the observed
speed of MJO and has a smaller wavelength compared to observations. The frictional wave conditional
instability of second kind theory (Wang, 1988) attempted to resolve the scale problem by adding frictional
boundary layer convergence to the east of the region of MJO convection. However, according to the other
studies (Chao & Chen, 2001; Kim et al., 2011), frictional convergence in the boundary layer might not play a
crucial role in the realistic simulation of MJO. Moisture is treated as a diagnostic variable in the wave-related
theories, which implies that the importance of the moistening processes is not quantitatively evaluated.

In the “moisture mode” group of theories, some simple model studies used the prognostic moisture equation
as an essential part of their system (Benedict et al., 2014; Fuchs & Raymond, 2002, 2005; Majda & Stechmann,
2009; Sugiyama, 2009a, 2009b; Sobel & Maloney, 2012, 2013; Sukhatme, 2014) Further analysis of observa-
tions and comprehensive models leads to an assumption that the growth and propagation of MJO-related
convection depend on the processes responsible for the strengthening and movement of the moisture
anomalies (or moisture tendency), respectively. These processes act as sink or source of column integrated
moist static energy (MSE) and thus appear to be useful to understand the MJO in terms of conserved column
integrated MSE budgets. The MJO-related vertically integrated MSE anomaly is approximately in phase or
slightly leads the precipitation anomaly (Yasunaga & Mapes, 2012). Recent studies on MSE budget analy-
sis show that radiative heating is essential for the growth of MJO and appears to be in phase with the MSE
anomaly (Andersen & Kuang, 2012). Horizontal advection leads MSE and plays a key role for the propaga-
tion of MJO by controlling the recharge-discharge cycle. (Maloney, 2009). However, Andersen and Kuang
(2012) find that both horizontal advection and vertical advection are necessary for propagation, and this
finding is supported by other observational studies as well (Kiranmayi & Maloney, 2011; Sobel et al., 2014).
The role of surface fluxes in MJO seems very important in some studies (Maloney, 2009; Maloney et al.,
2010), while Andersen and Kuang (2012) find that it is a relatively unimportant quantity.

Model studies of MSE budget analysis are generally performed in aquaplanet general circulation models
(GCMs). Our interest here is to understand the capability of the Community Atmosphere Model (CAM) to
produce MJO-like disturbances in an aquaplanet-like configuration with the help of MSE budget analysis.
Unfortunately, the representation of MJO is poor in most coupled GCMs (Lin et al., 2006) and atmospheric
GCM (Kim et al., 2009). This is also true for the default version of CAM (Boyle et al., 2015), although some
improvement of the MJO signal in CAM is seen by changing convection schemes (Yoo et al., 2015), or the
parameters within these schemes (Boyle et al., 2015). We have shown in a previous study that the aquaplanet
version of CAM produces a strong MJO signal (Das et al., 2016), but the model MJO variance is confined to
zonal wave number one, unlike observations where MJO variance is distributed across wave numbers 1–5. In
this paper, we examine whether the absence of higher wave numbers in the MJO-like mode simulated by the
CAM-aquaplanet is due to (i) absence of continents alone or (ii) absence of continents and realistic, zonally
asymmetric SST boundary conditions acting together. For this, we first selected the zonally symmetric SST
boundary condition that has a broad region of warm SST covering 10◦S to 10◦N latitude from Das et al.
(2016), which produces the strongest MJO-like signal in the aquaplanet model. Next, we introduced realistic
continents in the aquaplanet model while retaining the same zonally symmetric SST boundary condition
everywhere in the ocean. In a second experiment, we introduce continents and prescribe a realistic SST
distribution based on observations. Previous studies have examined the effects of a particular land region
or continent on model MJO dynamics; for example, Tseng et al. (2017) show the inclusion of Maritime
Continents produces a more realistic MJO using the ECHAM5-AGCM coupled with Snow-Ice-Thermocline
model. The GCM version of Hadley Centre coupled model shows weaker MJO signal in the presence of the
Maritime Continents, as it weakens the low-level convergence to the east of the MJO convection (Inness &
Slingo, 2006). However, our study is not restricted to a particular portion of land, as we consider the effects
of realistic, global continents on MJO.

The model details and the experimental setup are discussed in section 2. Section 3 presents a detailed anal-
ysis of MJO in different model setups and observation. In this section, we first use wave number-frequency
spectra to identify the MJO-like signal and describe the spatial structure of MJO using composites. To
understand the several processes leading to MJO-like disturbances, we demonstrate the low-level moisture
convergence and give a detailed MSE budget analysis. Section 4 contains a summary and discussion of our
main results.
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Table 1
Acronyms and Descriptions of the Experiments

Experiment Descriptions
aqua_20 Idealized zonally symmetric SST profile with 20◦ broad warm SST over the equator.

The solar insolation is constant with 21 March condition.
cont_20 SST profile as in aqua_20,

but realistic continents with full topography is included.
jan_SST As in cont_20,

but the SST profile is changed to the climatological mean of the month January.

Note. SST = sea surface temperature.

2. Experimental Design
2.1. Model Setup
We use the National Center for Atmospheric Research CAM version 5.1 for all simulations. The model
uses finite volume dynamical core (Lin, 1997, 2004; Lin & Rood, 1997). The deep and shallow convection
schemes are based on Zhang and McFarlane (1995) and Park and Bretherton (2009), respectively. The model
has a hybrid vertical coordinate system, with 30 vertical levels from 1,000 to 2.3 hPa. The model horizontal
resolution is 1.9◦× 2.5◦. The integration time step is 30 min.

The aquaplanet mode and the “data ocean” mode of CAM are used to perform all the simulations. In the
aquaplanet mode, the Sun is fixed at the March equinox, and the sea ice is neglected. In the data ocean
mode, all parameters such as the solar constant and greenhouse gas concentrations are identical to those in
the aquaplanet mode. There are only two major differences from the aquaplanet configuration: (i) CAM 5.1
is coupled to the Community Land Model version 4 (CLM 4.0; Bonan et al., 2002); CLM provides interactive
land surface temperature and soil moisture. (ii) The sea ice component of CLM is used in “stub” mode.

Figure 1. Spatial distribution of time mean SST (◦ C) for the experiment (a) aqua_20 (aquaplanet with zonally
symmetric SST) and time mean surface temperature (◦ C) for the experiments (b) cont_20 (zonally symmetric SST with
land) and (c) jan_SST (January SST with land). SST = sea surface temperature.
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Figure 2. (a) Climatological (November–April) mean of ERA-Interim precipitation (color; mm/day) and 850-hPa wind
(vectors; m/s). Time mean precipitation and 850-hPa winds for (b) aqua_20, (c) cont_20, and (d) jan_SST experiments.

2.2. SST and Other Boundary Forcings
Three simulations are conducted with different idealized and realistic SST configurations (see Table 1 for the
acronyms). The first experiment (aqua_20), taken from Das et al. (2016), is based on the aquaplanet mode
with an idealized SST distribution (Figure 1a), which resulted in maximum MJO activity. The prescribed
SST distribution has a “flatness” of 10◦ on both sides of the equator and is given by the equation 28[1 −
sin2(𝜙 ± 10) 𝜋

120
], where 𝜙 represents latitude. The continents are introduced in the other two experiments,

which are performed in the data ocean mode of the model. The second experiment (cont_20) has the same
SST distribution (Figure 1b) as the first one, and the third simulation (jan_SST) uses the climatological SST
data (1981–2010) for the month of January from Reynolds and Smith (1994) (Figure 1c). The length of the
simulation is 66 months for aqua_20 and 84 months for the other two. The spin-up time is taken as 6 months
for aqua_20, and 24 months for both cont_20 and jan_SST. So all the experiments have 60 months of output
data to analyze.

To compare model results with observation, we have used daily 2◦ × 2◦ resolution data from the European
Centre for Medium Range Weather Forecasts interim reanalysis (ERA-Interim) over a period of 21 years
(1995–2015).
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Figure 3. Wave number-frequency power spectra of 15◦ S to 0◦ summed precipitation from (a) ERA-Interim,
(b) aqua_20, (c) cont_20, and (d) jan_SST experiments. The base-10 logarithm of the power is taken for plotting.
Value of −1.1 is contoured. Dispersion curves for equivalent depths of 12, 25, and 50 m are shown. SST = sea surface
temperature.

3. Results
3.1. Mean Precipitation Pattern
The spatial pattern of time mean precipitation or the Intertropical Convergence Zone (ITCZ) and 850-hPa
horizontal winds is shown in Figure 2. The aqua_20 experiment produces dual and symmetric ITCZ on both
sides of the equator (Figure 2b). The strength of the ITCZ in aqua_20 is comparably weak compared to both
observation and the other two experiments. The symmetricity of the ITCZ breaks as soon as we introduce
land in the cont_20 experiment (Figure 2c). The position of the double ITCZ remains nearly the same in
cont_20 (10–20◦ N and S); but, for example, in the IO region, it appears only in the southern part of the
equator. The northern counterpart is having a weaker signal and extends from East African Coast to mid-IO
(∼80◦ E). The western side of tropical Africa and America in cont_20 receives more rainfall compared to
that in the aqua_20 experiment. This result does not seem to agree with the CAM5 simulation in the study
of Voigt et al. (2016), where the introduction of idealized land over zonally symmetric SST gives a reduction
of annual mean precipitation over the western side of the land. Mean rainfall, as well as mean wind field in
jan_SST (Figure 2d), is closer to the observation (Figure 2a) than that of the cont_20 (Figure 2c). However,
the ITCZ over the IO and the eastern part of South Pacific Convergence Zone appears to be weak in jan_SST.
One more notable feature is the rainfall deficiency in the Indian Subcontinents and the northern Bay of
Bengal, shown by cont_20 and jan_SST, even less compared to ERA-Interim winter mean rainfall.

3.2. Wave Number-Frequency Characteristics
The raw spectral power of precipitation is displayed in Figure 3 (the normalized wave number-frequency
spectra is shown in Figure S1 in the supporting information). We have applied the methodology of Wheeler
and Kiladis (1999) on successive 150-day segments and 30-day overlapping periods of precipitation data;
prior to computing the spectra, the precipitation is summed over the latitude band 15◦ S to the equator
(further details are discussed in section 3.3). The aqua_20 experiment overestimates the MJO signal, but
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Figure 4. Composite 30–96 days, wave numbers 1–5 filtered precipitation (color; mm/day) and 850-hPa wind anomalies (vectors; m/s) for different phases of
Madden-Julian oscillation in November–April from ERA-Interim.

MJO variance is concentrated only at wave number 1 (Figure 3b). The MJO power in the other two exper-
iments (cont_20 and jan_SST) is relatively low, but MJO variance appears at higher wave numbers as well
(Figures 3c and 3d). There is a significant improvement in the jan_SST experiment compared to cont_20,
in the sense that the MJO signal now has variance at wave numbers 1 to 5, bringing it much closer to the
observation. However, we note that the dominant period of MJO in jan_SST (∼70 days) is somewhat higher
compared to observation (∼50 days).

To understand the characteristics of the MJO-like signal, we analyze 30–96 days filtered of ERA_interim and
model output data.

3.3. MJO Composites
The MJO composite is calculated by using the Combined Empirical Orthogonal Function technique simi-
lar to Maloney et al. (2010). The OLR, 850-hPa zonal wind, and 200-hPa zonal wind fields are first filtered
between 30 and 96 days and averaged over 10◦ S–10◦ N. Each of the filtered fields is then individually
normalized by the zonal mean standard deviation.

The phase and amplitude information are obtained by combining the leading principal components (PC1
and PC2), normalized to the unit standard deviation. The amplitude of the MJO is defined as PC12 + PC22.
We retain the points where (PC12 + PC22) > 1. The whole phase space of 0–360◦ is divided into eight equal
segments to get the MJO phases. The MJO composite in each 45◦ segments is obtained by averaging the
filtered data on selected dates when the amplitude is greater than one. We have applied an additional filter of
wave numbers 1–5 to the observation and model data to get rid of the westward propagating low-frequency
signal, as it has comparable strength as that of the MJO-like signal in the model experiments (Figures 3b–3d).
The average number of days contained in every phase composite is 154 for aqua_20, 140 for cont_20, jan_SST
experiment, and 301 for observation. For the comparison purposes, we have taken only the winter season
(November–April) data for observation.
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Figure 5. Composite 30–96 days and wave numbers 1–5 filtered precipitation (color; mm/day) and 850-hPa wind anomalies (vectors; s−1) for the eight phases
of Madden-Julian oscillation in aqua_20 experiment.

The MJO composite of precipitation and 850-hPa winds are plotted for observation (Figure 4) and aqua_20
experiment (Figure 5). The observation shows the 40- to 70-day oscillating signal with most of its power con-
centrating on wave numbers 2 and 3. The MJO-like signal shown in the aqua_20 experiment has only wave
number 1 (Figure 5). The elongated precipitation anomalies are moving eastward with a speed of 6 m/s. The
other detailed characteristics of the model MJO are given in Das et al. (2016). However, the absence of higher
wave number in the aquaplanet model motivates us to perform two additional experiments to observe if the
introduction of the land breaks down the spatial scale of the convection system and produces higher wave
numbers. The MJO-like signal produced in the cont_20 experiment (Figure 6) is feeble compared to observa-
tion and aqua_20, though wave number one still exists. The 850-hPa easterlies appear to be dominated over
the IO, and weak low level wind convergence occurs just west of the convection zone in the initial phases
of MJO (phases 1–3). Organized equatorial rainfall anomalies can only be seen in the Maritime Continent
region in phases 4 and 5, where lower-level convergences coincide with the convection anomalies. The influ-
ence of January SST (jan_SST) shows stronger MJO signal (compared to cont_20) with wave numbers 2–4
to the south of the equator (Figure 7 ), resembling the observed MJO in the boreal winter season (Figure 4).

MJO activity in our model experiments has a distinct relation to the spatial distribution of SST and
time-mean convection. It is significant that only the jan_SST experiment shows mean low-level westerlies
in the vicinity of the ITCZ (Figure 2d) in the southern tropical IO. A similar feature is seen in the aquaplanet
model of Maloney et al. (2010), where the maximum low-frequency intraseasonal variance lies south of a
broad warm pool region. However, MJO initiation over the western IO is absent or very weak in the jan_SST
experiment. Unlike observations, there is mean subsidence above the boundary layer over the western equa-
torial IO (40–60◦ E; not shown) in jan_SST. In the experiment with zonally symmetric SST and continents
(cont_20), there are two regions of mean zonal convection flanking the equatorial IO-central Africa and the
Maritime Continent. With the introduction of the warm pool in the jan_SST experiment, convection over
the Maritime continent strengthens and extends further into the west Pacific. In response to elevated heating
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Figure 6. Same as Figure 5, except for the cont_20 experiment.

on both flanks, mean low-level winds in the equatorial IO are easterly in the far west, and westerly in the
east (Figure 2d). This zonal wind pattern is associated with mean subsidence over the western equatorial IO.

3.4. Low-Level Moisture Convergence
The low-level moisture flux convergence anomalies between the surface to 850 hPa are calculated by tak-
ing 30- to 96-days filtered data of the term − 1

g
∫ 850

1000 ∇(q.U)dp, where g is the gravitational acceleration, q
is the specific humidity, and U represents horizontal wind vectors. The propagation of precipitation and
moisture flux convergence (between 10◦ S and 10◦ N) is shown in the composite Hovmueller diagram in
Figure 8. However, in the jan_SST experiment low-frequency intraseasonal precipitation anomalies are
weak or absent in the equatorial region (between 10◦ S and 10◦ N); rather, the precipitation anomalies in
this experiment lie between 15◦ S and 0◦ . The phase-longitude diagram of 15◦ S–0◦ averaged low-level mois-
ture convergence and precipitation anomalies are shown in Figure 8d. We have chosen the time axis to be
36 phases instead of eight phases. So each phase represents the average value of 30–35 days for the model
experiment and 65 days for the observation. The contribution of U.∇(q) anomalies is negligible in both the
observation and the model results. The observation shows the low-level moisture convergence leads the
precipitation, and both the anomalies are propagating with the same speed in the region of 30◦ E–150◦ W
(Figure 8a). Unlike aqua_20 (Figure 8b) and cont_20 (Figure 8c), MJO precipitation does not extend over
the entire globe but mainly confined to the eastern hemisphere (between the east IO and the west Pacific
Ocean) in the jan_SST experiment (Figure 8d). The magnitudes of moisture convergence and precipita-
tion anomalies in cont_20 are one third compared to aqua_20 and nearly half as seen in observation. In
the model, the phase difference between the leading low-level meridional convergence and zonal conver-
gence associated with the eastward movement is much smaller compared to the observation. However, the
model captures some important features of MJO, and it is useful to analyze the intraseasonal MSE and MSE
budgets to develop a better insight.

DAS ET AL. 1466



Journal of Advances in Modeling Earth Systems 10.1029/2018MS001455

Figure 7. Same as Figure 5, except for the jan_SST experiment. SST = sea surface temperature.

3.5. MSE Analysis
The MSE here is defined as m = cpT + gz + Lq, where cp is the specific heat at constant pressure, T is
the temperature, g is the gravitational acceleration, z is the geopotential height, L is the latent heat of vapor-
ization at 0 ◦ C, and q is the specific humidity. To get the height versus phase diagram (Figure 9) of MSE
anomalies during the MJO life cycle, we have chosen the data at 120◦ E longitude averaging over 10◦ S–10◦

N for ERA-Interim, aqua_20, and cont_20. As the jan_SST experiment has MJO signal at the Southern
Hemisphere, the averaged data are taken between 15◦ S and 0◦ in the same longitude. Figure 9a shows the
height-phase cross-section of MSE anomaly for the observation. The positive MSE anomaly starts to build
from phase 2, and after phase 5, the magnitude of the anomaly decreases, and the negative anomaly starts
to build and gets its minimum value in phase 8. The occurrence of precipitation maxima and minima is
consistent with the recharge and discharge pattern of the MSE. Nearly same kind of structure appears in
cont_20 (Figure 9c), though the amplitude of the anomalies is significantly smaller (∼one third of observa-
tion). However, the MSE maxima occur around 500 hPa for both aqua_20 (Figure 9b) and cont_20, which
is 200 hPa above the observational level—suggesting a more stable environment in the model. On the other
hand, in the jan_SST experiment, where the MJO signal is situated over the warm pool region, the tilted
structure of MSE is the least prominent (Figure 9d) compared to the other two experiments and observa-
tion. The reduction of vertical tilt of the MSE anomalies in jan_SST can also be inferred from Figure 8d,
where the low-level convergence lies right over precipitation maxima. The amplitude of the MSE anomalies
shown in different experiments is consistent with the filtered precipitation anomalies. In the next section,
we discuss the contribution of MSE budget term to the MSE anomalies.

3.6. MSE Budget
The vertically integrated MSE budget (Neelin & Held, 1987) is given by

⟨
𝜕m
𝜕t

⟩ = −⟨𝜔𝜕m
𝜕p

⟩ − ⟨
−→v ∇m⟩ + LH + SH + ⟨LW⟩ + ⟨SW⟩, (1)
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Figure 8. Phase-longitude diagram of MJO-filtered precipitation (color; mm/day) overlayed by contours of surface to 850-hPa integrated moisture convergence
(green) and divergence (red; X10−5 kg·m−1·s−1) anomalies averaged over 10◦ S to 10◦ N from (a) ERA-Interim, (b) aqua_20, c) cont_20, and (d) jan_SST
experiments but averaged over 15◦ S to 0◦ . MJO = Madden-Julian oscillation; SST = sea surface temperature.

where ⟨x⟩ = 1
g
∫ sur𝑓ace

top xdp, mass weighted vertical integral of x from surface to 100 hPa. The first term of
equation (1) is the vertically integrated MSE tendency. The first two terms on the right-hand side represent
column integral of vertical (𝜔 is the vertical velocity) and horizontal (v is the horizontal velocity) moisture
advection, respectively. LH and SH is the surface latent heat and sensible heat. The vertically integrated
longwave and shortwave terms are represented by ⟨LW⟩ and ⟨SW⟩, respectively. We have applied 30- to

Figure 9. Composite moist static energy anomaly (J/kg) as a function of phase at 120◦ E, averaged over 10◦ S to 10◦ N
from (a) ERA-Interim, (b) aqua_20, (c) cont_20, and (d) jan_SST but averaged over 15◦ S to 0◦ .
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Figure 10. Composite column-integrated moist static energy tendency (blue), vertical advection (yellow), horizontal
advection (green), latent plus sensible heat flux (red), longwave heating (purple), and L times precipitation (brown) as
a function of phase at 120◦ E, averaged over 10◦ S to 10◦ N from (a) ERA-Interim, (b) aqua_20, (c) cont_20, and
(d) jan_SST but averaged over 15◦ S to 0◦ . SST = sea surface temperature.

96-day band-pass filter suggested by Maloney (2009), with an additional filter of wave numbers 1–5 to the
vertically integrated budget terms in equation (1). So equation (1) can be rewritten as

⟨
𝜕m
𝜕t

⟩ISO = −⟨𝜔𝜕m
𝜕p

⟩ISO − ⟨
−→v ∇m⟩ISO + LHISO + SHISO + ⟨LW⟩ISO + ⟨SW⟩ISO, (2)

where the subscript ISO represents the filtered fields. The vertical integration is calculated from surface to
100 hPa. ⟨LW⟩ in ERA-Interim is taken as the difference of fluxes between surface and top of the atmo-
sphere. Residual term is the difference between calculated budget terms on right-hand side of equation (2)
and ⟨

𝜕m
𝜕t
⟩ISO.

The comparison of vertically integrated moisture budgets for observation and experiments is shown in
Figure 10. We have chosen the region where the significant amount of low-frequency eastward propagating
ISO tends to appear. The 120◦ E longitude and 10◦ S–10◦ N averaged data are plotted for the observation,
aqua_20, cont_20, and jan_SST, the latitudinal average is taken between 15◦ S and 0◦ . The phase relation
between budget terms and precipitation maxima in ERA-Interim is consistent with the previous studies
of Kiranmayi and Maloney (2011) (Figure 10a). The characteristics of the budget terms in ERA-Interim is
briefly described here (Figure 10a). The column-integrated MSE is nearly in phase with the precipitation.
⟨
𝜕m
𝜕t
⟩ISO (maximum at phase 2) leads precipitation (maximum at phase 4) and have quadrature form with it.

The horizontal advection or −⟨−→v ∇m⟩ISO is almost in quadrature form and signifies moistening ahead of the
convection zone. The vertical advection (−⟨𝜔𝜕m

𝜕p
⟩ISO) is nearly out of phase with precipitation, and it dom-

inates −⟨−→v ∇m⟩ISO. The surface fluxes (LHISO + SHISO) have some phase lag with the precipitation, as it is
related to the strong westerlies in the east of the convection at 120◦ E. The amplitude of the longwave heat-
ing is 27% compared to the precipitation anomalies, which is larger than (∼10–12%) observed by Lin and
Mapes (2004) with Atmospheric Radiation Measurement data. The longwave heating lags the precipitation
by a single phase, suggesting the contribution of anvil clouds trapping the longwave radiation.
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In jan_SST, the budgets terms have similar characteristics (Figure 10d) as that of ERA-Interim. The aqua_20
and cont_20 also show good agreement with the observation except for horizontal advection and surface
heat flux terms. This is because the latent heat flux is associated with horizontal, especially meridional MSE
divergence. The peak surface flux occurs east of the convection zone and shows its minimum value after
the precipitation occurs in aqua_20 and cont_20 (Figures 10b and 10c, respectively). This kind of phenom-
ena was picturized in one of the theoretical models of Zhang and McPhaden (2000), which follows the early
linear models of wind-induced surface heat exchange mechanism (Neelin & Held, 1987; Emanuel, 1987) in
the presence of mean low-level easterlies. In aqua_20, the phases of surface flux and horizontal advection
are opposite to those in the ERA-Interim data set. These two terms tend to cancel each other and provide
a “wrong” reason for the presence of MJO. The surface fluxes help to recharge the MSE before the precip-
itation event. The contribution of −⟨−→v ∇m⟩ISO is comparatively less in cont_20 and jan_SST (Figure 10d);
especially in cont_20, the maximum value does not exceed 0.5 W/m2. So the introduction of land actually
reduces the ISO-related horizontal transportation of MSE to the equatorial region. The off-equatorial signal
shown in jan_SST, however, displays the horizontal MSE advection as the most dominant one, and it shows
maximum amplitude before the precipitation peak. In jan_SST,−⟨𝜔𝜕m

𝜕p
⟩ISO, which is related to positive MSE

with ascending motion and column-integrated longwave, is clearly out of phase (Figure 10d). Maximum
⟨𝜔

𝜕m
𝜕p
⟩ISO and ⟨LW⟩ISO coincide with the precipitation peak, lowering the effect of anvil clouds in the verti-

cal MSE structure. These phenomena probably explain the slightly less tilted structure observed in jan_SST
(Figure 9d).

For further clarification, we analyze the role of each budget term on contributing the MJO growth and prop-
agation using the method mentioned in Andersen and Kuang (2012). For this purpose, we have chosen the
region of strong MJO variability—10◦ S–10◦ N and 60◦ E–150◦ W for ERA-Interim, aqua_20, and cont_20.
For jan_SST, the region is from 15◦ S–0◦ with the same longitudinal interval. The contribution of budget
anomalies ⟨x⟩ISO, on maintaining the MSE anomaly is calculated by the projection of ⟨x⟩ISO onto ⟨m⟩ISO given
by ||⟨x⟩ISO .⟨m⟩ISO||

||⟨m⟩2
ISO||

, where ||y|| is the value of y averaged over the specified region. The contribution of ⟨x⟩ISO

to the MJO propagation is defined as
||⟨x⟩ISO .⟨

𝜕m
𝜕t ⟩ISO||

||⟨
𝜕m
𝜕t ⟩

2
ISO||

, as ⟨ 𝜕m
𝜕t
⟩ISO represents the MJO propagation. Figures 11a

and 11b show daily fractional contribution and relative contribution of budget terms to the MSE anomaly
and the propagation of MSE anomaly respectively. The main features we have found from these comparisons
are as follows:

a) Because of the quadratic formation, the contribution of ⟨ 𝜕m
𝜕t
⟩ISO to the MSE anomaly is generally very

small. However, in the case of aqua_20, we can see a large negative contribution of ⟨ 𝜕m
𝜕t
⟩ISO to ⟨m⟩ISO

(approximately 0.05). Generally, the column-integrated MSE slightly leads the precipitation, and for
aqua_20, the MSE anomaly actually lags the precipitation (cf. Figures 9b and 10b). With the addition
to this, it has a complicated vertical structure (Figure 9b) having different shapes and sizes of periodical
cycles at different levels. These two factors are mainly responsible for the displacement of the vertically
integrated MSE tendency and resulting in such discrepancy.

b) All the experiments, as well as the observation, show that column-integrated longwave heating acts as
the main source for MJO growth. In aqua_20, contribution ⟨LW⟩ISO for both recharging the MSE and
preventing its propagation is the most compared to other experiments and observation. The damping of
the MSE anomaly due to the other flux terms; that is, LH + SH is more in the model experiments compared
to ERA-Interim. The propagation of the anomaly in aqua_20 and cont_20 is helped mostly by the surface
fluxes, which acts in the opposite way for both jan_SST and observation.

c) The role of vertical advection −⟨𝜔𝜕m
𝜕p
⟩ISO in observation is to aid the MJO propagation and discharge the

MSE. The aqua_20 experiment follows the same feature. In ERA-Interim and jan_SST, the −⟨𝜔𝜕m
𝜕p
⟩ISO

term majorly contributes to discharge the MSE anomaly compared to other experiments. The role of hor-
izontal advection is nearly same for both ERA-Interim and jan_SST as the zonal convergence helps to
recharge and meridional convergence helps to propagate the MJO signal. The residual term has a sig-
nificant contribution to MJO growth in the jan_SST experiment (Figure 11a) and MJO propagation in
observation (Figure 11b).

Out of our experiments, the jan_SST experiment is closest to the advective and surface flux terms from
reanalysis. The vertical structure of MSE along with advection terms can help to visualize a clearer picture.
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Figure 11. (a) Fractional contribution of each column-integrated moist static energy budget term to the maintenance
of Madden-Julian oscillation and (b) contribution of each column-integrated moist static energy budget term relative to
that of the tendency term from (a) ERA-Interim (blue), (b) aqua_20 (cyan), (c) cont_20 (yellow), and (d) jan_SST (red).

3.6.1. Zonal and Vertical Circulation and MSE advection
Figure 12 shows the longitude-pressure diagram of MSE, ⟨−𝜔𝜕m

𝜕p
⟩ISO (upper panel) and horizontal advec-

tion (lower panel) terms in phase 4. The tilted positive MSE anomaly in ERA-Interim is associated with
the ascending motion with positive low level vertical advection (as MSE increases with height) and strong
negative advection in the upper level (from 600 hPa to the top of the atmosphere; Figure 12a). Comparing
Figures 12a and 12e, we can see that the positive and negative zonal MSE advection situates just east and
west of the positive MSE anomaly, respectively. The associated zonal advection spans from the surface to
nearly 400 hPa, where the zonal velocity starts to reverse their direction. Overall, the meridional convergence
locates a little east of the zonal convergence, but, at the surface, both the terms help to grow the MSE.

The experimental results show negative vertical advection from 700 hPa to the tropopause in the region of
maximum MSE anomaly. The strongest and weakest vertical advection anomaly takes place in the aqua_20
and cont_20 (Figures 12b and 12c) experiments, respectively. In aqua_20 and cont_20, the poleward energy
transportation from the maximum MSE region occurs due to strong meridional divergence in the midat-
mosphere (Figures 12f and 12g). In both the experiments, the zonal divergence of MSE occurs to the east
of the convection, which tends to lower the MSE tendency. This is opposite of the observational evidence.
However, the jan_SST experiment shows a similar kind of alignment of positive and negative horizontal
advection (Figure 12h) like the observation (Figure 12e). The meridional advection in jan_SST is stronger
compared to cont_20. The meridional convergence helps to build up the MSE in the lower level, and because
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Figure 12. Composite anomalies of MSE (KJ/Kg; color), vertical advection of MSE (J·Kg−1·s−1; contours, negative values dotted), and zonal circulation
(vectors) averaged over 10◦ N to 10◦ S from (a) ERA-Interim, (b) aqua_20, (c) cont_20, and (d) jan_SST but for 15◦ S to 0◦. Zonal advection (J·Kg−1·s−1; color),
meridional advection of MSE (J·Kg−1·s−1; contours, negative values dotted), and zonal circulation (vectors) averaged over 10◦ N to 10◦ S from (e) ERA-Interim,
(f) aqua_20, (g) cont_20, and (h) jan_SST but for 15◦ S to 0◦ . The contour interval in panels a–d and e–h are 0.001 J·Kg−1·s−1 (from −0.008 to 0.008 J·Kg−1·s−1)
and 0.0004 J·Kg−1·s−1 (from −0.001 to 0.001 J·Kg−1·s−1), respectively. All the composites shown are for Madden-Julian oscillation phase 4. MSE = moist static
energy; SST = sea surface temperature.

Figure 13. Composite anomalies of MSE (KJ/Kg; color), vertical advection of MSE (J·Kg−1·s−1; contours, negative values dotted) and meridional circulation
(vectors) anomalies averaged over 115◦ E to 125◦ E from (a) ERA-Interim, (b) aqua_20, (c) cont_20, and (d) jan_SST. Meridional advection of MSE (J·Kg−1·s−1;
color), and meridional circulation (vectors) averaged over 115◦ E to 125◦ E from (e) ERA-Interim, (f) aqua_20, (g) cont_20, and (h) jan_SST. The contour
interval in panels a–d is 0.001 J·Kg−1·s−1 (from −0.008 to 0.008 J·Kg−1·s−1). All the composites shown are for Madden-Julian oscillation phase 4. MSE = moist
static energy; SST = sea surface temperature.
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of its eastward tilted structure, it assists in growing the MSE tendency, thus propagation. So the meridional
advection plays a vital role to maintain and regulate the MJO signal in the jan_SST experiment.

The vertical cross section of MSE, ⟨−𝜔𝜕m
𝜕p
⟩ISO, and ⟨−v 𝜕m

𝜕𝑦
⟩ISO (between 115◦ E and 125◦ E) are shown in

Figure 13. The ERA-Interim shows double-cell structure in both MSE (maximum around 700 hPa) and
low-level vertical advection anomalies (maximum around 850 hPa; Figure 13a). The meridional convergence
occurs in the boundary layer, and above 800 hPa, it starts to diverge (Figure 13e). The low-level meridional
advection in aqua_20 (Figure 13f) does not give the very true picture, as the vertical structure of MSE is
enormously tilted, shown in Figure 12b. The maximum midlevel MSE is linked with the low-level maximum,
which is nearly 60◦ ahead of it, but the low-level convergence and midlevel divergence are still prominent.
However, the key point to discuss here is the latitudinal position of ITCZ, MSE maxima, and meridional
advection produced in the model experiments. Recall the Figures 2b–2d and focus in the region of 115–125◦

E. In aqua_20, the ITCZ exists around 15◦ of latitude in each side, and the equatorial low-level (below 850
hPa) meridional MSE convergence confined between 10◦ S and 10◦ N. This low-level convergence actually
starts from the equatorial side of both the ITCZ, and the ascending motion occurs just above the convergence
region. For the cont_20 case, a double and weak MSE anomaly can be seen and between which, the northern
one is more intense and lying on the comparatively stronger mean precipitation region as well (Figure 13c).
The positive MSE anomaly associated with off-equatorial MJO in jan_SST also shows a double-cell structure,
but it is narrower compared to the observation (Figure 13d). The low-level convergence is prominent over
the whole single southern ITCZ region.

4. Summary and Discussions
We performed three experiments using the National Center for Atmospheric Research CAM5 model to
understand the characteristics of MJO in aquaplanet-like simulations and validated the results using
ERA-Interim reanalysis data. The first experiment uses CAM5 in aquaplanet configuration, with the Sun at
equinox and an idealized zonally symmetric SST boundary condition (aqua_20). In the second experiment
(cont_20), we introduce realistic continents with topography to examine the influence of continents on the
MJO-like mode found in aqua_20. The SST distribution (imposed over oceanic regions) is the same as in
aqua_20. The third experiment (jan_SST) also has continents and is identical to cont_20, except that it has
observed January climatological SST as a boundary condition.

We find energetic tropical variability in the aqua_20 experiment that resembles observed MJO, except that
the zonal scale of the mode is predominantly wave number 1. The strength of the low-frequency eastward
propagating mode is reduced by a factor of 3 when continents are introduced in the cont_20 experiment.
Although the mean low level q field in cont_20 does not differ significantly from aqua_20, both humidity
and low-level convergence anomalies are very weak across the global tropics.

MJO-like variability is more realistic when observed January SST is imposed as the boundary condition in the
presence of continents. The jan_SST simulation shows (i) a stronger eastward propagating low-frequency
intraseasonal signal compared to cont_20 and (ii) significant energy of convection anomalies at smaller zonal
scales (wave numbers 2–4) as compared to both cont_20 and aqua_20, in better agreement with observa-
tions. An important feature of the jan_SST experiment is that the low-frequency precipitation variability
moves away from the equator and is concentrated mainly over the warm SST region at 0◦ to 15◦ S latitude.
The low-level extratropical circulation anomalies in jan_SST are stronger compared to the other two experi-
ments, which in turn affects the tropics and shows the distinct influence of meridional moisture convergence
on MJO dynamics. However, the MJO in jan_SST is too weak in the initial phases (i.e., over the IO), and
moist convection does not have a realistic span either in space or time.

The strength, growth, and propagation characteristics of MJO are analyzed using the MSE budget. All model
data, as well as observations, suggest that the longwave radiative heating (⟨LW⟩ISO) is a dominant contribu-
tor to MJO growth. The contribution of ⟨LW⟩ISO in our simulations, as well as ERA-Interim data, is 25–30%
of the total low-frequency intraseasonal eastward propagating precipitation anomalies. In the experiments
aqua_20 and cont_20, the MJO-like mode has a westward tilt with height, in agreement with observa-
tion. In these two experiments, longwave radiative heating lags precipitation by one MJO phase. However,
in the jan_SST experiment, the westward tilt of MJO is minimal, and ⟨LW⟩ISO and precipitation anomaly
are in phase.
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In observations, horizontal advection of MSE plays the most important role in the increase of the MSE
tendency term, which is related to MJO propagation. However, this is not necessarily true in our model
experiments with zonally symmetric SST. In particular, in aqua_20, vertical advection of MSE gives a positive
contribution to the eastward movement of MJO, while horizontal advection does not contribute to (or acts
against) eastward propagation. Meridional advection correlates positively with MSE tendency in all our
experiments as well as in observations, suggesting that it has a significant role in MJO propagation.

Surface latent heat flux is significantly reduced upon introduction of continents. The contribution of surface
turbulent heat fluxes (⟨LH + SH⟩ISO) on MJO propagation is largest in the aqua_20 experiment. In both
aqua_20 and cont_20, the ⟨LH + SH⟩ISO term promotes eastward movement of MJO. As soon as zonal
symmetry of SST is broken in the jan_SST experiment, a positive ⟨LH + SH⟩ISO anomaly lies preferentially
to the west of the precipitation anomaly, in agreement with observations. The sign of surface turbulent flux
anomaly is related to mean state. We find that MJO activity in the zonally symmetric SST experiments is
associated with mean low-level easterly winds, but in the jan_SST simulation, MJO occurs in the presence
of mean low-level westerlies. The low-level westerly wind anomaly helps to increase latent heat flux on the
western side of the convective anomaly. This feature resembles the nonlinear wind-induced surface heat
exchange mechanism, demonstrated by Maloney and Sobel (2004) in an earlier version of CAM.

The MJO signal is not restricted to wave number 1 when land is introduced along with zonally symmet-
ric SST (cont_20; Figure 3c). However, the presence of the warm pool in the jan_SST experiment leads to
stronger MJO variance at higher wave numbers. In jan_SST, the MJO associated budget terms especially
⟨LW⟩ISO, ⟨LH + SH⟩ISO, and ⟨−𝜔𝜕m

𝜕p
⟩ISO show a significant contribution in the region of 60◦ E–150◦ W; out-

side this region, these terms become very weak. As a result, MJO activity is mainly confined to the eastern
hemisphere, thereby leading to reduced zonal length scales and increased wave numbers. The development
of strong MJO variance in the Eastern Hemisphere is associated with the zonal SST gradient.

The model results indicate a connection between the preferred spatial distribution of MJO variance and the
ITCZ. In the case of double ITCZ, present on either side of the equator in aqua_20 and cont_20, the MSE
anomaly tends to grow in the equatorial region between the two ITCZs. Low-level meridional convergence
is mainly located in between the double ITCZ, accompanied by low-level MSE advection toward the equator.
Middle- to high-level meridional MSE divergence leads to a negative contribution of column integrated
⟨−v 𝜕m

𝜕𝑦
⟩ISO to the MSE anomaly. In the (jan_SST) experiment the maximum variance of the MJO-like signal

is present in the vicinity of the ITCZ in the IO sector, associated with low-level meridional MSE advection
toward the ITCZ. These results indicate that in our model experiments, the processes responsible for ITCZ
formation play an important role in the generation and sustenance of MJO.

The MJO-related OLR in the default AGCM version of CAM5 (Boyle et al., 2015) has nearly the same vari-
ance as in our jan_SST experiment. However, in our simulation, the convective activity and its eastward
propagation appear to be more organized and evident over the IO and the Western Pacific region (not
shown). The other significant difference is the spatial position of OLR anomaly: The CAM5-AGCM shows
that the MJO signal is more or less equally distributed on both sides of the equator, whereas in the jan_SST
experiment, it is mainly concentrated in the southern tropics, near the mean location of the ITCZ. A major
deficiency of the simulated MJO is that MJO initiation does not happen (i.e., its variance is close to zero) over
the western equatorial IO. The sun is in the March position in our experiments, and it is possible that this
deficiency is related to the absence of latitudinal migration of the ITCZ in our model. The relation between
MJO and the processes that determine the position and seasonal migration of the ITCZ needs further study
to understand the initiation of MJO in the model as well as observations.
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