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ABSTRACT

This study presents the simulation of the Madden–Julian oscillation (MJO) in the NCAR CCM3 using a
modified Zhang–McFarlane convection parameterization scheme. It is shown that, with the modified
scheme, the intraseasonal (20–80 day) variability in precipitation, zonal wind, and outgoing longwave
radiation (OLR) is enhanced substantially compared to the standard CCM3 simulation. Using a composite
technique based on the empirical orthogonal function (EOF) analysis, the paper demonstrates that the
simulated MJOs are in better agreement with the observations than the standard model in many important
aspects. The amplitudes of the MJOs in 850-mb zonal wind, precipitation, and OLR are comparable to those
of the observations, and the MJOs show clearly eastward propagation from the Indian Ocean to the Pacific.
In contrast, the simulated MJOs in the standard CCM3 simulation are weak and have a tendency to
propagate westward in the Indian Ocean. Nevertheless, there remain several deficiencies that are yet to be
addressed. The time period of the MJOs is shorter, about 30 days, compared to the observed time period
of 40 days. The spatial scale of the precipitation signal is smaller than observed.

Examination of convective heating from both deep and shallow convection and its relationship with
moisture anomalies indicates that near the mature phase of the MJO, regions of shallow convection
developing ahead of the deep convection coincide with regions of positive moisture anomalies in the lower
troposphere. This is consistent with the recent observations and theoretical development that shallow
convection helps to precondition the atmosphere for MJO by moistening the lower troposphere.

Sensitivity tests are performed on the individual changes in the modified convection scheme. They show
that both change of closure and use of a relative humidity threshold for the convection trigger play
important roles in improving the MJO simulation. Use of the new closure leads to the eastward propagation
of the MJO and increases the intensity of the MJO signal in the wind field, while imposing a relative
humidity threshold enhances the MJO variability in precipitation.

1. Introduction

The Madden–Julian oscillation (MJO) has been an
active research subject in the last three decades since its
discovery by Madden and Julian (1971, 1972). There
are numerous observational studies on MJO using in
situ field observations, satellite, and reanalysis data
documenting its propagation, spatial, and temporal
structures and its interaction with convection and sur-
face processes (Madden and Julian 1994; Hendon and
Salby 1994; Shinoda et al. 1998; Zhang 1996; Yanai et
al. 2000; Sperber 2003; and others). In contrast, prog-

ress in numerical simulations of MJOs is much slower,
particularly in global climate models (GCMs). Slingo et
al. (1996) compared MJO simulations from 15 GCMs,
and found that most of the GCMs participating in the
study are unable to simulate the tropical intraseasonal
variability realistically. Even those GCMs that do simu-
late reasonable tropical intraseasonal variability have
difficulties getting the correct eastward propagation of
MJOs from the Indian Ocean to the western Pacific
Ocean (Sperber et al. 1997; Inness et al. 2001). One of
the GCMs that produced reasonable intraseasonal vari-
ability was the second version of the National Center
for Atmospheric Research (NCAR) Community Cli-
mate Model (CCM2). Unfortunately, when CCM3 re-
placed CCM2, the MJO simulation was degraded sig-
nificantly, even though the overall performance of the
model’s climate simulation is greatly improved (Kiehl
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et al. 1998; Zhang et al. 1998). The MJOs in CCM3 are
very weak (Maloney and Hartmann 2001), and the
likely factor responsible for this is the use of the
Zhang–McFarlane scheme (Zhang and McFarlane
1995) in place of the Hack (1994) scheme for deep con-
vection. Efforts to restore the MJO variability in CCM3
have not succeeded considering the general metric of
climate simulation improvements. Maloney and Hart-
mann (2001) tested the sensitivity of the MJO simula-
tion in CCM3 to convective parameterization schemes
in a perpetual March simulation. Using a version of the
Relaxed Arakawa–Schubert convection scheme (Ara-
kawa and Schubert 1974; Moorthi and Suarez 1992)
that includes cloud microphysics (Sud and Walker
1999), they showed that the amplitude of the simulated
MJOs is enhanced. However, an (Atmospheric Model
Intercomparison Project) AMIP-style test simulation
using the Relaxed Arakawa–Schubert scheme shows
that the simulated mean climate degraded too much
compared to the standard CCM3 simulations (Wehner
et al. 2000) to allow for meaningful coupling with ocean
models (J. J. Hack 2001, personal communication).
Thus, to date, weak tropical intraseasonal variability is
still a serious modeling issue to be addressed in CCM3
and its successors: versions 2 and 3 of the Community
Atmosphere Model (CAM2) and (CAM3).

One possible reason why the Zhang–McFarlane con-
vection scheme fails to simulate the tropical intrasea-
sonal variability and MJO in CCM3 is the use of con-
vective available potential energy (CAPE) as closure to
determine the amount of convection in the atmosphere.
In the scheme, it is assumed that, when the atmosphere
is convectively unstable, convection is activated to re-
move this instability within a relaxation time scale of
2 h. Observations (Xu and Emanuel 1989) indicate that
the tropical atmosphere is nearly neutral to slightly un-
stable most of the time. Thus, convection so parameter-
ized occurs almost at all times in the Tropics, leading to
weak temporal variability.

Recently, Zhang (2002, 2003a) investigated the rela-
tionships between convection and the large-scale ther-
modynamic fields using field observational data from
the Atmospheric Radiation Measurement (ARM) pro-
gram at the U.S. Southern Great Plains (SGP) and the
Tropical Ocean Global Atmosphere Coupled Ocean–
Atmosphere Response Experiment (TOGA COARE)
Intensive Observation Period in the tropical western
Pacific. He found that under both tropical maritime and
midlatitude continental conditions, convection is well
correlated with the large-scale advective generation of
CAPE in the free troposphere instead of with CAPE
itself. Based on this result, Zhang (2002) proposed a
new closure for the Zhang–McFarlane scheme. Initial

results from the test of the new closure in CCM3 indi-
cate that it has a positive impact on the simulation of
the diurnal cycle of convection in North America
(Zhang 2003b).

In this study, we will show that modifications to the
Zhang–McFarlane scheme based on the work of Zhang
(2002) significantly improve the simulation of the tropi-
cal intraseasonal variability in association with MJOs in
CCM3. In section 2, we will briefly describe the model
and the data used for comparison with the model re-
sults. Section 3 will present the simulation of the MJOs.
In section 4, sensitivity tests are performed to examine
the effects of the individual changes in the modified
convection scheme. Section 5 will summarize the paper.

2. Numerical experiments

The model used in this study is the NCAR CCM3
(Kiehl et al. 1998).1 It is a global model at T42 horizon-
tal resolution and 18-level vertical resolution. Deep
convection is parameterized using the Zhang–
McFarlane scheme (Zhang and McFarlane 1995), and
shallow convection is parameterized using the Hack
scheme (Hack 1994). For details of the model descrip-
tion and its climate simulation see Kiehl et al. (1998).

Two numerical simulations are conducted using the
observed sea surface temperatures as boundary condi-
tions. The first one (CTRL) uses the standard CCM3
configuration. The time integration starts on 1 Septem-
ber 1985 and continues for 10 years. The second one
(EXP) starts on 1 September 1979 and continues for 15
years. The data from the last 10 years are used to com-
pare with the control run. In this simulation, the modi-
fied Zhang–McFarlane scheme is used. Otherwise, the
setup of the two simulations is identical. The model
outputs are saved daily.

The observational data used to evaluate the model
simulation are from the (National Centers for Environ-
mental Prediction) NCEP–NCAR reanalysis (Kalnay
et al. 1996). The precipitation data is from Xie and
Arkin (1996) with pentad resolution. To match the tem-
poral resolution of the observations, the model output
is averaged to yield pentad means.

The description of the modifications to the Zhang–

1 The reason why we use CCM3 instead of its successor CAM2
is for ease of implementation of the code modifications. Although
there are numerous changes from CCM3 to CAM2 (Collins et al.
2003), the climate simulations from CCM3 and CAM2 are, in
general, similar. Furthermore, the same convection parameteriza-
tion scheme is used in both models. Therefore, the results from
this study are expected to apply to CAM2 as well as the newly
released CAM3.

1 OCTOBER 2005 Z H A N G A N D M U 4047



McFarlane scheme and their effect on the simulation of
the tropical precipitation climatology are presented
elsewhere (Zhang and Mu 2005). Here we will outline
the main changes. Three changes are made to the
Zhang–McFarlane scheme in the modification. First, a
new closure based on the work of Zhang (2002) is used
to replace the CAPE-based closure in the original
Zhang–McFarlane scheme. Second, a relative humidity
threshold (RHc) of 80% is included in the scheme for
convection trigger. The third change to the Zhang–
McFarlane scheme is the removal of the restriction in
the code that convection only originates from below the
PBL top. This allows midlevel convection with a cloud
base above the PBL top to be included in the Zhang–
McFarlane scheme.

The new closure is based on the notion that CAPE
change with time can be separated into contributions
from the boundary layer and contributions from the
free troposphere above it. Since the majority of the air
parcels that form the convective updrafts originate
from the boundary layer, changes in boundary layer
temperature and moisture fields affect the buoyancy of
the air parcels when they are lifted, thereby affecting
CAPE. For the convenience of description, we refer to
this part of the CAPE change as the boundary layer
component. The buoyancy of an air parcel depends not
only on its own temperature but also on the tempera-
ture of its surrounding environment when it is lifted
above the boundary layer into the free troposphere.
For a given parcel temperature, the colder the ambient
air is, the more buoyant the air parcel. Therefore, large-
scale (environmental) temperature and moisture
changes in the free troposphere also affect CAPE. We
call this part of the CAPE change the free tropospheric
component. The new closure assumes that there is a
quasi equilibrium between the free tropospheric com-
ponent of CAPE change due to the large-scale pro-
cesses and that due to convection during convective
activities. This is independent of the boundary layer
component of the CAPE change, which may result
from large-scale and/or convective processes during
convection. Thus, under this quasi-equilibrium assump-
tion, the boundary layer temperature and moisture
are allowed to change freely to modify the total
CAPE values at any time. In physical terms, it means
that, given the large-scale forcing in the free tropo-
sphere, just enough convection is allowed to occur so
that the resultant convective heating in the free tropo-
sphere balances the large-scale cooling, giving a free-
tropospheric mean temperature change much smaller
than what would have resulted from either large-scale
forcing or convective heating alone.

A relative humidity threshold has been widely used

in convective parameterization schemes to suppress
convection in situations when the boundary layer air is
deemed too dry (Slingo et al. 1996; Moorthi and Suarez
1992). It has had varying effect on the simulation of
MJOs. Using three different types of convection pa-
rameterization schemes and relative humidity thresh-
olds, varying from 0% to 90%, Wang and Schlesinger
(1999) showed that the intensity of MJOs is sensitive to
the relative humidity threshold in all three schemes
they tested: the higher the threshold, the stronger the
MJO intensity. In contrast, using a modified version of
the Relaxed Arakawa–Schubert scheme, (McRAS: Sud
and Walker 1999), in CCM3, Maloney and Hartmann
(2001) found that imposing a relative humidity thresh-
old almost has the opposite effect to those found by
Wang and Schlesinger (1999) on the simulated MJO
intensity. They showed that the simulation with no rela-
tive humidity threshold has the strongest MJO intensity
whereas the simulation using a relative humidity
threshold of 91% has the weakest MJO intensity. The
default RHc for convection trigger is 81% in their study.
As we will show later in sensitivity tests, inclusion of a
relative humidity threshold enhances the MJO intensity
in our simulation, in agreement with Wang and Schles-
inger (1999).

3. MJO simulation

a. General features

Before delving into the MJO simulation, it is impor-
tant to demonstrate that the modified convection
scheme gives a reasonable simulation of the mean cli-
mate. For this purpose, Fig. 1 shows the annual mean of
the 850-mb wind in the latitude range of 60°S–60°N
from the NCEP–NCAR reanalysis, EXP, and CTRL,
respectively. The contours are for the zonal component
of the wind. From the NCEP–NCAR reanalysis, the
Tropics is dominated by easterly winds except over the
northern Indian Ocean. The higher latitudes in both
hemispheres are occupied by westerly winds. These fea-
tures are simulated well in both CTRL and EXP. From
the tropical western Pacific east of the Philippines to
Thailand, the easterly wind is too strong in CTRL,
whereas the EXP simulation is in better agreement with
the reanalysis. Sperber (2004) also found overestimated
easterlies in CAM2 and CCSM2 simulations and sug-
gested that it is an important factor that may have con-
tributed to the weak MJO signature in these models.
More on the climatology of the simulations, including
tropical precipitation, can be found in Zhang and Mu
(2005). It suffices to say that overall there is consider-
able improvement in the mean climate from CTRL to
EXP.
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