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ABSTRACT

The moist thermodynamic processes that determine the time scale and energy of the MaddenÐJulian os-
cillation (MJO) are investigated using moisture and eddy available potential energy budget analyses on
a cloud-resolving simulation. Two MJO episodes observed during the winter of 2007/08 are realistically
simulated. During the inactive phase, moisture supplied by meridional moisture convergence and boundary
layer diffusion generates shallow and congestus clouds that moisten the lower troposphere while horizontal
mixing tends to dry it. As the lower troposphere is moistened, it becomes a source of moisture for the sub-
sequent deep convection during the MJO active phase. As the active phase ends, the lower troposphere dries
out primarily by condensation and horizontal divergence that dominates over the moisture supply by vertical
transport. In the simulation, the characteristic time scales of convective vertical transport, mixing, and con-
densation of moisture in the midtroposphere are estimated to be about 2 days, 4 days, and 20 h respectively.
The small differences among these time scales result in an effective time scale of MJO moistening of about
25 days, half the period of the simulated MJO. Furthermore, various cloud types have a destabilizing or
damping effect on the amplitude of MJO temperature signals, depending on their characteristic latent heating
proÞle and its temporal covariance with the temperature. The results are used to identify possible sources of
the difÞculties in simulating MJO in low-resolution models that rely on cumulus parameterizations.

1. Introduction

Discovered by Madden and Julian (1971), the MaddenÐ
Julian oscillation (MJO) is an important component of
tropical intraseasonal variability. Originating over the
Indian Ocean, MJO is an equatorial planetary-scale en-
velop of complex multiscale cloud systems that propagates
eastward at a speed of about 5 m s2 1 across the Maritime
Continent and western PaciÞc. It gradually degenerates
into a fast-moving dry Kelvin wave as it crosses the date
line. The MJO has far reaching impact on weather systems
within and outside the tropics including the onset and
break of the Asian and Australian summer monsoons
(e.g., Yasunari 1979; Hendon and Liebmann 1990; Wheeler
and McBride 2005; Goswami 2005) and the formation of
tropical cyclones (e.g., Liebmann et al. 1994; BessaÞ and
Wheeler 2006). It is also believed to inßuence the onset and
demise of some El Nin÷o events (e.g., Kessler et al. 1995;
McPhaden 2008).

Decades of observational studies have documented
the evolution of various Þelds associated with MJO prop-
agation and several theories have been proposed to ex-
plain its characteristics. However, a comprehensive theory
that explains all the important observed characteristics,
especially its sources of energy and its peculiar propaga-
tion speed is lacking. Hence, proper parameterization
of subgrid-scale dynamic and moist thermodynamic
processes that enables a satisfactory simulation of MJO
remains a challenge for global climate models. For ex-
tensive review of MJO research, the reader is referred to
Zhang (2005), Lau and Waliser (2005), and the references
therein, here only the most relevant recent studies on
MJO moist thermodynamic processes and parameter-
ization are discussed.

Several studies have shown that the characteristics of
a simulated MJO in global models are very sensitive to
cumulus parameterizations (Zhu et al. 2009; Wang and
Schlesinger 1999; Maloney and Hartmann 2001). Most
often, the limitations of climate models in simulating the
MJO appear in the form of too fast propagation speed
(Slingo et al. 1996) and/or relatively weak and weakly
organized convective activity (Lin et al. 2006). Some
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studies suggest the latter problem is related to the
threshold conditions for the onset of convection. For ex-
ample a higher threshold in entrainment rate results in
a more organized and stronger MJO (Tokioka et al. 1988),
and similarly Wang and Schlesinger (1999) show that in-
clusion of a relative humidity threshold for triggering deep
convection improves the simulation. Yet a study by Fu
and Wang (2009) shows that increasing stratiform heating
by changing the entrainment rate has a similar effect as
well.

As important as they are, limitations in convective pa-
rameterizations have to be considered as symptoms of our
lack of understanding of the processes that provide the
MJO with its unique propagation characteristics, such as
its time and space scales as well as its amplitude (energy).
Thus, development and modiÞcation of parameterizations
for a realistic simulation of the MJO have to be founded
on solid theoretical and observational grounds for them
to be general enough to consistently address the above
issues. To this end, a thorough, systematic and multiscale
analysis of observed MJO moist thermodynamics is nec-
essary. In the absence of detailed observations, analysis
of these processes in high-resolution or cloud-resolving
simulations that capture the important features of MJO
without relying on cumulus parameterizations is a good
starting point. The purpose of this study is to identify the
roles of various processes associated with heat and mois-
ture transport and microphysics of various types of clouds
in determining the time scale and the energetics of MJO in
a high-resolution regional simulation that explicitly re-
solves cloud-scale properties.

2. Model, experiment design, and evaluation

a. Model description and experiment setup

The model used in this study is the Advanced Re-
search Weather Research and Forecasting version 3.1
(ARW-WRF3.1) (Skamarock et al. 2008). In the high-
resolution WRF simulation (HIRES) the grid spacing is
set at 4 km and the model is run without any cumulus
parameterization. The Rapid Radiative Transfer Model
(RRTM) (Mlawer et al. 1997) for longwave radiation,
the Dudhia (1989) scheme for shortwave radiation, and
the Yonsei University scheme (Hong et al. 2006) for PBL
processes are used. The Noah land surface model (Mitchell
et al. 2000) is used to represent land surface processes. The
microphysics scheme used in these experiments is the WRF
Single Moment Microphysics 3 class scheme (WSM3)
(Hong et al. 2004).

Initial, lateral, and surface boundary conditions are
derived from the National Centers for Environmental
Prediction (NCEP) Global Forecast System Final Analysis.

The surface and lateral boundary conditions are updated
every 6 hours. Figure 1 shows the model domain. It includes
the Indian Ocean, the Maritime Continent, and part of
the western PaciÞc. Meridionally, the domain extends
between 108S and 108N. The dashed lines mark the 7.08S
and 7.08N latitudes between which meridional averages
of all the Þelds in the subsequent analyses are performed.
The simulation runs between 1 October 2007 and
31 January 2008, during which two consecutive MJO epi-
sodes were observed.

b. Evaluation

The performance of the model in simulating the ob-
served MJO signals in outgoing longwave radiation (OLR),
precipitation, as well as lower- and upper-tropospheric
zonal winds is evaluated using direct comparison with
observed and reanalysis data. The datasets used for
evaluating the simulation are the NCEP Department of
Energy (DOE) global reanalysis (Kanamitsu et al. 2002),
the European Centre for Medium-Range Weather Fore-
casts Interim Re-Analysis (ERA-Interim) (Simmons et al.
2007), Tropical Rainfall Measurement Mission (TRMM)
version 3B42 daily precipitation (Huffman et al. 2001),
Global Precipitation Climatology Project (GPCP) ver-
sion 1.1 daily precipitation (Huffman et al. 1997), and
the NOAA Climate Prediction Center (CPC) interpo-
lated OLR (Liebmann and Smith 1996). Figure 2 shows
the comparison of OLR from the WRF simulation with
those from NCEP DOE reanalysis and NOAA CPC.
Note that the NCEP DOE reanalysis OLR is also model
produced while that from NOAA CPC is from satellite
measurements. The magnitude of the WRF simulated
OLR is somewhat weaker than the satellite observations
and more comparable to the reanalysis, while the propa-
gation speed for all three is about 5 m s2 1. The model
captures the observed weakening of the OLR signal near

FIG . 1. Domain of the 4-km WRF simulation with precipitation
(mm day2 1) averaged over the simulation period (1 Oct 2007Ð
31 Jan 2008). The latitudinal averaging in all subsequent Þgures is
between 78S and 78N (marked by dashed lines).
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the Maritime Continent (120 8E) and the relatively strong
signal to the immediate east in the middle of November.

Figure 3 shows the comparison of the model precipi-
tation with the TRMM and GPCP products. The model
generally has stronger and more widespread precipitation
than both TRMM and GPCP. However, the locations
and times of peak precipitation (e.g., near 1008and 1508E)
are well captured. The fact that the OLR signal is not as

strong as the satellite observations while the precipitation
signal is stronger suggests that the model is likely over-
estimating shallow convection at the expense of deep
convection. The MJO signal is also clearly observed as
an eastward-propagating westerly low-level wind signal in
an otherwise easterly trade wind environment. Figure 4
shows the zonal wind at 850 hPa from the model and
two global reanalyses. Although the model captures

FIG . 2. Hovmo¬ller diagram of daily outgoing longwave radiation (W m 2 2) from the (a) WRF 4-km resolution run, (b) NOAA/CPC interpolated
observation, and (c) NCEPÐDOE reanalysis: all averaged between 78S and 78N. The lines represent propagation speed of 5 m s2 1.

FIG . 3. Hovmo¬ller diagram of daily precipitation (mm day 2 1) from the (a) WRF 4-km resolution run, (b) TRMM (3B42), and (c) GPCP:
all averaged between 78S and 78N.
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