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Abstract This paper presents an assessment of the Mad-
den—Julian oscillation (MJO) simulated in five experiments
using the Community Earth System Model under differ-
ent model settings. The analysis focused on the effects
of air—sea coupling, resolution and atmospheric physics
on the basic characteristics of the MJO, including intra-
seasonal variance, wavenumber-frequency characteris-
tics and eastward propagation, using outgoing longwave
radiation (OLR), zonal winds at 850 hPa (U850) and at
200 hPa (U200). Five experiments are conducted for this
purpose including one atmospheric model—Community
Atmosphere model version 4 (CAM4), two coupled mod-
els with CAM4 or Community Atmosphere model ver-
sion 5 (CAMS) as the atmospheric component at a low
resolution (CLP4_2d, CPL5_2d) and two the same coupled
model with a high resolution (CPL4_1d and CLP5_l1d).
The results show that all models have better intraseasonal
characteristics in U850 than in OLR. The uncoupled model
CAM4 has lower fidelity than the coupled models in char-
acterizing MJO basic features including the temporal and
spatial intraseasonal variability and the eastward propaga-
tion. With ocean feedback, the coherence of convection and
circulation is improved in the coupled models. The higher
resolution is helpful in improving ISV spatial distribution
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and eliminating low frequency bias in the frequency-
wavenumber spectra although it has little improvement to
MIJO-band variance (power) in frequency-wavenumber
spectra. The new shallow convection scheme in CAMS
improves the moisture process of the lower troposphere so
that CPL5_2d and CPL5_1d have more realistic eastward
propagation speed in the boreal winter and better north-
ward propagation in the boreal summer than other mod-
els. However, the strength of the convective MJO signal in
CPL5_2d and CPLS5_1d are weaker than other models and
observations, which is probably one of the most spurious
features in CPL5_2d and CPL5_1d experiments, suggest-
ing that the CAMS has a weaker convection activity than its
predecessor.

Keywords Madden—Julian oscillation - CESM -
Coupled model - MJO simulation diagnostics - Tropical
intraseasonal oscillation

1 Introduction

The Madden—Julian oscillation (MJO) is the dominant
mode of intraseasonal variability (ISV) in the tropics (Mad-
den and Julian 1994). Coherent eastward propagation of
convection and zonal wind over the Indian Ocean, the Mar-
itime Continent, and the western Pacific Ocean are the sali-
ent features of the MJO. Furthermore, the MJO plays a crit-
ical role in connecting the weather and climate variation.
Thus, the MJO has become an intensive research topic in
recent years. Many studies focused on understanding (e.g.,
Zhang 2005; Kang et al. 2010; Li 2014) and predicting the
MJO using statistical and dynamical methods (e.g., Ding
et al. 2010; Kang et al. 2014; Wang et al. 2014). Moreover,
the MJO has extensive interactions with other components
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of the climate system, for instance, the El Nino-Southern
Oscillation (Tang and Yu 2008a, b; Hoell et al. 2014), the
Asian and Australian monsoon systems (Bai et al. 2013;
Evans et al. 2014), and the extratropics (Moon et al. 2007;
Lin et al. 2010). Therefore, it is important to represent
the MJO realistically in models for climate modeling and
prediction.

There have been numerous studies on MJO simulations
using different models (e.g., Zhang et al. 2006; Kang and
Kim 2010; Subramanian et al. 2011; Crueger et al. 2013;
Shelly et al. 2014). However, MJO simulation is still a big
challenge for the modeling community. Some important
issues that affect MJO simulation have been investigated.
For example, by analyzing the MJO simulation in the 42
MIJO experiments performed with ECHAMG6 and previ-
ous ECHAM versions, Crueger et al. (2013) confirmed the
importance of a better convection scheme and air-sea cou-
pling at high resolution in obtaining a better simulation of
the MJO. Shelly et al. (2014) investigated the impact of a
fully interactive ocean on hindcast of the MJO, and found
that the coupled configuration can extend MJO predict-
ability and that MJO propagation was also improved in the
coupled global circulation model (CGCM).

Among the models used for MJO studies, the National
Center for Atmospheric Research (NCAR) Community
Earth System Model (CESM) and various versions of its
predecessor Community Coupled System Model (CCSM)
have played important roles, by which many studies related
to MJO simulations and predictions were conducted
(e.g., Mu and Zhang 2008; Sperber 2004; Zhang and Mu
2005; Subramanian et al. 2011). For example, Sperber
(2004) compared the simulated MJO in the CCSM Ver-
sion 2 (CCSM2) and the Atmospheric Model Version 2.0
(CAM2), and found that CCSM2 represented the MJO
better than CAM?2.0 due to the presence of air-sea interac-
tion, although the amplitude and spatial extent of the intra-
seasonal convection were underestimated compared with
observed outgoing longwave radiation (OLR). Zhang and
Mu (2005) presented the MJO simulation in the CCSM3,
showing that the amplitudes of the MJO in 850-hP zonal
wind (U850), precipitation, and OLR were comparable to
those of the observations, and that the MJO had an apparent
eastward propagation from the Indian Ocean to the Pacific.
However, the period of the MJO was shorter than the reality
in their study. Subramanian et al. (2011) explored in detail
the MJO simulation in CCSM4 and found that CCSM4
reproduced a number of MJO behavior features more real-
istically than its predecessors, such as coherent patterns in
eastward-propagating intraseasonal zonal winds and OLR
over the tropical Indian and Pacific oceans, and the strong
peaks with periods between 20 and 100 days and zonal
wavenumbers between 1 and 3 in power spectra and coher-
ence spectra. Simulated MJOs, however, tended to be more
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broad-banded in frequency than the observed. Boyle et al.
(2015) explored the ability of CAMS in simulating MJO
by a perturbed parameter ensemble. By modifying five key
parameters in the deep convection parameterization, they
improved their MJO simulation, including amplitude of the
ISV and of low-level moisture and heating anomalies to the
east of the convective center.

In order to facilitate the comparison of MJO simulations
in different GCMs, the Madden—Julian oscillation Working
Group (MJOWG) of US CLIVAR developed a standardized
set of diagnostics (Waliser et al. 2009). Using this diagnostic
standard, Kim et al. (2009) examined the ability of eight cli-
mate models and Subramanian et al. (2011) assessed the MJO
simulated by CCSM4. In order to provide an initial indication
of MJO performance, a series of metrics was proposed by
Sperber and Kim (2012), which can capture the salient fea-
tures related to the propagation of convection of the MJO.

Of many important issues, the convection scheme,
model resolution and the atmosphere—ocean coupling are
probably the most influential to the MJO simulation in a
climate model. In this study, we evaluate the CESM capa-
bility in simulating MJO, including the features that can
and cannot be well captured by the CESM. Emphasis is
placed on the impacts of model resolution, the atmosphere—
ocean coupling and atmosphere physics on MJO simulation
in CESM, in particular, exploring the effects of the new
shallow convection scheme of CAMS on MJO simulation.
This shall be a good complement to the MJO simulations
by CESM predecessors, which is beneficial to MJO stud-
ies. Towards this goal, we conduct five experiments with
different resolutions and atmosphere models in CESM to
examine and diagnose the MJO simulations. The model
version we use was released in December 2013, and com-
posed of individual components simultaneously simulating
the Earth’s atmosphere, ocean, land, land-, and sea-ice, plus
one central coupler.

In Sect. 2, we briefly describe the CESM used, includ-
ing the difference between two versions of its atmosphere
model-Community Atmosphere Model version 4 (CAM4)
and version 5 (CAMS), experiment settings, and the obser-
vational datasets used for validation. Section 3 presents a
detailed MJO diagnostic analysis of these experiments. In
Sect. 4, we summarize the results.

2 Model, experimental setup and data

CESM is a fully coupled, global climate model that cou-
ples the atmosphere, ocean, land, land-ice, and sea-ice. The
CESM system can be configured in a number of ways. It
supports numerous resolutions and component configura-
tions, and each model component has multiple options to
configure specific model physics and parameterizations.
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Table 1 List of the experiments

Experiments Atmosphere physics Resolution Description and boundary conditions

1.9° x 2.5° grid resolution and 26 vertical levels. Present day climatology (1982-2001) SST

1.9° x 2.5° grid resolution and 26 vertical levels for CAM4. 1° x 1° grid resolution and 60

vertical levels for POP. Present day climatology forcing

0.9° x 1.25° grid resolution and 26 vertical levels for CAM4. 1° x 1° horizontal resolution and

60 vertical levels for POP. Present day climatology forcing

1.9° x 2.5° grid resolution and 30 vertical levels for CAMS. 1° x 1° grid resolution and 60

vertical levels for POP. Present day climatology forcing

CAM4_2d CAM4 f19_gl6
and sea ice datasets
CPL4_2d CAM4 f19_gl6
CPL4_1d CAM4 f09_gl6
CPL5_2d CAMS f19_gl6
CPL5_1d CAMS f09_gl6

0.9° x 1.25° grid resolution and 30 vertical levels for CAMS. 1° x 1° grid resolution and 60

vertical levels for POP. Present day climatology forcing

Both CAM4 and CAMS are available in CESM. The
physics in CAM4 have been described in detail by Neale
et al. (2010b). For CAM4, the major change over its prede-
cessors is an enhancement parameterization of deep convec-
tion in moist physics. An entraining plume assumption is
introduced to decrease convection sensitivity to the tropo-
spheric moisture. Moreover, the addition of sub-grid scale
convective momentum transport (CMT) results in improve-
ment of the Hadley circulation during the boreal winter,
reducing many of the model biases (Zhang and Mcfarlane
1995; Neale et al. 2008). CAMS only keeps the deep con-
vection parameterization (Neale et al. 2010a), and substan-
tial modification is made with a range of enhancements and
improvements in the representation of physical processes
over CAM4. CAMS contains an updated moist boundary
layer and shallow cumulus convection scheme that accu-
rately simulates the spatial distribution of shallow convec-
tive activity (Park and Bretherton 2009). It is believed that
the convection scheme plays a critical role on the eastward
propagation of MJO (Zhang and Song 2009; Cai et al. 2013),
and much effort has been made to examine the influences
of different convection schemes on the MJO simulation.
The shallow convection scheme of CAMS does not have
limitation on the cloud top height and convective precipita-
tion, and can compute convective updraft vertical velocity
and fractional area which enables to compute more refined
fractional entrainment-detrainment rates, cloud top height
and penetrative entrainment. The new two-moment strati-
form cloud microphysics scheme (Morrison and Gettelman
2008; Gettelman et al. 2010) includes aerosol activation of
cloud drops/crystals for liquid and ice, and explicit treatment
of aerosol—cloud interaction. The new radiation scheme, the
Rapid Radiative Transfer Model for GCMs, is a correlated-
k method that has a better performance compared to the
line-by-line calculations in CAM4 (Iacono et al. 2008). The
revised cloud macrophysics scheme provides a more trans-
parent treatment of cloud processes and imposes a pseudo
condensation—evaporation process to remove the inconsist-
ency between stratus fraction and in-stratus cloud condensate

(Neale et al. 2010a). The aerosol treatment in the model uses
a modal-based prognostic scheme similar to that in Easter
et al. (2004), but with only three modes (Aitken, accumula-
tion and coarse) (Liu et al. 2012), whereas CAM4 uses a pre-
scribed mass-based scheme with direct radiative effects and
has no interaction with clouds.

For model resolution, we use two experiments with a res-
olution of 1.9° x 2.5° against a resolution of 0.9° x 1.25°.
The commonly-seen resolution for some climate models
including reanalysis products is 2.5° x 2.5°, such as NCEP
I/IT and ERA-40. Meanwhile, it has the capability to cap-
ture the planetary waves, which have a wavelength on the
order of 1000 km. The experiments with the resolution of
1.9° x 2.5° are representative of commonly-seen climate
models. In comparison, the experiments with the resolution
of 0.9° x 1.25° are supposed to have a better capability in
capturing synoptic processes (such as, but not limited to,
the convectively coupled equatorial waves; Kiladis et al.
2009), which may facilitate a better MJO simulation. For
atmosphere—ocean coupling, the atmosphere-only model
and the coupled model are compared to shed light on the
influences of air—sea coupling on MJO simulation. In addi-
tion, the impacts of CAM4 and CAMS5 on MJO simulation
are also compared, which is to show the improvement of
MJO simulation along with the development of atmosphere
model, especially by the new shallow convection scheme.

In summary, five experiments are conducted in this
study, as listed in Table 1. For instance, Case CAM4_2d
means that the model component is a CAM stand-alone
model with CAM4 atmosphere physics, and the resolution
is 1.9° x 2.5° finite volume grid for the atmosphere and
1° x 1° Greenland Pole grid for the ocean (f19_gl6 for
abbreviation). The stand-alone configuration uses clima-
tological prescribed sea surface temperatures (SSTs) and
sea-ice fraction data (Hurrell et al. 2008), which has a hori-
zontal resolution of 1° x 1°. All experiments are integrated
for 50 years. Outputs for the last 20 years are used for MJO
diagnostics. This way, the impact of the model’s spin-up on
analysis is avoided.
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Various observations are used to validate the MJO sim-
ulation in CESM, including OLR from the advanced very
high resolution radiometer (AVHRR) estimate (Liebmann
and Smith 1996), specific humidity (SH) daily data from
the National Centers for Environmental Prediction (NCEP)
reanalysis (Kalnay et al. 1996), zonal winds in the upper
(200-hPa) and lower (850-hPa) troposphere obtained from
NCEP reanalysis 2 (Kanamitsu et al. 2002). All of these
datasets have a horizontal resolution of 2.5° x 2.5°, and we
use the data time period from 1981 to 2000.

3 MJO diagnostic results

In this section, we follow the two-level diagnostic strategy
proposed by the MJO Working Group to explore model’s
capability in simulating MJO variability (Waliser et al.
2009). For both level-1 and level-2 diagnostics, the MJO
signal is extracted from the observation and model simu-
lation by employing an intraseasonal (20-100 days) band-
pass Lanczos filter on the normalized data that has daily
climatological mean removed already (Duchon 1979). We
choose OLR to characterize convective activity in follow-
ing analysis.

3.1 Simulation of intraseasonal variability (ISV)
characteristics

First, level-1 diagnostic is applied to analyze the basic
characteristics of the MJO, including the dominant tempo-
ral and spatial characteristics, as well as the signal propaga-
tions, in OLR and U850.

3.1.1 ISV spatial distribution

To examine the model’s capability in simulating ISV
strength and spatial distribution, we calculate the variance
of intraseasonal U850 and OLR, using a band-pass fil-
ter of 20-100 days, for boreal winter (Fig. 1) and boreal
summer (Fig. 2), respectively. In the boreal winter, the
observed U850 shows strong ISV in the south of the Mari-
time Continent, the western Pacific and the central tropi-
cal Pacific whereas the strong ISV occurs in the eastern
Indian Ocean, south of the Maritime Continent, and the
western Pacific in observed OLR. The uncoupled model
experiment CAM4_2d shows unrealistic ISV spatial pat-
tern in both U850 and OLR fields. For example, the U850
has strong ISV in the eastern central Indian Ocean which
is absent in the observation, whereas the OLR has much
stronger ISV in the simulation than in the observation for
almost all regions. On the other hand, the basic spatial dis-
tribution pattern of ISV is better represented in all coupled
model experiments as indicated by the spatial correlation
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and the root-mean-square-error (RMSE) shown at the
upper-right of each figure panel. All experiments show that
the simulated variance magnitude has some differences
from that of the observations, especially in the OLR. Com-
pared with the observations, the CPL4_1d has the smallest
RMSE for U850, while the best pattern correlation occurs
in CPL5_1d. For OLR, the smallest RMSE is shown in
CPL5_1d experiment, while CPL4_1d gives the best pat-
tern correlation.

In the boreal summer, the locations of maximum ISV
variance in both observed U850 and OLR move north-
ward, which can be represented by all model experiments.
However, there are still some biases in magnitude and
spatial distribution of MJO variance in the experiments
with CAM4 physics, compared to the observations, such
as unrealistically high variance in the northwest Indian
Ocean for U850 and in the east of warm pool of Pacific
Ocean for OLR. The ISVs of the OLR are overestimated
in all model experiments as in the boreal winter. In addi-
tion, both pattern correlation and RMSE of U850 and OLR
fields are consistent with those in the boreal winter, namely,
CPL4_1d and CPL5_1d have comparable performance and
better than other models.

3.1.2 Frequency-wavenumber ISV characteristics

Wavenumber-frequency spectrum can capture the MJO’s
intraseasonal characteristic and eastward propagation
dominance. Since MJO signal is usually strongest in
boreal winter, the analysis here is confined in this period.
Figures 3 and 4 shows, respectively, the wavenumber-fre-
quency spectra for the equatorial OLR and U850 anomaly
in the boreal winter, using the method described in Wheeler
and Kiladis (1999). The value of R, defined by the ratio of
eastward-propagating and the westward-propagating com-
ponent power of the intraseasonal band, is calculated for
both observations and model outputs.

The observed spectrum values are large at zonal wave-
numbers 1-3 for OLR and at wavenumber 1 for U850 at
the period of 30-90 days, which is consistent with previ-
ous results (Zhang et al. 2006; Waliser et al. 2009). In
CAM4_2d, OLR anomaly shows large westward power (to
the left of the zero frequency) occurring at high wavenum-
bers 3 and 4, in contrast with the large eastward power (to
the right of the zero frequency) occurring at wavenumber
1. The value of R is >1, indicating that the eastward propa-
gation, at the period range of 30-80 days, is more domi-
nant. CPL4_2d seems better than CAM4_2d in capturing
dominant propagation direction and intraseasonal signals in
the power spectra, but an extremely high power appears at
about 200-day period in both eastward and westward prop-
agation, which is unrealistic. This bias in low frequency is
also presented in the analysis of precipitation in uncoupled
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OBS ( winter ): 1981-2000

Anomalies: U850

69832

Anomalies: OLR

CAM4_2d ( winter )

Anomalies: OLR

e

Anomalies: U850 . . Cor: 0.536479 RMSE: 3.
20N 1 > b’ K

Cor: 0.702516 RMSE: 3.14209

CPL4_2d ( winter)

CPL4_1d ( winter )

or. 0.722812 RMSE.: 2.7674
20N ¥

Anomalies: OLR

CPL5_2d ( winter)

444

Anomalies: OLR . . Cor: 0.782575 RMSE: 153.877
4 5 N

Anomalies: U850 ) Cor: 0.700451 RMSE: 3.
20N > b’ 3 .

CPL5_1d ( winter )

. Cor:0.736251 RMSE: 3.14625
@ =

30E 60E 90E 120E  150E 180 150W  120W 90w 60W
2 4 6 8 10 12 14 16 18 20

Fig. 1 ISV variances of U850 (left) and OLR (right) during the
boreal winter from observations and various model simulations. The
ISV is obtained using a 20-100 day band-pass filter applied to daily

model CAMS by Boyle et al. (2015). When the model reso-
lution is improved, this bias disappears although the peak
of period is discontinued at 35 days as shown in Fig. 3.
CPL5_2d also shows a high eastward propagation power
at the period of 200 days and at wavenumber 2 and 3 as
CPL4_2d, which is not consistent with the realistic MJO
frequency and wavenumber band. However, the high reso-
lution cannot help to increase the power in the MJO band,
as shown in Fig. 3 for CPL5_1d case, although the bias at

Anomalies: OLR

=

30E 60E 90E 120E  150E 180 150W  120W 90w 60W
N . |
50 150 250 350 450 550 650

data. The pattern correlation and RMSE against the observations are
labelled at the upper-right corner of each panel

the period of 200 days is eliminated. Therefore, experi-
ments with CAMS are poor in representing the ISV fea-
tures of MJO in the frequency-wavenumber spectra.

The U850 field shows more realistic ISV features than
the OLR field analyzed above in the frequency-wave-
number spectra for both uncoupled and coupled model
experiments, when compared with the observations.
The R of U850 is relatively higher than that of OLR
in the coupled experiments, which indicates eastward
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OBS ( summer ): 1981-2000

Anomalies: U850

Anomalies: OLR

CAM4_2d ( summer )

Cor: 0.61656 RMSE: 3.07535

nolies: OLR

CPL4_2d
Gor: 0.67108 RMSE: 2.77442

(' summer)

CPL4_1d ( summer)

Cor: 0.729339 RMSE: 2.40608

Anomalles OLR

CPL5_2d
Cor: 0.740331 RMSE: 2.92765

Cor: 0.786244 RMSE: 2.73275
S ~%. b

30E 60E 90E 120E
2 4 6 8 10 12 14 16 18 20

150E 180 150W

Fig. 2 Same as Fig. 1, except during the boreal summer

propagation of large-scale circulation more dominant
than convection. All experiments show a large eastward
power at wavenumber 1 as the observations. However,
there are some biases for the frequency range of MJO.
Compared with observation, CAM4_2d shows much
weaker eastward power, while coupled experiments with
coarse resolution present larger power in the lower fre-
quency. Relatively, CPL4_1d and CPL5_1d have the
most comparable R values and frequency range of MJO
with the observations.
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3.1.3 Eastward and northward propagations

The eastward propagation is one of the distinct character-
istics of the MJO. In addition, the MJO also shows north-
ward propagation in the boreal summer (e.g., Kemball-
Cook and Wang 2001; Sharmila et al. 2013). To extract the
fundamental propagating and time-varying characteristics
of the MJO, we calculate point-to-point correlation using
the average intraseasonal OLR anomalies over the area
of 10°S-5°N and 75°E-100°E as a reference, where the
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OBS ( winter ): 19810101-20001231

CAM4_2d ( winter )

CPL4_2d ( winter)
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Fig. 3 Wavenumber-frequency spectra of OLR anomaly of each
experiment averaged over 10°S—10°N. The ratio of eastward spec-
tral power to westward spectral power in the MJO band is labeled
at the right above each panel. Individual spectra were calculated for

standard deviation (SD) of intraseasonal OLR reaches the
maximum. Shown in Fig. 5 is the time-lag-longitude dia-
gram of the point-to-point correlation for the OLR (shad-
ing) and U850 (contour) between 10°N and 10°S-averaged
OLR/U850 and the reference in the boreal winter. Similar
to Fig. 5, Fig. 6 is the time-lag-latitude diagram of point-
to-point correlation for the OLR (shading) and U850 (con-
tour) between 80°E and 100°E-averaged OLR/U850 and
the reference in the boreal summer. The main observed fea-
tures in Fig. 5 can be summarized as follows: (1) there is an
obvious eastward propagation over the Eastern Hemisphere
(EH) in both OLR and U850; (2) the eastward propagation
in OLR is confined to the EH and the U850’s phase speed is
about 5 m/s as that of OLR in the EH, but accelerates east
of the dateline; and (3) the lag of the westerly wind anom-
aly is about 5-7 days behind the negative OLR anomaly

each year and then averaged over 20 years. Only the climatological
seasonal cycle and time mean for each boreal winter segment were
removed before the calculation

in the EH. Comparison among model outputs reveals that
none of the model experiments reproduces these observed
features very well. For OLR, experiments CAM4_2d and
CPL4_2d seem much more like a standing oscillation with
a pronounced westward propagation in the U850. CPL4_1d
appears to show a better eastward propagation in both
OLR and U850, although the phase speed is a little faster
than the observation. CPL5_2d and CPL5_1d show effec-
tive improvements in simulating the eastward propagation
phase speed in the EH, in particular for CPL5_1d, which is
comparable to the observations. In CPL5_1d, the simula-
tion shows a similar spatial pattern to the observations; for
example, there is a realistic speed change across the date-
line in U850.

For the boreal summer, Fig. 6 shows a distinct north-
ward propagation with the phase speed of about 1.2 m/s in
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OBS ( winter ): 19810101-20001231
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Fig. 4 Same as Fig. 3, except for U850 anomaly

observed OLR and U850. However, the northward propa-
gation is not well simulated in the models. Relatively, the
two CPLS experiments have slightly better performances
than CAM4 and CPL4 experiments.

It is interesting to insight some possible dynamic pro-
cesses behind these model experiments. For the uncoupled
experiment (CAM4_2d), the coupling between Rossby
waves and Kelvin waves in the atmosphere is likely to be
weakened due to the lack of the oceanic feedback that is
important to their coupling (e.g., Wang and Rui 1990). As a
result, both Kelvin waves and Rossby waves develop sepa-
rately in response to a heat source over the tropical Indian
Ocean. In the coupled model, when the resolution is low
(CPL4_2d and CPL5_2d), the subtle phase difference
between the dynamic fields and the thermodynamic field
may not be well resolved. Thus, although oceanic feedback
is allowed, the selection of eastward-propagating Kelvin
component over the westward-propagating Rossby wave
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component is not captured well. When the resolution is
increased to 1° (CPL4_1d and CPL5_1d), the heating center
slightly moves to the westerly wind, which enables energy
accumulation and leads to wave instabilities. In short, the
above lag-longitude and lag-latitude analyses reveal that the
air-sea interaction and model resolution are both important
for simulating the eastward propagation in the boreal winter,
while the northward propagation in the boreal summer seem
to be more sensitive to the atmosphere model (Sharmila et al.
2013). This may suggest that the eastward propagation and
northward propagation would have different mechanisms.

3.2 Coherence of simulated MJO

After assessing the MJO general characteristics, we will
conduct level-2 diagnostics to further explore MJO features
and properties, especially in a coherent framework of joint
variables by using multivariate combined EOF analysis.
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Fig. 6 Similar to Fig. 5, except for the lag-latitude diagram for OLR (shading) and wind (contoured) averaged over 80°E-100°E during boreal
summer for observations and simulations
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3.2.1 Cross spectra of US50 and OLR

Figure 7 shows the coherence squared and the phase spec-
tra between the equatorial OLR and U850. To examine the
details in the MJO band, the partially enlarged view of the
symmetric and asymmetric part is also shown. Observa-
tions exhibit a high degree of coherence and an approxi-
mate 90° phase lag (1/4 cycle) between OLR and U850 at
zonal wavenumbers 1-3 and the 30-80 day band for the
symmetric component. It is argued that, the signal of the
wavenumber 1 and 30-80 day period may be linear con-
vectively coupled Kelvin wave (e.g., Hendon and Wheeler
2008). The corresponding asymmetric part in the MJO
band, which should have no imprint of a linear Kelvin
wave, helps us to distinguish the MJO signal from high fre-
quency convectively coupled Kelvin waves. For instance,
the asymmetric part of observations reveals significant
coherency (0.15-0.35) at wavenumber 1 and the 30-80 day
band, indicating that the high coherency at wave number 1
is significant MJO behavior other than Kelvin waves.

All model experiments show a significant coherency
in the MJO band of the symmetric part, with a phase lag
similar to the observation. However, for wavenumber 1,
CAM4_2d and CPL4 have coherency peaks at higher fre-
quencies near 30 days, compared to that near 40 days in
the observation. This fact suggests that the models should
have more linear convectively coupled Kelvin wave activ-
ity than the observation (e.g., Roundy 2008). In the asym-
metric part, CAM4_2d has a significant coherency (0.05—
0.20) for wavenumber 1 in the 30-80 day band, somewhat
weaker than that in the observation. The CPL4 2d has
a significant coherency (0.05-0.20) only at around the
period of 80 days, while CPL4_1d has a significant coher-
ency at both 30- and 80-day period. CPL5_2d shows the
same characters as CPL4_2d, except for slightly stronger
coherency (0.10-0.25) of MJO band in asymmetric part.
CPL5_1d has significant coherency (0.10-0.25) for wave-
number 1 in the 30-80 day band as the asymmetric compo-
nent in the observation. These asymmetric structures sug-
gest that the convectively coupled activity at wavenumber
1, simulated by different model experiments, tends to have
more Kelvin waves activity than observation. At wavenum-
bers 2 and 3, all of the experiments have lower coherency
in the MJO band than observation. Instead, these experi-
ments all show high coherency for these two wavenumbers
at 10-20 day periods, which indicates Kelvin-like convec-
tively, coupled waves with the coherence falling along the
linear Kelvin dispersion curve. This is supported by the fact
that the corresponding asymmetric part has no significant
coherency at the two wavenumbers at 10-20 day periods.
This may be associated with a lack of coupling between
MIJO and oceanic Kelvin waves in the central equatorial
Pacific (e.g., Roundy and Kravitz 2009). Furthermore,

@ Springer

it should be noticed that in both CPL5_2d and CPL5_1d
there is a strong power for wavenumber 2 around 200-day
period, which is also consistent with the results shown in
Sect. 3.1.2. The coherent power of the convectively cou-
pled Kevin wave signal is much larger in the two models
than in the observations suggesting an overestimation of
the convectively coupled Kevin wave signal power in the
model simulations.

3.2.2 EOF analysis

3.2.2.1 EOF analysis for the OLR The empirical orthogo-
nal function (EOF), also called principal component analy-
sis (PCA), is widely applied to atmospheric variables that
characterize the tropical convection activity to extract basic
features of the MJO. Figure 8 is the first two leading EOFs
of observed OLR in the boreal winter, derived from a 20
to 100 day band-pass-filtered daily OLR data, showing a
large convection cell dominating over the equatorial eastern
Indian Ocean and the western Pacific. The winter season is
chosen because MJO usually has the strongest signals in this
season.

The lead-lag correlation between the first two princi-
pal components (i.e., PC1 and PC2) is used as a simpli-
fied metrics, which was originally proposed by Sperber
and Kim (2012), to access model simulation capability of
MIJO features. Generally, the amplitude of the maximum
positive correlation measures how coherent and/or domi-
nant the propagation is, whereas the corresponding time
lag indicates the transition time taken from EOF2 to EOF1.
A positive (negative) lag indicates PC2 leading (lagging)
PC1, suggesting the eastward (westward) propagation of
enhanced convection from the Indian Ocean (Maritime
Continent) to the Maritime Continent (Indian Ocean).

Shown in Fig. 9 are the lead—lag correlations between
PC1 and PC2 for observations and for simulations, respec-
tively, where the model PCs are obtained by projecting
simulated 20-100 day band-pass-filtered daily OLR onto
the two leading EOFs of observed MJO as shown in Fig. 8.
As can be seen in Fig. 9, the observed PC1 and PC2 have a
maximum positive correlation of 0.71 at a time lag of about
10 days. All simulations reach the maximum positive corre-
lation at similar time lag of 10-11 days, and the correlation
coefficients are generally smaller than observed counterpart,
indicating that the eastward propagation of simulated MJO
is not as obvious as observed. In addition, the correlation
structure of each experiment is somewhat different from
that of the observations in Fig. 9. For example, the uncou-
pled experiment CAM4_2d displays the correlation inter-
changing the sign more often than that of the observations.
CPL4_2d eliminates the spurious structure (with two posi-
tive peaks), whereas CPL4_1d shows a larger positive cor-
relation at positive time lag. Both CPL5_1d and CPL5_2d
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Fig. 7 The symmetric part (first column and second column in
details in the MJO band) and asymmetric part (third column in the
MJO band) of the coherence squared (colors) and phase lag (vectors)
between U850 and OLR. Spectra were computed for individual lati-
tudes, and then averaged over 0°-10°. Cross spectra were calculated
using daily data during all seasons on 256-day-long segments, with
consecutive segments overlapping by 206 days. Colors represent
coherence squared between OLR and U850, and vectors represent the

show similar features to the observations with CPL5_1d
being better in simulating MJO signal strength, as indicated
by its larger maximum correlation than that of CPL5_2d.

T T

CPL4_1d

phase by which wind anomalies lag OLR anomalies, increasing in the
clockwise direction. A phase of 0° is represented by a vector directed
upward. Dispersion curves for the (n = —1) Kelvin (n = 1) equato-
rial Rossby and (n = 1) inertia-gravity waves corresponding to three
equivalent depths (h = 12, 25 and 50 m) in the shallow-water equa-
tions are overlaid (black contours). The MJO is defined as the spec-
tral components within zonal wavenumbers 1-3 and having periods
of 30-80 days

In short, the simplified metrics indicates that all simu-
lations can capture the eastward propagation of the MJO
except for CAM4_2d. However, the simulated propagations
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Fig. 7 continued

are less coherent and dominant than that in the observa-
tions. Among these experiments, CPL5 seems to be more
realistic than CAM4 and CPL4, and experiments with 1°
resolution also show better results than those with 2° reso-
lution, indicating that CAMS atmosphere physics and high
model resolution improve the eastward propagation feature
of the MJO simulation.
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3.2.2.2 Multivariate combined EOF analysis A multi-
variate EOF technique, combining OLR, U850 and U200
fields, is also often used to extract MJO mode (e.g., Wheeler
and Hendon 2004; Waliser et al. 2009). Different from the
univariate EOF analysis, the multivariate EOF can charac-
terize not only the MJO features of the chosen variables but
also their coherence at MJO band, which can, for example,
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Fig.9 Time lead-lag correlation of PC1 versus PC2 for all boreal
winters (November—April). Positive time lag indicates PC2 leading
PC1, and vice versa. The PCs are obtained by projecting 20-100 day

isolates the convective and baroclinic zonal-wind signatures
of the MJO.

MJO mode The first two EOFs from observations and
the experiments are shown in Fig. 10. A 20-100 day band-
pass filter is used prior to EOFs. The variance explained
by each EOF mode is presented in the upper-left corner
of each panel. Shown in the upper-right corner of each
panel is the variance explained by each variable in the EOF
mode. The spatial correlation of model EOF mode against
the observed mode is also calculated to measure the mod-
el’s capability in describing realistic MJO mode.

In the observations, the first EOF mode captures the
enhanced (suppressed) convection over the western/central

band-pass-filtered daily model OLR onto the two leading EOFs of
observed data as shown in Fig. 8

Pacific Ocean and the suppressed (enhanced) convection over
the Indian Ocean, while the second EOF mode captures the
enhanced (suppressed) convective activity over the eastern
Indian Ocean and the Maritime Continent. These two modes
constitute the eastward propagation of the MJO, explaining
more than 41 % of the total variance; the convection ampli-
tude is concentrated in the EH. Also, it shows an out-of-phase
structure between the upper- and lower-troposphere zonal
winds, suggesting the baroclinic structure of the MJO, where
U200 and U850 inverse at the longitude of 90°E for EOF1
and at 150°E for EOF2. Besides, there is also a displacement
of the zonal wind peak relative to the convection signal with
lower-level westerlies tending to trail the convective peak.
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Fig. 10 Multivariate of the first
two EOF modes of 20-100-day
OLR, 850- and 200-hPa zonal
wind averaged over 15°N-15°N
from every 20-year experi-
ment run. The total variance
accounted for by each mode is
written on the left above each
panel, and the value on the right
above each panel is the variance
explained by each individual
field. The spatial correlation of
model multivariate EOF mode
against the observed mode is
shown in the middle above each
left panel
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Fig. 11 Power spectra of unfiltered PC1 (thick) and PC2 (thin) that
were derived by projecting unfiltered data (seasonal cycle removed)
on the observed multivariate EOF1 and EOF2 as shown in Fig. 10.

For convenience of comparison, the first two EOF
modes of some model experiments are reordered to match
the EOF modes of the observations (e.g., CAM4_2d). The
variance explained by each mode in all experiments is
smaller than the observed. Especially, the variance of OLR
explained by the first two leading modes is much smaller
than the observed. Moreover, all experiments display the
out-of-phase relationship between lower- and upper-tropo-
sphere winds as observed. For CAM4_2d, the pattern cor-
relation of its EOF1 and EOF2 against the observation is
about 0.6 with some obvious biases of the anomaly center
in the convection and wind fields. The peak positions of
the lower- and upper-troposphere winds in EOF1 appear
around 130°E, almost consistent with the observation, but
the peaks in EOF2 are located in the western Indian Ocean
around 60°E, which is far away from the observed loca-
tion around 90°E. For OLR, the displacement of the peak
position exists in both EOF1 and EOF2, indicating biases
existed in the eastward and westward propagations. For

frequency (cycles/day)

10" 10?2 10
frequency (cycles/day)

Dashed curves show the 95 % confidence levels for a red noise spec-
trum. The numbers shown on the right in each panel are the percent-
age of 30-80-day period band power with respect to the total power

CPL4_2d, the pattern correlation is around 0.8, and there
are also some improvements compared to CAM4_2d in
convection over the western Pacific Ocean in EOF1 and
over the Maritime Continent in EOF2, although the vari-
ance explained by each mode reduces a little. CPL4_1d
performs better than CPL4_2d in terms of the anomaly
center and variance explained, with a pattern correlation
over 0.8 for both EOF1 and EOF2. The EOF1 in CPL5_2d
shows that the convection is located at 120°E—~180°, con-
sistent with the range in the observation. However, the OLR
of CPL5_2d has much smaller variance explained than the
observation. In CPL5_1d, the convective activity over the
Pacific is not very dominant, which is not realistic.

Power spectra of unfiltered PCs To examine whether the
leading EOFs extracted from band-pass-filtered data are
physically meaningful, the power spectra of unfiltered PCs
are calculated. The unfiltered PCs are obtained by project-
ing unfiltered data (with only the seasonal cycle removed)
onto the leading EOF modes. If the power spectra exhibit
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Fig. 12 Composite 20-100-day OLR (shaded) and U850 hPa wind
(vector) during the boreal winter as a function of MJO phase. The
units of reference vector shown at the top right of each panel are m/s.

a statistically significant spectral peak at MJO timescale,
then we will have confidence that the EOFs represent a
meaningful MJO mode.

Figure 11 shows the power spectra. The variance
explained by the 30-80 day period band is computed as
well. It can be seen that the observation spectra are con-
centrated at the periods of 30-80 days for the first two
PCs, with variances explained by ~49 and ~45 %. While
CAM4_2d has the largest power at periods <30 days, the
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The number of days used to generate the composite for each phase is
shown at the bottom right inside each panel

rest of the coupled experiments have better performances,
especially the experiments with 1° resolution. However, the
variance explained at the MJO band is obviously lower in
all the models, only taking half of observed variance.

Lag correlation of PCs Here, we use the lag correlations
between the PCs of the first two multivariate EOFs to ana-
lyze the coherency of convection and wind fields. The results
of all experiments indicate that the leading multivariate EOFs
are a quadrature pair (not shown), representing coherent
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[

Fig. 13 Same as Fig. 12, except during the boreal summer

eastward-propagating ISV in convection and winds along
the equator. The periods in all these experiments are around
36 days, close to the ~40 days in the observations, which
seem better than some models reported in literature (e.g., Lin
et al. 2000).

3.3 Composite of MJO life cycle
Finally, to examine the model’s capability in simulating the

spatial-temporal structure of ISV visually, we use the two
leading EOFs shown in Fig. 10 to construct a composite

MJO life cycle for the boreal winter and boreal summer,
as in Wheeler and Hendon (2004). Only the days with
PC1? + PC2? exceeding 1 are used in the composite analy-
sis. Figures 12 and 13 shows the composite maps for the
boreal winter and boreal summer, respectively. Consider-
ing the coupled models with high resolution have relatively
better MJO features than uncoupled and coarse resolution
models, we only present the composites for observation,
CPL4 _1d and CPL5_1d here.

Observations show that the convection is originated
in the western Indian Ocean and enhanced to reach its
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Fig. 14 Pressure-longitude cross section of specific humidity anomalies at the four phases of MJO from five experiments. The OLR anomaly

line below each cross section plot shows the location of convection

maximum over the Maritime Continent as it propagates
eastward. Then, its strength gradually weakens during
further eastward propagation. CPL4_1d shows obvious
eastward propagation but there are some biases in terms
of detail, such as the faster propagation speed and the

@ Springer

broader area with enhanced convection. CPL5_1d shows
a more realistic speed of the eastward propagation, but
the strength is much weaker than observed, especially
in the Indian Ocean. The weak amplitude of the convec-
tion strength in CPL5_1d is consistent with the analysis
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Fig. 14 continued

conducted in proceeding sections, which is probably one  also show distinct northward propagating convection and
main spurious feature in CPL5 experiments. This suggests ~ winds from the tropical Indian Ocean to the north of the
that the CAMS has a weaker convection activity than its ~ Maritime Continent region, consistent with the results in
predecessor. Sect. 3.1.3. Both CPL4_1d and CPL5_1d display some

The eastward propagating activity of MJO in the boreal =~ northward propagation signals. Especially, CPL5_1d is
summer is not as strong as that in the boreal winter in  more realistic although its simulated convection strength
both observation and models. In addition, the observations of the MJO is still weak.
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Fig. 15 Similar to Fig. 6, except for the uncoupled experiment with
CAMS atmosphere physics

3.4 Impact of moisture process on the propagation
of MJO

Shallow convection is considered to be a precondition of
the deep convection of lower troposphere in observations
(e.g., Kikuchi and Takayabu 2004) and some models (e.g.,
Kang et al. 2013; Zhang and Song 2009). To further inves-
tigate the impact of shallow convection on the MJO fea-
tures, we analyze the moisture process in observation and
in the models in this subsection.

Figure 14 shows the composite SH anomalies, along the
pressure-longitude cross section averaged over 15°S—15°N
in the phases 3-6 of MJO cycle, for observations and five
model experiments, respectively. The corresponding com-
posite OLR anomalies are also shown with respect to the
MIJO phases. Phase 3 represents the beginning of MJO in
the Indian Ocean, while phases 4 and 5 are the processes
of MJO crossing the Maritime Continent, and the MJO is
matured at phase 6. For the observations, there are strong
positive SH anomalies in the deep convection region indi-
cated by the negative OLR anomalies. To the east of this
region, there is a suppressed deep convection region with
positive SH anomalies in the lower troposphere. With the
MIJO development, this suppressed region is replaced by a
deep convection gradually. The shallow convection trans-
ports moisture upward to the mid troposphere, leading to
the development of the deep convection. CAM4 shows less
coherent moistening process. It should be noticed that the
positive SH anomalies in the Indian Ocean around 90°E
show a standing mode instead of transiting to negative
anomalies with the development of MJO. This may explain
why the eastward propagation characteristic is not repre-
sented in CAM4 (Fig. 5). As for the other coupled experi-
ments, the experiments with CAMS atmosphere physics
which has a new shallow convection scheme show distinct
improvement of the moisture process even with the coarse
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resolution, although the strength of the SH anomalies is a
little weaker than the observations. This may be the reason
of the realistic eastward propagation speed of the CPLS5
experiments. The new shallow convection scheme is help-
ful to the MJO eastward propagation with more realistic
process of lower-level convection activity ahead of the deep
convection.

What’s more, it seems that CPL5 experiments show
much more dominant northward propagation characteristic
either than uncoupled experiment or than CPL4 experiments
(see Fig. 6). In order to distinguish whether the coupling or
atmospheric physics plays a curial role to this feature, we
run another uncoupled experiment CAMS5_2d with CAMS
atmosphere physics and 1.9° x 2.5° horizontal resolution.
The results of lag-longitude analysis, similar to Sect. 3.1.3,
are shown in Fig. 15. Comparison between Figs. 15 and 6
reveals that the both OLR and U850 have better northward
propagation in CAMS than in CAM4. Thus, one may con-
clude that CAMS physics also improve the northward prop-
agation of MJO simulation. However, a better performance
of CMT parameterization is also considered to be important
in simulating the northward propagation, which is likely to
produce a low-level convergence to the north of the convec-
tion (Kang et al. 2010) and unstable planetary waves (Zhou
and Kang 2013). Since the sub-grid CMT is introduced to
the deep convection schemes in both CAM4 and CAMS,
there may be other important processes that contribute to
the northward propagation. Figure 16 shows the compos-
ite SH anomalies of pressure-latitude cross section aver-
aged over 90°E-160°E. Here we only present the observa-
tion, CPL4_1d and CPL5_1d, since other models show less
realistic moistening process as presented above. Obviously
the SH anomalies proceed northward from the equator at
phase 3 to about 15°N at phase 6 in the observations, but
there is no shallow convection region ahead of the deep con-
vection region which is an obvious feature for the eastward
propagation as discussed above. This may suggest different
mechanisms responsible for the MJO eastward and north-
ward propagation. In CPL4_1d, the positive SH anomalies
are parted in the equator because of the unrealistic negative
SH anomalies in the lower troposphere. The moisture pro-
cesses in the lower troposphere in CPL5_1d present more
resemblance to the observation, although the anomalies are
a little weaker, which probably results from the new shallow
convection scheme in CAMS. Thus, the realistic representa-
tion of the shallow convection is also probably an important
factor of the MJO northward propagation.

4 Summary and discussion

In this paper, we explore the capability of the latest version
of CESM in MJO simulation, and the impacts of air-sea
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Fig. 16 Same as Fig. 14 except for the pressure-latitude cross section of specific humidity anomalies

coupling, model resolution and different atmospheric phys-
ics on MJO simulation by sensitivity experiments.

The effect of air-sea coupling on the MJO simulation is
examined by comparing the coupled experiment CPL4_2d
and the uncoupled experiment CAM4_2d. To investigate the
impact of model horizontal resolution, another coupled experi-
ment with a higher horizontal resolution CPL4_1d is also

performed. Meanwhile, as the new version of CESM intro-
duces the updated atmospheric physics CAMS, two different
resolution experiments using CAMS physics are conducted to
examine the impacts of different atmospheric physics on MJO
simulation. The main results are summarized as follows.

The uncoupled experiment has lower fidelity than the
coupled experiments in almost all MJO characteristics
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simulation, including the basic temporal and spatial ISV
characteristics and the eastward propagation. For exam-
ple, the R value, an indicator of the eastward propaga-
tion, of the uncoupled experiment is only one-third of
the observed value, while R in the coupled experiments
increases to about half to two-third of the observed
value. Also, with ocean feedback, the air-sea interaction
improves the coherence of convection and large-scale
circulation.

The higher resolution seems to be helpful for a realis-
tic MJO simulation such as the basic ISV spatial distribu-
tion and propagation features for both CPL4 and CPL5
experiments. A higher horizontal resolution may be able to
resolve the orography, especially the Maritime Continent
region, and thus better simulate the basic characteristics
related to MJO (e.g., Inness and Slingo 2006). However,
it should be noted that the wavenumber-frequency analy-
sis results with two higher resolution models (CPL4 and
CPL5) in our experiments indicates that resolution is not
a vital factor for realistically reproducing MJO features in
wavenumber-frequency spectra.

The CAM4 and CAMS, two different atmospheric
physics, have comparable capability in simulating some
MIJO characteristics such as the ISV spatial distribution
and the eastward propagation. The distinct differences
occur in the propagation features and the frequency-
wavenumber analysis of OLR. The new shallow convec-
tion scheme in CAMS physics improves the moisture
process of the lower troposphere which is considered as
a crucial factor of MJO eastward propagation. So that
the eastward propagation speed in the boreal winter for
CPLS5 shows a resemblance to the observations. In addi-
tion, CPL5 also show better northward propagation in
the boreal summer than CPL4 due to the realistic shal-
low convection representation, although the mechanism
of northward propagation may be different from that of
eastward propagation. On the other hand, the strength
of CPLS5’s convective MJO signal is much weaker than
observations, which seems to be the largest deficiency of
CPLS5 experiments.

MJO simulation has been a challenging issue and
attracting a broad attention in recent years. This work pre-
sents our recent efforts to investigate some possible factors
impacting MJO simulation by the sensitive experiments of
CESM, which serves as a necessary step to improve MJO
simulation next step. The MJO mechanism and dynamic
processes responsible its basic features are still not clear
although there are considerable hypotheses. Thus, for sim-
plicity and brevity, we confine in this work our discussions
mostly in the analyses and comparisons of the experiments
themselves, with light weights on the dynamical mecha-
nisms. More sensitivity experiments and comprehensive
diagnostic analyses are needed to understand the dominant

@ Springer

physical and dynamical processes of the MJO, which may
be pursued in the near future.
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