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ABSTRACT

This study investigates the capability for simulating the Madden—Julian oscillation (MJO) in a series of
atmosphere-ocean coupled and uncoupled simulations using NCEP operational general circulation
models. The effect of air—sea coupling on the MJO is examined by comparing long-term simulations from
the coupled Climate Forecast System (CFS T62) and the atmospheric Global Forecast System (GFS T62)
models. Another coupled simulation with a higher horizontal resolution model (CFS T126) is performed to
investigate the impact of model horizontal resolution. Furthermore, to examine the impact on a deep
convection scheme, an additional coupled T126 run (CFS T126RAS) is conducted with the relaxed Arakawa—
Schubert (RAS) scheme. The most important factors for the proper simulation of the MJO are investigated
from these runs.

The empirical orthogonal function, lagged regression, and spectral analyses indicated that the interactive
air—sea coupling greatly improved the coherence between convection, circulation, and other surface fields
on the intraseasonal time scale. A higher horizontal resolution run (CFS T126) did not show significant
improvements in the intensity and structure. However, GFS T62, CFS T62, and CFS T126 all yielded the 30—
60-day variances that were not statistically distinguishable from the background red noise spectrum. Their
eastward propagation was stalled over the Maritime Continent and far western Pacific. In contrast to the
model simulations using the simplified Arakawa-Schubert (SAS) cumulus scheme, CFS T126RAS pro-
duced statistically significant spectral peaks in the MJO frequency band, and greatly improved the strength
of the MJO convection and circulation. Most importantly, the ability of MJO convection signal to penetrate
into the Maritime Continent and western Pacific was demonstrated. In this simulation, an early-stage
shallow heating and moistening preconditioned the atmosphere for subsequent intense MJO convection
and a top-heavy vertical heating profile was formed by stratiform heating in the upper and middle tropo-
sphere, working to increase temperature anomalies and hence eddy available potential energy that sustains
the MJO. The stratiform heating arose from convective detrainment of moisture to the environment and
stratiform anvil clouds. Therefore, the following factors were analyzed to be most important for the proper
simulation of the MJO rather than the correct simulations of basic-state precipitation, sea surface tem-
perature, intertropical convergence zone, vertical zonal wind shear, and lower-level zonal winds: 1) an
elevated vertical heating structure (by stratiform heating), 2) a moisture-stratiform instability process (a
positive feedback process between moisture and convective-stratiform clouds), and 3) the low-level
moisture convergence to the east of MJO convection (through the appropriate moisture and convective—
stratiform cloud processes—circulation interactions). The improved MJO simulation did improve the global
circulation response to the tropical heating and may extend the predictability of weather and climate over
Asia and North America.
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1. Introduction

The Madden—Julian oscillation (MJO) has been con-
sidered a result of internal atmospheric dynamics in-
volving the interaction between tropical convection and
large-scale circulation. While some of the major MJO
characteristics can indeed be simulated by atmospheric
models with prescribed sea surface temperatures (SST),
the results from many studies suggest the importance of
air-sea interaction in the MJO dynamics. Observational
and modeling diagnoses have shown coherent variations in
surface heat fluxes, SST, and convection associated with
the MJO (e.g., Krishnamurti et al. 1988; Slingo et al. 1996;
Zhang 1996; Woolnough et al. 2000), indicating that in-
teractive air—sea coupling needs to be included in numerical
models to obtain a reasonable representation of the MJO.

In reality, however, improvements in the general cir-
culation model (GCM) for the MJO simulation and
forecast by this inclusion are considerably limited and
dependent upon a GCM (Flatau et al. 1997; Waliser
et al. 1999; Hendon 2000; Inness and Slingo 2003; Lin
et al. 2006; Seo et al. 2005, 2007, 2009; Fu et al. 2008;
Kim et al. 2009b). For example, if a coupled model fails to
capture the observed convection-heat flux relationships
because of any model deficiencies such as the generation
of erroneous mean surface wind fields and SST (Hendon
2000; Inness and Slingo 2003), the simulated MJO may
not be satisfactorily improved (Sperber et al. 2005). The
recent study of Lin et al. (2006) demonstrates that only
two models out of 14 coupled GCMs participating in the
Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) are able to simulate
the MJO variance and pronounced 30-60-day period
spectral peak comparable to the observations.

The deficiencies apparent in MJO simulation can be
attributed to many factors not limited to the previously
mentioned air-sea coupling. The applied deep convec-
tion scheme is seemingly one of the most sensitive ele-
ments. A few studies have shown that the addition of
moisture triggers to cumulus convection schemes sig-
nificantly improves the MJO simulation (e.g., Tokioka
et al. 1988; Wang and Schlesinger 1999). The MJO
evaluation in IPCC AR4 models by Lin et al. (2006)
confirmed that GCMs that employed convective triggers
or triggers linked to moisture convergence can simulate
the MJO. Recently, much progress in understanding
the moist process associated with the development and
maintenance has been made by observational data (Lin
et al. 2004; Benedict and Randall 2007) and modeling
studies (Zhang and Mu 2005; Boyle et al. 2008; Zhu et al.
2009; Fu and Wang 2009). This indicates that, prior to the
onset of deep convection, shallow cumulus and cumulus
congestus clouds transport heat and moisture upward,
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preconditioning the atmosphere for ensuing intense MJO
convection through destabilization. Stratiform precipita-
tion process also plays a critical role in the maintenance of
the MJO by elevating a vertical heating profile and gen-
erating eddy available potential energy (Lin et al. 2004;
Fu and Wang 2009). It is estimated from the Tropical
Rainfall Measuring Mission (TRMM) precipitation ra-
dar (PR) data that stratiform precipitation fraction is
~40% of the total rain amount across the global tropics
(Schumacher and Houze 2003). Recently, Fu and Wang
(2009) show that the ECHAM4 model can simulate the
robust MJO when the model produces a significant
fraction (>30%) of stratiform precipitation. The
convective detrainment of moisture to the stratiform
clouds plays a key role in sustaining the MJO by in-
ducing the characteristic heating profile associated with
stratiform component and leading to a top-heavy heat-
ing profile. Also, it is shown that the detrainment from
the convective updrafts moistens the large-scale envi-
ronment and induces the further development of the
deep convective plumes. This moisture-stratiform insta-
bility mechanism applied to originally the convectively
coupled equatorial waves (e.g., Mapes 2000; Kuang 2008)
is considered one of the most important processes for the
enhanced and reasonable simulation of the MJO. This
process will be investigated in this study.

Another factor is model resolutions. A higher hori-
zontal resolution is shown to enable the MJO to move
across the Maritime Continent as in Inness and Slingo
(2006), and an increased vertical spacing might play a
role to some degree (Inness et al. 2001). Time mean
basic-state circulation and wind shear over the tropics
are also believed to be important controlling elements
for the correct MJO simulation (e.g., Inness et al. 2003).
For example, a low-level easterly wind bias inhibits the
MJO from propagating to the east (e.g., Flatau et al.
1997; Inness and Slingo 2003), while a vertical easterly
zonal wind shear tends to favor eastward-moving waves
(Zhang and Geller 1994). Furthermore, the appropriate
representation of mean state SST is considered a pre-
requisite for the improved MJO simulation since a cold
SST bias adversely affects convective activity (e.g., Inness
and Slingo 2003). As noted above, moisture convergence
plays a crucial role in developing and sustaining the MJO.
The ultimate key to the MJO simulation is dependent
upon whether models accurately simulate the persistent
interaction of lower-level circulation waves and deep
convection, as revealed by many previous observational
and modeling studies (e.g., Maloney and Hartmann 1998;
Waliser et al. 1999; Matthews 2000; Seo and Kim 2003;
Lin et al. 2006).

Recently, an atmosphere—ocean coupled Climate Fore-
cast System (CFS) model with the horizontal resolution
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of T62 was developed by the National Centers for En-
vironmental Prediction (NCEP) and has been running in
an operational format since 2004. Several coupled sim-
ulations using this version have been performed along
with an atmosphere-alone Atmospheric Model In-
tercomparison Project (AMIP) simulation. Addition-
ally, the higher-resolution CFS model adopting a T126
grid system was run to produce long-term integrated data.
Furthermore, the CFS T126 model run that employs
a different deep convection scheme has been also con-
ducted to test the impact of the cumulus scheme on var-
ious climate oscillations and teleconnections. All these
simulations have made it possible to evaluate the effects
of air-sea interaction, model resolution, and deep con-
vection scheme on the MJO. In addition, comparison of
these runs provides an opportunity to investigate key
factors for the proper MJO simulation.

In this study, we use a series of atmosphere-only and
coupled model runs that employ different settings of
horizontal resolution and a deep convection scheme to
investigate the capability of the MJO simulation and
deduce the important factors. The global response to the
simulated MJO is examined. The following questions
are addressed:

1) How well do the NCEP coupled models with a higher
model resolution and a deep convection parameter-
ization scheme simulate the basic characteristics and
dynamics of the MJO?

2) Is a proper simulation of atmospheric and oceanic
basic states a prerequisite for the realistic simulation
of the MJO?

3) What factors are most important associated with
moist convection?

4) Does the improved MJO simulation lead to the en-
hanced global circulation response?

The fourth question is especially important in that the
final applications for the skillful prediction of weather
and climate require the improved simulation of tropical
forcing.

2. The simulations and data
a. The models

The NCEP coupled model (CFS) consists of the NCEP
Global Forecast System (GFS) model and the Geo-
physical Fluid Dynamics Laboratory (GFDL) Modular
Ocean Model version 3 (MOM3; Pacanowski and Griffies
1998). The atmospheric component of the coupled model
is the 2003 version of the GFS model with a spectral
truncation of T62 waves in the horizontal and a finite
differencing in the vertical with 64 sigma layers. The GFS
with a higher spatial resolution of T126 is also utilized. The
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MOM3 domain in CFS is quasi-global extending from
74°S to 64°N. The meridional resolution is /3° between
10°S and 10°N, gradually increasing through the tropics
until becoming fixed at 1° poleward of 30°S and 30°N, and
the zonal resolution is 1°. There are 40 layers in the vertical
with 27 layers in the upper 400 m. The atmospheric and
oceanic components are coupled without any flux adjust-
ment. Sea ice extent is prescribed from the observed cli-
matology. More detailed descriptions of the CFS model
can be found in Wang et al. (2005) and Saha et al. (2006).

b. The simulations and observations

The tropical instraseasonal variability, including the
MJO, is diagnosed based on an atmosphere-alone AMIP-
type simulation and a coupled long-term simulation. The
AMIP simulation is performed using the GFS model with
T62 resolution (GFS T62) thatis forced with the observed
monthly mean SST from 1982 to 2002. The prescribed
SSTs are taken from the weekly analysis of Reynolds
et al. (2002). Among several coupled simulations that are
conducted with the CFS model, two runs with a resolu-
tion of T62 and T126 are executed to test the sensitivity to
the horizontal resolution (CFS T62 and CFS T126, re-
spectively). This simulation is initialized from the ob-
served analyses of 1 January 2002 and run for 21 yr. The
initial condition for the atmosphere is taken from the
NCEP-Department of Energy (DOE) reanalysis-2 (R2;
Kanamitsu et al. 2002) and the initial condition for the
ocean was driven from an NCEP global ocean data as-
similation system (GODAS; e.g., Seo and Xue 2005). The
AMIP and coupled simulations are based on the simpli-
fied Arakawa-Schubert (SAS) cumulus parameterization
scheme (Pan and Wu 1995). Therefore an additional cou-
pled T126 run is performed with the relaxed Arakawa—
Schubert (RAS) scheme (Moorthi and Suarez 1992) to
examine the impact of the deep convection scheme. This
simulation is called CFS T126RAS and is run from 2002 to
2016. The SAS scheme used is the modified scheme of Pan
and Wu (1995) to the original Arakawa—Schubert scheme
(Arakawa and Schubert 1974) as simplified by Grell
(1993). It includes a saturated downdraft parameteri-
zation. RAS (Moorthi and Suarez 1999) implemented in
this study is based on the modifications of the original
scheme of Moorthi and Suarez (1992). The major
modifications include the consideration of downdraft,
evaporation of precipitation, and some cloud model
improvements. Each cloud type is considered to relax
to a quasi-equilibrium state. One of main differences is
that SAS only considers one simple deepest cloud and
detrainment at the cloud top, but RAS considers a
spectrum of cloud types and allows the convective de-
trainment at various levels. This difference results in the
different detrainment of water vapor from convective
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cloud in the middle and upper troposphere and vertical
heating profiles, which affects the development and
propagation of the MJO. A brief description of these
convection schemes can be found in Das et al. (2002).
The observational data used in this study comprise
R2, the Climate Prediction Center Merged Analysis
of Precipitation (CMAP; Xie and Arkin 1997), and daily
Advanced Very High Resolution Radiometer (AVHRR)
outgoing longwave radiation (OLR; Liebmann and
Smith 1996) from 1982 to 2002. CM AP precipitation is
interpolated from pentad analyses to daily data. Calcu-
lations for the MJO are based on 20-100-day bandpass-
filtered anomalies using a Lanczos filter (Duchon 1979).

3. Methods

First, to evaluate the capability of simulating the MJO
along the tropics, the spectral power spectra are calcu-
lated using OLR anomaly data and this is compared to
the upper 95% confidence limit of background noise.
The background noise is computed as the red spectrum
using a lag-1 autocorrelation. Accordingly, the spectral
values greater than this upper limit of red noise are
considered statistically significant signals associated
with the MJO.

The MJO is the combined system of convection and
large-scale circulation. So to identify the MJO’s domi-
nant spatial structure, empirical orthogonal functions
(EOFs) of the combined fields of 10°S-10°N averaged
850-hPa zonal wind (u850), 200-hPa zonal wind (u200),
and OLR are calculated (Wheeler and Hendon 2004;
Seo et al. 2009; Kim et al. 2009a). Prior to inputting into
the EOF analysis, each variable is normalized by its
global-averaged variance such that each variable retains
the same amount of weighting in the calculation of the
covariance of the combined fields.

4. Results
a. The MJO

One of the pronounced features associated with the
MJO is the appearance of the spectral peaks in a broad
band of ~(30-80)-day periods. To determine whether
the model simulations produce the spectral peaks, we
first examine the power spectra in convection anomalies
in the observation and the four simulations. Figure 1
shows the power spectra of the OLR anomalies aver-
aged over the tropical Indian Ocean (left panels) and the
tropical western Pacific (right panels), where the MJO
convection is developed and strengthened. In the plot,
the area below the curve is proportional to the explained
variance. The observed spectrum (Fig. 1a) measured by
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the smoothed periodogram (thick line) illustrates that
a higher power exists in the intraseasonal band of 30—
80-day periods with a center around 40-55 days. These
spectral peaks stand out with respect to the upper 95%
confidence limit of background noise (dotted line). How-
ever, GFS T62 and CFS T62 (Figs. 1b,c, respectively) do
not show any significant spectral peaks associated with
the MJO. On the contrary, CFS T62 produces a spec-
trum that is too fat for periods greater than 1 yr. It seems
that CFS T126 (Fig. 1d) displays a somewhat improved
power spectrum compared to CFS T62, but the spectral
power in the 30-80-day band is lower than the red
background noise. In contrast to the model simulations
using the SAS cumulus scheme, CFS T126RAS (Fig. le)
produces statistically significant spectral peaks in the
MIJO band. Several peaks exist in the 30-80-day band.
Overall, it shows greater convective activity along the
tropics over all spectral range, consistent with the pre-
vious findings and experience. All these features in the
observation and models appear for the western Pacific
region also. That is, the statistically significant intra-
seasonal signals are existent only for the observation (Fig.
1f) and CFS T126RAS (Fig. 1j), but other model runs
using the SAS scheme do not produce statistically signifi-
cant peaks (Figs. 1g-1). Thus, the only model that simulates
the statistically significant spectral peak in the MJO band
is the atmosphere—ocean coupled model running with
a higher horizontal resolution (T126) and adopting the
RAS deep convection scheme.

Figure 2 shows the two leading EOF modes of tropical
convection—circulation fields. Since their principal com-
ponents (PCs) are strongly correlated with a 7-10-day lag
(Fig. 3), in combination they describe the large-scale,
eastward-propagating MJO signal. The first EOF (EOF1)
of the observation (Fig. 2a) is characterized by a strong
convective heat source over the Maritime Continent and
the western Pacific (100°~160°E), and a consistent con-
vergent flow in the lower troposphere and a divergent
flow in the upper troposphere, reminiscent of a Gill-type
response. In the second EOF (EOF2; Fig. 2b), enhanced
convection is located over the Indian Ocean from 60° to
100°E. By contrast, in the GFS T62 run, the EOF1 peak
location (Fig. 2¢) appears at 150°E, rather than over the
Maritime Continent shown in the observation, and the
western boundary of EOF1 convective heating is seen
over the eastern Indian Ocean, which is situated far-
ther east compared with the observation. Although the
structure of EOF2 (Fig. 2d) over the Indian Ocean ap-
pears to be similar to the observation, it fails to generate
suppressed convection over the western Pacific.

Meanwhile, slight improvements appears in CFS T62
(Figs. 2e,f) compared to GFS T62 appears including the
zonal variations of the upper- and lower-level winds for
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FIG. 1. Power spectra of OLR anomalies averaged over (left) the tropical Indian
Ocean area (10°S-10°N, 75°-95°E) and (right) the western Pacific region (15°S-5°N,
150°-170°E) for (a),(f) observations, (b),(g) GFS T62, (c),(h) CFS T62, (d),(i)CFS T126,
and (e),(j) CFS T126RAS. The thick lines represent the smoothed power. The dashed
curve is the upper 95% confidence limit of the red noise spectrum calculated from a lag-1
autocorrelation. The smoothed spectra are calculated from the Parzen window having an
effective bandwidth of 2.5 X 10~ cycles per day (cpd). For clarity, 30- and 80-day period
lines are denoted by dotted vertical lines.
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FIG. 2. Spatial structures of combined EOFs of 20-100-day filtered OLR, u850, and u200. EOF1 and EOF2 from
(a),(b) observations; (c),(d) GFS T62, (e),(f) CFS T62; (g),(h) CFS T126; and (j),(i) CFS T126RAS. Note that EOF1
(EOF2) of CFS T126RAS is shown in right (left). OLR, u850, and u200 are plotted in solid, dashed, and dotted lines,
respectively. The percentage value above each is the variance explained by each mode and scaled against the ob-

servations. All variables are normalized by the averaged value of global variance (9.06 W m ™2 for OLR,1.25 m s~

for u850, and 3.51 m s~ ! for u200).

both EOF1 and EOF?2 and a slight increase in the vari-
ance explained by these two modes. The higher resolu-
tion CFS simulation (CFS T126; Figs. 2g,h) exhibits
a similar spatial distribution to CFS T62. Note that the
explained variance for each PC s presented in the figure
and for the sake of a fair comparison of this variance
among the model simulations, all values are adjusted
against the total variance in the observations by multi-
plying the originally computed explained variance by
a square root ratio between the total variances in the

1

simulations and observations. Then, we can see that in
GFS T62, CFS T62, and CFS T126, the explained vari-
ance is more than 28% weaker than the observation.
However, the CFS T126RAS run (Figs. 2i,j) shows some
improved results. In particular, the strength of the MJO
convection and circulation is greatly enhanced for both
EOF1 and EOF2. However, the center of the convec-
tion and circulation anomalies are shifted ~(20°-40°) to
the east and the zonal scale of the enhanced convection
over the Indian Ocean in EOF2 is too broad. All the
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FIG. 3. Lag correlation between the two PCs. A positive lag means that PC2 leads PC1 except
for CFS T126RAS where PCl1 leads PC2.

simulations show some systematic limitations in simu-
lating the MJO. For example, the models produce an
excessively strong signal over the eastern Pacific for
EOF1 and experience difficulties in producing sup-
pressed convection over the western Pacific.

The plot of lag correlation between two PCs is shown
in Fig. 3, where positive lag means that EOF2 leads
EOF1, but for CFS T126RAS, positive lag means that
EOF1 leads EOF2. Since two EOFs correspond to ac-
tive convection in the Indian Ocean and in the Maritime
Continents—western Pacific areas, the lag where corre-
lation reaches maximum values approximates the prop-
agation time from the Indian Ocean to the western Pacific
or a quarter of the oscillation period. The figure indicates
that such a propagation time is about 9 days in both the
observation and CFS T126RAS, but 7-8 days in GFS T62
and CFS T126. Aside from the similar propagation speed
that appeared in CFS T126 RAS, its correlation value is
larger than the observation at the positive lag, indicating
the generation of stronger MJO signal. In contrast, other
model runs produce smaller correlations compared to the
observation and thus a less robust MJO signal.

From this EOF analysis, it is difficult to ascertain
whether air-sea interaction, cumulus parameterization
scheme, and the increased horizontal resolution induce
the overall improvements or changes. Instead, it is very
helpful to determine the propagation characteristics along
the equator in the MJO-related dynamic and thermody-
namic fields. For this, lag correlations are calculated

between the PC time series of the combined EOF and the
associated individual fields (e.g., u850, precipitation rate,
OLR, surface latent heat flux, downward solar radiation
flux, surface temperature, and 1000-hP moisture conver-
gence). Figure 4 shows the lag correlations between the
PC time series of EOF2 (or PC2) and the individual fields.
The lag correlation maps using PC2 facilitate the illus-
tration of MJO propagation from the Indian Ocean, and
similar results are obtained based on the lag correlation
of these fields with the PC time series of EOF1 (or PC1).
The observations indicate that the precipitation and OLR
anomalies develop over the Indian Ocean, propagate
across the Maritime Continent and western Pacific, and
decay near the date line with decreased SST. As seen in
the Fig. 2, 850-hPa zonal wind shows westerly anomalies
to the west of the enhanced convection and easterly
anomalies to the east. Since the annual mean surface
zonal winds are weak westerlies over the MJO convec-
tion regions, enhanced evaporation (i.e., enhanced
negative latent heat flux to the atmosphere) appears to
the west of the convection and reduced evaporation
(downward positive latent heat flux) to the east of the
convection. In addition, the suppressed convection as-
sociated with the negative rainfall anomalies results in
positive downward solar radiation at the surface from
day —20 to 0. Both latent heat and solar radiation fluxes
heat the surface, leading to the development of a warm
SST anomaly. The surface heating precedes the en-
hanced convection by a quarter cycles [~(10-12 days)]
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(d) CFS T126, and (e) CFS T126RAS. The moisture convergence is defined as —V - (Vg), where V is the velocity vector and ¢ is the specific
humidity. Only statistically significant regions at the 95% level are shaded.

and assists in the moisture convergence ahead of the
enhanced convection. The surface moisture conver-
gence leads the convection anomaly by 2-5 days. This
characteristic is consistent with the frictional wave-
conditional instability of the second kind (CISK) theory
(e.g., Wang 1988; Salby et al. 1994; Seo and Kim 2003),
which is the currently prevailing paradigm for the MJO’s
development and maintenance mechanisms.

GFS T62 produces less pronounced precipitation and
OLR anomalies (Fig. 4b), whereas the lower-level zonal
wind anomaly tends to propagate more realistically be-
cause of the use of the observed SST forcing. Meanwhile,
compared to GFS T62, CFS T62 (Fig. 4c) shows a much
stronger convection signal and greater spatial coherence
between the convection and surface fluxes, and SST over
the Indian Ocean. Several peculiar shortcomings are ev-
ident. First, the evolution of latent heat flux in the

simulation in the western Pacific is not consistent with
that in the observation because of the failure of the sim-
ulation of the seasonal mean surface zonal wind in the
region (refer to Fig. 6). In addition, the propagation is
evidently stalled at the Maritime Continent and western
Pacific. However, the improved coherence between
the circulation and heating fields, and the consistent
evolution of SSTs over the Indian Ocean suggest that
interactive air-sea coupling is important for the MJO
simulation. The CFS T126 run (Fig. 4d) exhibits basically
the same features as CFS T62 with the stalled propagation
appearing over the Maritime Continent and western
Pacific. This lack of coherent eastward propagation
from the Indian Ocean to the Pacific has also been no-
ticed in forecast data (Seo et al. 2005) and even a CFS
T62 simulation with flux adjustment (Seo et al. 2007),
and other model simulations (e.g., Slingo et al. 1996;
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Inness and Slingo 2003; Sperber et al. 2005). Only the
propagation speed of the MJO convection over the In-
dian Ocean in CFS T126 is slightly improved compared
to the much slower propagation in CFS T62.

By contrast, CFS T126R AS exhibits much improved
propagation characteristics (Fig. 4¢). The MJO convection
signal (shown as precipitation and OLR anomalies) is
very vigorous and this tends to penetrate into the Mar-
itime Continent and western Pacific. The propagation is
slower over the Indian Ocean than the observation but it
is faster over the western Pacific. The downward short-
wave radiation flux and surface temperature also prop-
agate with similar lead-lag relationships with the MJO
convection. The surface moisture convergence signal is
the strongest among the simulations and moves across
the Maritime Continent region and reaches the central
Pacific. The surface temperature and moisture conver-
gence are all located to the east of the deep convection,
implying that this model produces the surface frictional
convergence process as seen in the observations.

b. Factors for the MJO simulation

Only CFS T126RAS has demonstrated a capability
to simulate the correct MJO. Other AMIP and coupled
runs utilizing the SAS cumulus scheme show significant
problems. This section presents the important factors for
successfully simulating the MJO.

1) AIR-SEA INTERACTION

Comparison of the uncoupled and fully coupled model
long-term simulations illustrates that the air—-sea coupling
improves the coherence between convection and circu-
lation and other surface fields (Fig. 4). Over the Indian
Ocean, the related MJO dynamics (including convection—
circulation feedback and surface processes for flux, tem-
perature, and convergence) in the coupled simulations
shows a great resemblance to the observations.

2) MODEL HORIZONTAL RESOLUTION

As presented in Inness and Slingo (2006), a higher
horizontal resolution model may be required to resolve
the Maritime Continent region and thus properly sim-
ulate the basic characteristics associated with the MJO.
The current CFS model runs demonstrate that an in-
crease in the resolution from T62 (which corresponds to
~209 km) to T126 (~105 km) does not help improve the
MIJO simulation; however, a higher model resolution
than T126 remains to be tested.

3) BASIC-STATE VERTICAL EASTERLY
WIND SHEAR

Zhang and Geller (1994) showed that vertical east-
erly shear favors eastward-propagating waves. Figure 5
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shows the annual mean vertical easterly shear (u200 and
u850) over the Maritime Continent and the western Pacific
(120°-170°E, 7.5°S-7.5°N) for the observation and model
simulations. The values are converted to positive ones.
The CFS simulations produce the easterly wind shear
from about —2 to —4 m s~ !, which is much weaker than
the observed shear (—6.4 m s '). The vertical wind shear
in CFS T126RAS is less than one-third that of the ob-
servation. Although GFS T62 produces the most similar
magnitude to the observed, which is expected since it is
forced with the observed SST, and hence the climatology
of the large-scale circulation resembles the observation,
the previous figures indicate that the MJO cannot be re-
produced in this atmosphere-only model simulation.
These results imply that the background vertical easterly
wind shear does not play a major role in the MJO simu-
lation.

4) BASIC-STATE EASTERLY LOW-LEVEL ZONAL
WIND ALONG THE TROPICS

Inness and Slingo (2003) and Flatau et al. (1997) sug-
gest that the easterly bias acts as a barrier to the MJO’s
eastward propagation. Figure 6 shows the annual mean
zonal wind at 850 hPa in the observation and simulations.
Westerlies or weak easterlies are observed over the
tropical Indian Ocean, Maritime Continent, and western
Pacific (Fig. 6a), where the major development and prop-
agation occur. By contrast, CFS T62 and CFS T126 exhibit
significant easterly bias over those regions (Figs. 6b,c, re-
spectively). Although the easterly bias in CFS T125RAS
(Fig. 6d) is slightly decreased over the Maritime Conti-
nent and far western Pacific Ocean compared to the other
CFS simulations, the westerlies remain weak over the
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central-eastern Indian Ocean and the easterly wind pre-
vails over the Maritime Continent. These suggest that the
basic-state easterly bias along the tropics may not be
a major factor for the MJO simulation.

5) DOUBLE-ITCZ PROBLEM

Most of the coupled GCMs tend to produce a double
ITCZ pattern for the basic-state precipitation. This bias
is characterized by insufficient precipitation in the west-
ern Pacific and too excessive off-equator precipitation
(Lin 2007). The negative precipitation bias over the
equatorial western Pacific may suppress the intraseasonal
variability, so the annual mean precipitation for the ob-
servation and CFS model runs is examined in Fig. 7. The
figure shows that the all CFS model simulations have the
double-ITCZ problem with the excessive precipitation
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along the Northern Hemisphere ITCZ and Southern
Pacific convergence zone (SPCZ), together with the
wrongly tilted SPCZ extending far to the east up to
120°W. Even if overall the insufficient precipitation bias
along the equatorial western Pacific and the excessive
precipitation bias in the off-equatorial regions in CFS
T126RAS are smallest among the CFS simulations, the
higher level of reproducibility of the basic-state
precipitation does not seem to be a major factor in the
case of the CFS model.
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6) SST

A cold SST bias suppresses the development of the
MJO convection. The SST bias, defined as model SST
minus observed SST, is presented in Fig. 8 for the cou-
pled simulations. A warm bias of ~(0.5°-1.0°C) appears
over the western Indian Ocean, while a cold bias prevails
over the eastern Indian Ocean and the western Pacific.
The cold bias over the eastern Indian Ocean may be due
to a stronger upwelling by the easterly bias in this region.
The cold bias over the eastern Indian Ocean continues
in CFS T126 (Fig. 8b). The tropical western Pacific cold
bias disappears and a warm bias develops over the seas
in the Maritime Continent, but these are insufficient for
robust propagation over these regions. This implies that
the removal of a cold SST bias cannot always guarantee
the eastward propagation across the Maritime Conti-
nent to the date line as seen in the observations. CFS
T126RAS shows that even if a cold bias exists over the
tropical western Pacific, the MJO eastward propaga-
tion is greatly enhanced (Fig. 8c). The cold bias in the
CFS models is part of the double-ITCZ problem (Lin
2007), which is signified by the significant SST bias in
much of the tropical oceans and off equator in both the
Northern and Southern Hemispheres. An independent
CFS T62 simulation incorporating a surface flux cor-
rection (refer to Seo et al. 2007), which is not included
in this study, also shows the stalled propagation near
the Maritime Continent. In combination, these results
suggest that in the absence of a huge SST bias, other
factors may be more effective. Nonetheless, the pos-
sibility that the disappearance of a cold bias over the
eastern Indian Ocean may strengthen the convective
activity and help the oscillation propagate to the east
cannot be ruled out. A more careful test needs to be
conducted for the detailed evaluation of the SST effect.

7) MOIST PROCESS

The current analysis demonstrates that an apparent
improvement when the NCEP coupled model utilizes
the RAS scheme for cumulus parameterization. Then
how to maintain the active convective activity along the
tropics over the warm pools in this model should be
examined. To do this, the vertical structures of the zonal
and vertical winds, specific humidity, temperature, ap-
parent heat source (Q1), and apparent moisture sink
(Q2; Yanai et al. 1973) anomalies are constructed by
regressing these variables onto MJO convection. Figures
9 and 10 show the vertical profiles of these regressions as
a function of lag-lead day for the OLR anomalies aver-
aged over 10°S-10°N and 110°-130°E for CFS T126RAS
and CFES T126, respectively. For the observed profiles,
refer to Benedict and Randall (2007, their Figs. 3 and 6).
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We first examine the CFS T126RAS case in Fig. 10. It
is seen that in zonal wind cross section (Fig. 10a), the
transition from low-level easterly to westerly anomalies
~7 days before the convection maximum (day 0). The
westerly zonal wind maximum appears ~(4-5) days af-
ter the peak convection, which is nearly consistent with
the observations. Vertical velocity cross section shows
maximum upward motion at the time of maximum
convection activity, but also indicates weak upward
motion in the lower troposphere approximately 10 days
before the deep convection maximum (Fig. 10b). Along
with this, the positive specific humidity anomalies are
formed first in the surface about 10-15 days prior to the
strong MJO convection and go upward to the lower
troposphere beginning day —10, reaching 300 hPa at
day —4 (Fig. 10c), thus, indicating some similarity to the
observed profile. This shallow moistening preconditions
the lower troposphere for the later development of deep
convection. Maximum water vapor anomalies are formed
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on day 0 between 500 and 600 hPa. Negative water vapor
anomalies appear at the surface first at day +10.

The temperature profile (Fig. 10d) shows that the
peak warm anomalies appear at the time of peak con-
vection and are centered at 300 hPa (slightly higher than
the observational peak of 350 hPa). Together with this,
the negative temperature anomalies occur below 800 hPa.
This structure is a signature of the effect of stratiform
rainfall with the upper-level warm anomalies arising from
condensational heating from stratiform clouds and the
lower-level cool anomalies resulting from latent cooling in
downdraft associated with the strong convection and the

evaporation of stratiform rainfall (as will be seen later in
Figs. 12 and 13; Benedict and Randall 2007). Another
important feature arises in the lower troposphere between
days —20 and —10, where weak warm anomalies develop.
Along with the formation of moist air and weak upward
motion, the warm anomalies signify the existence of shal-
low convection, which is associated with small cumulus
and congestus clouds. The surface and low-level pre-
conditioning is considered a key element for the ensuing
amplification of MJO convection and its propaga-
tion to the east along the warm tropical ocean. The
development of an early-stage shallow heating and
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F1G. 10. As in Fig. 9, but for CFS T126RAS.

moistening and a peak-time top-heavy vertical heating
profile is consistent with the observed properties. The
apparent heat source (Q1; Fig. 10e) also shows this
lower-level tendency between days —20 and —10, al-
though not as strong as the temperature anomalies due
to the smear-out effect by the applied regression
method. The upper-layer cooling is mainly due to radi-
ative cooling. Strong mid—upper-level heating occurs at the
time of the peak convection. The elevated warm anoma-
lies and heating in this region produces eddy available
potential energy, which acts to maintain the MJO activity
against mechanical and thermal damping (Benedict and
Randall 2007; Fu and Wang 2009). Figure 11 shows the

decomposition of the Q1 field in this RAS scheme into
dry static energy tendency, horizontal, and vertical dry
static energy advection terms. As seen in the figure, the
heat source (Q1) is mainly due to the vertical advection
term (Fig. 11d). The tendency and horizontal advection
terms appear one order of magnitude smaller than the
Q1 and vertical advection contribution. In the plot of
apparent moisture sink (Fig. 10f), strong moisture
consumption (Q?2) takes place on day 0 with the peak at
the level of maximum specific moisture anomalies (i.e.,
500-600 hPa). The nearly similar Q2 value compared to
Q1 implies that apparent diabatic heating is mostly due
to condensational latent heating. The general structure
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in Q1 and Q2 is very similar to the observations of
Benedict and Randall (2007, see their Fig. 6) and even,
about 12%-15% difference between the peak values of
Q1 and Q2 in the model is seen in the observations as
well.

However, CFS T126 (Fig. 9) shows more or less weaker
dynamic and thermodynamic anomalies than the observa-
tions and CFS T126RAS. Some features exist that are
similar to CFS T126RAS and observations—premoistening
and warm anomalies at the surface ~(15-10) days prior
to the strongest convection (Figs. 9c,d)—but they are
rather weak. Between days —20 and —10, in CFS T126
(Fig. 9d) the temperature anomalies in the whole tro-
posphere is rather small and there is no cooler air in
the upper troposphere, whereas in CFS T126RAS
(Fig. 10d) the warm anomalies exist in the lower and
middle troposphere and anomalously cool air appears in
the upper troposphere, thereby forming a more unstable
atmosphere. Diabatic heating (Fig. 9¢) is also weak with
its peak at 200 hPa and condensational moisture con-
sumption (Fig. 9f) by precipitation in the troposphere is
weaker. This is why CFS T126 appears to generate some
of the main MJO characteristics, but it is not as strongly
sustained as CFS T126RAS, so that the propagation

across the Maritime Continent is not robust, although the
remnant signal of convection and upper- and lower-level
zonal wind anomalies exists over the western Pacific.

8) STRATIFORM HEATING

To more specifically pinpoint the reason why the RAS
run produced better MJO simulation compared to the
SAS run, we plot the vertical profiles of diabatic heating
by its components (i.e., convective, stratiform, and ra-
diative components) in Fig. 12. The vertical diffusion
heating term is small so it is negligible. CFS T126 shows
that the total diabatic heating is mainly from the deep
convective heating, which is maximized at the levels of
400-500 hPa, but the stratiform heating (large-scale
condensational heating) is very small. However, CFS
T126RAS shows that both the convective heating and
stratiform heating contribute to the total diabatic heat-
ing. The total heating in CFS T126RAS is ~1.5 times
greater than that of the SAS run owing to the additional
heating from the stratiform component. The heating
profile of the stratiform component is canonical in that
heating appears in the upper and middle troposphere
above a melting layer (200-600 hPa) and cooling in the
lower troposphere (below ~600 hPa; see Lin et al. 2004;
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Schumacher and Houze 2003; Fu and Wang 2009). The
heating rate in the upper layer is 0.6 K day !, greater
than the convective component and twice the cooling
rate in the lower layer. This second-mode profile tends
to significantly enhance the top heaviness of the total
heating profile (Mapes 2000). The radiative heating
(shortwave plus longwave radiative heating) is less than
20% of the convective heating. The convective heating
center of CFS T126RAS appears 700 hPa, similar to the
observed (TRMM PR) MJO convective heating peak
located at 3-4 km (Morita et al. 2006). However, the
convective heating center of CFS T126 occurs too high
(at 400-500 hPa), presumably because the SAS scheme
only considers one deepest cumulus cloud. From this
wrong reason, CFS T126 exhibits a top-heavy heating
profile to some degree.

The fraction of the stratiform rainfall to the total
rainfall over the MJO development region is plotted
in Fig. 13 for both runs. The stratiform rain fraction
is greater than ~30% in CFS T126RAS, but that of the
SAS run is around 10%. This result is consistent with

the findings of Fu and Wang (2009), where a model-
produced MJO is robustly sustained only when the
model (ECHAM4) produces a significant proportion of
stratiform rainfall (>30%), similar to the current study.

The observed link between deep cumulus ensembles
and stratiform clouds in the tropics is through the supply
of water vapor and cloud water detrained from cumu-
lus updrafts to the environment and stratiform anvil
clouds. Cooling of the environmental air by evapora-
tion of detrained liquid water and moistening of the
environment by evaporation of the detrained water and
detrainment of the saturated air from cumulus clouds
make the environment closer to a saturated state (and of
course these, in turn, increase convective available po-
tential energy for the deeper clouds); hence, the large-
scale stratiform condensational heating appears in the
upper and middle atmosphere. Again, the detrainment of
the saturated air and the evaporation of detrained liquid
water play a very important role in the development of
cumulus convection and stratiform clouds by increasing
the large-scale environment humidity. Under this humid
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environmental situation, more active convection develops
and stronger convective updraft produces the more in-
creased detrainment of water vapor and water condensate
to the stratiform clouds, leading to an increased pro-
duction of condensational heating in the middle to upper
troposphere. This, in turn, generates the positive eddy
available potential energy in the positive temperature
anomaly region (see Fu and Wang 2009). This positive
feedback between deep cumulus convection and strati-
form clouds represents a moisture—stratiform instability
theory proposed by Mapes (2000) and Kuang (2008). So,
to check this process, the relative humidity fields are
plotted using the OLR index (which is used in Figs. 9-12).
Figure 14 shows the composite relative humidity fields as
a function of lag days for CFS T126, CFS T126RAS, and
their difference. The composite is formed only for the
cases where the OLR index is less than —1.0 standard
deviation. The two runs all show the gradual increase of
relative humidity during earlier shallow convection and
later deep convection periods, as well as the maximum
moistening at the point of heaviest convection, imply-
ing the existence of sensitivity to the environmental
humidity (Derbyshire et al. 2004). This sensitivity is ob-
served in the tropics and regarded necessary for the de-
velopment of strong convective events (Benedict and
Randall 2007; Thayer-Calder and Randall 2009). How-
ever, the RAS run shows more humid environment
than the SAS run during the cycle. The relative hu-
midity differences of 5%-10% appear between 350 and
650 hPa (Fig. 14c), which corresponds to the levels of
stratiform heating. The higher humidity leads to the
easier penetration of convective clouds through the entire
column of the troposphere without significant dilution by
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entrainment of dry air. The RAS scheme considers cu-
mulus ensembles with different cloud tops and so allows
convective detrainment of moist air to the environment at
the various levels (presumably as appeared in the Fig.
14c), enabling the increase of the relative humidity of the
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environment in the middle—upper troposphere and the
end result is stronger large-scale condensation and strat-
iform rainfall. Meanwhile, the SAS scheme considers one
deep cloud with detrainment at cloud top only, leading
to less moistening in the environment and subsequently
reduced stratiform rainfall. That is, this difference re-
sults in the different detrainment of water vapor from
convective clouds in the middle and upper troposphere
and the different vertical heating profiles, which ultimately
affects the development and propagation of the MJO.

9) LOWER-LEVEL MOISTURE CONVERGENCE

One of the prevailing mechanisms of the MJO is the
frictional wave-CISK process. Kelvin and Rossby waves
tend to form lower-level moisture convergence ahead
of the MJO convection (Matthews 2000; Seo and Kim
2003, Hsu et al. 2004). To explicitly display the relation-
ship between the MJO convection and lower-level mois-
ture convergence in the coupled runs, the correlation
coefficients presented in Fig. 4 are averaged over the In-
dian Ocean and the western Pacific regions (Fig. 15). In
both regions, enhanced convection follows the moisture
convergence with a ~(2-5-)day lag (Fig. 15a). CFS T126
shows a weak moisture convergence signal, which is
about half of the observed convergence (Fig. 15b). The
significantly weak moisture convergence in this area also
appears in GFS T62 and CFS T62 (not shown). How-
ever, the CFS T126RAS run (Fig. 15¢) has a stronger
moisture convergence that leads the enhanced convection
by ~(2-5) days, which is similar to the observations. The
phasing and magnitude of the lower-level moisture
convergence is a key factor for the development and
propagation of the MJO and only the persistent in-
teraction between the MJO convection and circulation
waves ensures the MJO maintenance.

c. Global response to tropical heating of the MJO

It has been found that the MJO-related diabatic heat-
ing induces the circulation anomalies extending from
the tropical region to the mid- and high latitudes (e.g.,
Matthews et al. 2004; Lin et al. 2006; and references
therein). The teleconnection to the extratropics, espe-
cially over Asia, the North Pacific, North America, and
the Atlantic, is formed via the Rossby wave train, and
extratropical circulation anomalies impact rainfall events
and surface air temperature in these areas (e.g., Higgins
et al. 2000; Paegle et al. 2000; Jones and Schemm 2000;
Jeong et al. 2005). Therefore, here we assess the capability
of the improved MJO simulation to improve the simula-
tion of extratropical circulation anomalies. To examine
the global circulation patterns induced by MJO con-
vective forcing, OLR and 200-hPa streamfunction
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anomalies are regressed onto PC1 and PC2. To repre-
sent the circulation response to the strong enhanced or
suppressed MJO convection events, the regression is
performed with respect to a deviation of PC1 = 2 and
PC2 = 2, as in Matthews (2000) and Matthews et al.
(2004). The time evolution of the eastward-propagating
MJO convective forcing and circulation is then calculated
as follows:

P(a) = J(PC1) sina + (PC2) cosa, (1)

where (PC1) and (PC2) are the regressed OLR or
streamfunction scaled to two standard deviations of nor-
malized PC1 and PC2, respectively; and « is the phase
angle of the MJO cycle. Assuming a 48-day period for the
MIJO life cycle, the phase intervals of 45° correspond to
the 6-day intervals.

Figure 16 shows the regression maps of the observed
wintertime (November—March) OLR and streamfunction
anomalies at 6-day intervals. Only the first half of the
MJO cycle is shown while the other half is identical but
has a sign reversal. A statistical test is performed using
the two-tailed Student’s ¢ test. To estimate the degree of
freedom conservatively, a 20-day decorrelation time
scale (a quarter cycle for longer events) is selected. The
calculated critical correlation for the 95% confidence
level is approximately 0.18 and only statistically signifi-
cant streamfunction regions are plotted in the figure.
MIJO convection anomalies develop over the Indian
Ocean, propagate to the east and decay near the date
line. An anticyclonic (cyclonic) flow couplet off the
equator is located to the west of or collocated with
the enhanced (suppressed) convection anomalies, and
the westerly (easterly) anomalies along the equator ap-
pear to the east of the enhanced (suppressed) convection.
This is indicative of a Rossby—Kelvin wave response to
the MJO heating (e.g., Matthews 2000; Seo and Kim
2003). Along with these eastward-propagating convec-
tion anomalies, the figure clearly shows that the circu-
lation anomalies associated with the Rossby-Kelvin
waves also propagate to the east. The well-known cir-
culation or wave features can be seen in the figure. For
example, at ¢t = 0 and ¢ = 6, a westward retraction of the
east Asian jet appears along ~30°N and the Pacific-North
American (PNA)-like wave pattern is formed. Over the
eastern Pacific, the Rossby wave propagation to the
Southern Hemisphere through the westerly duct (Hoskins
and Ambrizzi 1993) is seen from ¢ = 0 to ¢t = 12. A weak
wave train in the Southern Hemisphere emanates from the
Indian Ocean through the east of the date line, as shown at
t = 0 (Fig. 16a) and more clearly at r = 6 (Fig. 16b).

Figures 17 and 18 represent the corresponding circu-
lation response to the intraseasonal tropical heating in
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FIG. 15. Relationship between OLR and surface moisture convergence averaged over 10°S-10°N, 60°-90°E for (a)
observations, (b) CFS T126, and (c) CFS T126RAS, and averaged over 10°S-10°N, 130°-160°E for (d) observations,

(e) CFS T126, and (f) CFS T126RAS.

CFS T126 and CFS T126RAS. The convective anoma-
lies in the CFS T126 simulation are much weaker than
those in the observations, and thus the streamfunction
anomalies are also weak. Since the convection anoma-
lies diminish considerably and are broken up when they
move across the Maritime Continent (i.e., Figs. 17a—c)
so that no significant convection appears near the date
line (i.e., no positive OLR anomalies over this area in
Figs. 17b,c), the circulation anomalies coupled to the

weakened convection are up to 2 times weaker than the
observations. Meanwhile, CFS T126RAS (Fig. 18) suc-
cessfully simulates the eastward propagation of the MJO
convection. In fact, both the strength and size of the
enhanced—-suppressed convection anomalies are greater
than the observed values throughout the cycle, producing
the stronger circulation response. The overall structures
of the streamfunction anomalies appear similar to the
observations. The actual pattern correlation between the
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regressed streamfunction in CFS T126RAS and the ob-
servation ranges from 0.84 to 0.91, which is much higher
than the correlation of 0.47-0.78 between CFS T126 and
observation. Again, CFS T126RAS simulates the PNA-
like wave train, Rossby wave propagation in the east-
ern Pacific westerly duct, and wave propagation from the
southern Indian Ocean to the downstream region.
However, the suppressed convection over the western or
central Pacific is shifted by ~30° to the east (Figs. 18a—c)
compared to the observations, so the circulation response
coupled to the shifted convection also appears 30° east-
ward. If the MJO convection over the Pacific is better
simulated, the simulation of circulation and precipitation
variations in the downstream region, including the Amer-
icas, will be much improved.

S. Summary and discussion

This study investigates the fidelity of simulating the
tropical intraseasonal variability, with a focus on the
MIJO, in a series of atmosphere—ocean coupled and
uncoupled long-term simulations using the NCEP models.
The effect of air-sea coupling on the MJO is examined

by comparing a 21-yr coupled simulation running from
the fully coupled NCEP CFS model (CFS T62) and an
AMIP simulation forced by the prescribed observed
SST using the atmospheric GFS model (GFS T62).
Another coupled simulation with a higher horizontal
resolution model (CFS T126) is performed to investigate
the impact of model horizontal resolution. These AMIP
and coupled simulations are based on the SAS cumulus
parameterization scheme. In order to examine the im-
pact on the deep convection scheme, an additional
coupled T126 run (CFS T126RAS) is conducted with the
RAS scheme. The most dominant factors for the proper
simulation of the MJO are deduced from these runs.
EOF and lagged regression analyses indicate that the
interactive air-sea coupling greatly improves the co-
herence between convection, circulation and other sur-
face fields. A higher horizontal resolution run (CFS
T126) does not show any significant improvements in the
intensity and structure. In fact, GFS T62, CFS T62, and
CFS T126 all yield weaker 30-60-day variances that are
not statistically distinguishable from the background red
noise spectrum. Their eastward propagation is stalled
over the Maritime Continent and far western Pacific,
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F1G. 17. As in Fig. 16, but for CFS T126.

which is similarly to that in many other climate models.
In contrast to the model simulations using the SAS cu-
mulus scheme, CFS T126RAS produces statistically
significant spectral peaks in the MJO spectral band and
the strength of MJO convection and circulation is
greatly improved. Most of all, the ability of the MJO
convection signal to penetrate into the Maritime Con-
tinent and western Pacific is demonstrated. Surface
fluxes and the MJO convection show a similar lead-lag
relationship to the observations. In particular, the surface
moisture convergence signal in this model is comparable
to the observation and propagates across the Maritime
Continent region. The moisture convergence is located
persistently to the east of the enhanced convection and
induces the frictional convergence mechanism. However,
the spectral analysis reveals that while the observed MJO
has the strongest spectral power centered on zonal wave-
number 1, CFS T126RAS exhibits a richer zonal structure
because of the presence of a convection signal over the
Western Hemisphere. A careful examination of other
climate models also reveals this behavior [see Lin et al.
(2006); see also Seo et al. (2007) for boreal summer in-
traseasonal oscillation].

Furthermore, this study demonstrates that the im-
proved MJO simulation in CFS T126RAS improves the
simulation of global circulation anomalies. A prelim-
inary result using a simple GFDL GCM and Rossby

wave theory shows that the global circulation response is
largely determined by the wintertime large-scale back-
ground mean flow and the location of the positive and
negative heating anomalies in the MJO development re-
gion. Furthermore, nondivergent Rossby wave trains with
zonal wavenumbers 2—4 largely make up the extratropical
circulation anomalies, and the tropical circulation patterns
(e.g., as shown in Fig. 16) are formed by the competition
and amplification of the equatorially trapped westward-
propagating Rossby wave and eastward-propagating Kel-
vin wave generated by MJO heating—cooling dipole. In
addition, the magnitude of these circulation anomalies is
almost linearly proportional to the strength of tropical
diabatic forcing. Therefore, for the skillful prediction of
weather and climate over Asia and North America as well
as the tropical region, the improved simulation of tropical
diabatic heating associated with the MJO is required.
Dominant factors in successfully simulating the basic
features associated with the MJO have been discussed.
A comparison of GFS 62 and CFS 62 shows the impor-
tance of interactive air-sea coupling. An increase in the
resolution from T62 (which corresponds to ~2°) to T126
(~1°) in the coupled model does not improve the MJO
simulation, but this may be achieved by future testing
of a model resolution higher than T126. In addition,
the simulated MJO in the NCEP models is not sensitive
to basic-state vertical easterly wind shear and low-level
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FIG. 18. As in Fig. 16, but for CFS T126RAS.

zonal winds in the tropics. CFS T126RAS continues to
contain a vertical easterly wind shear one-third that of
the observations and the 850-hPa easterly wind bias over
the warm pools and Maritime Continent.

The cold SST bias over the eastern Indian Ocean
weakens intraseasonal tropical convection. The evolu-
tion of CFS T62 convection for the winter season reveals
that a convection anomaly develops over the central
equatorial Indian Ocean and then splits into two entities
(some hint of this can be seen in Fig. 17): one in the north
and the other in the south of the equator. The north-
ern one propagates northward and then decays at 10°N.
Therefore, the CFS model tends to activate strong, un-
stable Rossby waves over the Indian Ocean because of
this SST bias. This behavior was seen in the Hadley
Centre coupled model (HadCM3) simulations (Inness
and Slingo 2003). However, our study suggests that sim-
ulation of the eastward propagation across the Maritime
Continent to the date line is not always guaranteed by the
removal of a cold SST bias over the Indian Ocean and
western Pacific. Even if a cold bias exists over the tropical
western Pacific in CFS T126RAS, the eastward propa-
gation across the Maritime Continent is reproduced.
Therefore, the effect of the basic-state SST appears to be
model dependent.

Surprisingly, the previous basic-model states in verti-
cal wind shear, low-level zonal wind, precipitation, and

SST appear to be insensitive for the proper MJO simu-
lation. Rather, in this simulation, preconditioning of the
atmosphere by shallow heating and moistening approx-
imately 10-15 days prior to the subsequent intense MJO
convection and a top-heavy vertical heating profile aris-
ing from convective detrainment of moisture to the en-
vironment and stratiform precipitation play a critical role
in sustaining the MJO by generating eddy available po-
tential energy. Again, this analysis stresses the importance
of a moisture-stratiform instability process (Mapes 2000;
Kuang 2008) for the proper simulation of the MJO. That
is, the detrainment from convective plumes, on the one
hand, moistens the grid-scale environment and induces
the further development of the deep convective plumes.
On the other hand, the detrained moisture produces and
develops stratiform anvil clouds and so additional con-
densational heating in the upper and middle troposphere,
forming a top-heavy heating profile and enhancing the
instability. It is stratiform heating that is considered an
essential element for this positive feedback process be-
tween moisture and convective-stratiform clouds.

In addition, the surface moisture convergence is per-
sistently located to the east of the enhanced convection
and induced the frictional wave-CISK mechanism. More
active convective—stratiform cloud activity along the
tropics in the CFS T126RAS model enhances lower-
level circulation and moisture convergence to the east of
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the enhanced convection, which in turn feeds back to the
expansion of the MJO convective entities to the east.
The persistent strong interaction between the convec-
tion-stratiform cloud process and large-scale circulation
gives rise to the continued eastward propagation across
the Maritime Continent. On the other hand, in CFS
T126, the covariability between warm and diabatic heat-
ing anomalies in the middle and upper troposphere are
smaller, so available potential energy, which acts to fuel
the MJO convection, is weaker. Consequently, a numeri-
cal model should simulate the following three processes
for the robust simulation of the MJO and these may serve
as a baseline framework for other GCM simulations and
forecasts: 1) a moisture-stratiform instability process (a
top-heavy heating profile from sufficient stratiform heat-
ing and correct feedback process between moisture and
convective-stratiform clouds); 2) the low-level moisture
convergence to the east of MJO convection (through the
appropriate moisture convective—stratiform cloud pro-
cesses and circulation interactions); and 3) a discharge—
recharge mechanism (Bladé and Hartmann 1993; wherein
instability or moist static energy is accumulated and re-
leased before and after peak precipitation events, re-
spectively) which is, in the model simulation, associated
with a preconditioning of atmosphere for deep convection
and an appropriate time scale for phase change). Note
that both CFS T126 runs show an increased relative hu-
midity at the time of maximum convection and therefore
sensitivity of the environmental humidity to the de-
velopment of convective plumes (Derbyshire et al. 2004)
does not always guarantee the successful simulation of the
MJO. Rather, more complex constraints such as moisture
cloud processes—large-scale circulation interactions, as
presented above, should be examined in detail.

There are some deficiencies of the simulation with the
RAS scheme. Most of all, the amplitude of the MJO is
stronger than the observed and extends farther into the
east Pacific. A space-time spectral analysis (not shown)
implies that this is mainly due to excessive activity in the
higher zonal wavenumber than the characteristic zonal
scale of the MJO. The excessive variability might be
related to the positive feedback mechanism character-
ized by the successive processes of enhanced moistening
by detrainment, enhanced stratiform heating, increased
atmospheric instability, and more convection and de-
trainment. This portion of variability is not considered
to be dynamically coherent. This study contains several
limitations also. The most important one is that we are
unable to determine specifically which elements or pa-
rameters of the RAS scheme are most effective for pro-
ducing the improved MJO simulation. For instance, it is
impossible to determine which components [e.g., shallow
convection, entrainment—detrainment rate, downdraft,

SEO AND WANG

4791

environmental humidity, interaction with boundary layer
process (e.g., entrainment at the boundary layer top),
mass-flux closure and partitioning and stratiform heating|
are responsible for the reduced autocorrelation seen in
CFS T126RAS (see Lin et al. 2006). A carefully designed
sensitivity test will be required to resolve these issues.
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