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Available online 30 October 2015 comparison Project) and historical runs. In general, the models can simulate some major

characteristics of the MJO, such as the intensity, the periodicity, the propagation, and the
temporal/spatial evolution of the MJO signals in the tropics. There are still some biases

ﬁ:ﬁoergfjulian Oscillation between the models and the observation/reanalysis data, such as the overestimated total
BCC intraseasonal variability, but underestimated MJO intensity, shorter significant periodicity,
AMIP and excessive westward propagation. The differences in the ability of simulating the MJO
Historical between AMIP and historical experiments are also significant. Compared to the AMIP runs,

the total intraseasonal variability is reduced and more realistic, however the ratio between
the MJO and its westward counterpart decreases in the historical runs. This unrealistic
simulation of the zonal propagation might have been associated with the greater mean
precipitation over the Pacific and corresponded to the exaggeration of the South Pacific
Convergence Zone structure in precipitation mean state. In contrast to the T42 versions,
the improvement of model resolution demonstrate more elaborate topography, but the
enhanced westward propagation signals over the Arabia Sea followed. The underestimated
(overestimated) MJO variability over eastern Indian Ocean (Pacific) was assumed to be asso-
ciated with the mean state. Three sets of sensitive experiments using BCC.CSM1.1m turn
out to support this argument.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Madden-Julian Oscillation (M]JO) features an equatorially trapped and eastward propagated wave with a 30-80-day
periodicity and planetary-scale circulation (Madden and Julian, 1971, 1972). The major M]JO signals are located over the
tropical eastern Indian Ocean and western Pacific, and its slow eastward propagation has an average speed of about 5ms—!
(Weickmann et al., 1985; Knutson et al., 1986). The vertical structure of MJO is characterized by a boundary-layer moisture
convergence preceding the major convection (Hendon and Liebmann, 1994; Maloney and Hartmann, 1998; Sperber, 2003;
Hsu and Li, 2012; Zhao et al., 2013; Li, 2014). MJO, as its dominant role in contributing to the variability between day-to-day
weather and El Nino-Southern Oscillation (ENSO), has been well known a major predictability source for the extended-range
(10-30-day) forecasting (Li et al., 2015).
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There are some considerable evidences for supporting the importance of MJO in influencing weather and climate varia-
tions over the tropics. For example, MJO has been known being intimately associated with the formation of tropical cyclones
(Liebmann et al., 1994; Maloney and Hartmann, 2000; Higgins and Shi, 2001). MJO also interacts with ocean and thereby
influences the evolution of ENSO (Takayabu et al., 1999; Kessler and Kleeman, 2000; Bergman et al., 2001). So far, the sig-
nificant role of MJO in impacting the weather phenomena and climate systems has been widely recognized (Yang et al.,
2012).

A realistic MJO simulation in model is the key for making a skillful prediction on the subseasonal-seasonal timescales.
However, the ability of the most current climate models in predicting MJO is severely limited due to model misrepresentation
of the MJO characteristics. Usually, the unrealistic features in the MJO simulations include weak amplitude, short period,
fast eastward propagation and excessive westward propagation (Slingo et al., 1996; Annamalai and Sperber, 2005; Lin et al.,
2006; Zhao et al., 2014). Accordingly, problems in MJO modeling have been attributing to the inaccuracies in representation
of the model resolution (Jia and Li, 2008), convective parameterization (Tokioka et al., 1988; Wang and Schlesinger, 1999),
diabatic heating (Li et al., 2009), mean state (Ajayamohan and Goswami, 2007), and atmosphere—ocean interaction (Wang
and Xie, 1998; Fu and Wang, 2004).

In this study, we will deeply examine the distinct roles of the model resolution and coupling through evaluating MJO as
simulated in Beijing Climate Center climate system models (BCC_CSM1.1 and BCC_.CSM1.1m) and their atmospheric general
circulation models (BCC_AGCM2.1 and BCC.AGCM2.2) under the fifth phase of Climate Model Inter-comparison Project
(CMIP5). In the second generation of BCC_AGCM, the parameterizations for the deep cumulus convection, dry adiabatic
adjustment, latent heat and sensible heat fluxes over ocean surface, and snow cover fraction are replaced with new schemes
(Wu et al., 2010). It is of particular interest to evaluate MJO simulations in this series of BCC climate models and examine the
effects of both the model resolutions and atmosphere-ocean coupling on MJO simulation. Furthermore, such an evaluation
isimportant for improving the simulation of MJO in the BCC models and helpful for developing the climate prediction system
on the subseasonal-seasonal timescale.

The remaining parts of this paper are organized as follows. The models, data, methodologies, and experiments are
introduced in Section 2. In Section 3 the performance of the models in simulating MJO are described, and in Section 4
the cause of the biases in the MJO simulations are discussed. Conclusions are given in Section 5.

2. Models description, validation data, and experiments design
2.1. Models description

There are four versions of BCC model used in the following analysis and diagnosis, including BCC_AGCM2.1,
BCC.AGCM2.2, BCC.CSM1.1 and BCC_.CSM1.1m. Respectively, BCC.AGCM2.1 and BCC_.AGCM2.2 are used in the AMIP
experiments, BCC.CSM1.1 and BCC.CSM1.1m are used in the historical experiments. The details can be found in
http://forecast.bcccsm.ncc-cma.net/web/channel-11.htm.

BCC_.AGCM2.1 is the version 2.1 of the Beijing Climate Center Atmospheric General Circulation Model developed at the
National Climate Center (NCC), China Meteorological Administration (CMA), based on the community atmospheric model
version 3 (CAM3) developed by the National Center for Atmospheric Research (NCAR), but uses a reference atmosphere can
in dynamical core, which significantly improves the pressure gradient force calculation, regional and global performance,
particularly for the tropospheric temperature and winds (Wu et al., 2008). New physical parameterizations also have been
used to replace the primitive ones accordingly (Wu et al., 2010). For example, a new cumulus convective scheme has been
implemented (Wu, 2012). BCC.AGCM2.1 is a spectral model with horizontal T42 truncation (~2.8125°) and 26 layers in the
vertical direction. BCC_.AGCM2.2 is the latest version which is released as the atmospheric component of BCC_.CSM1.1m. The
motivation was to provide better resolved regional climate simulations when used in CMIP5 experiments. Compared with
BCC_.AGCM2.1, BCC.AGCM2.2 has a higher horizontal resolution T106 (~1.125°) and some tunings have been done in the
physics package at T106 resolution.

BCC_CSM1.1 is a climate system model in which the atmospheric component BCC.AGCM2.1, ocean component MOM4-
L40 (Modular Ocean Model), land component BCC_AVIM1.0 (Atmosphere and Vegetation Interaction Model), and sea ice
component SIS (Sea Ice Simulator) are adequately coupled and interact with each other through fluxes of momentum,
energy, water and carbon at their interfaces (Xin et al., 2012). BCC.CSM1.1m is developed based on the BCC_.CSM1.1 with a
moderate resolution in the atmospheric component. The atmospheric component in BCC.CSM1.1m is the BCC_AGCM2.2 at
T106 horizontal resolution and 26 vertical layers, and the land model is BCC_AVIM1.0 with a same horizontal resolution as
the atmospheric model. The ocean component and sea ice component are still MOM4-L40 and SIS, with a different oceanic
topography distribution from the BCC_.CSM1.1. Both the ocean and sea ice model use a tripolar grid, in which the zonal
resolution is 1° and the meridional resolution ranges from 1/3° to 1° poleward.

In AMIP experiments, the observed SST and sea ice temperature are served as the boundary forcing of numerical experi-
ments. And the realistic forcing of greenhouse gas, solar constant and aerosol are also used to conduct standard AMIP runs
from 1979 to 2008. The historical experiments perform the integration from 1850 to 2008, with realistic external forcing
including greenhouse gas, solar radiation, ozone distribution, and aerosols. To facilitate the comparison with observational
data, the 30-year results from 1979 to 2008 of the models are used in this study.
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2.2. Validation data

To evaluate the models’ performance in MJO simulation, the pentad-mean Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP, Xie and Arkin, 1996) is used. The daily satellite-observed outgoing longwave radiation
(OLR) observed from the Advanced Very High Resolution Radiometer (AVHRR) on board National Oceanic and Atmospheric
Administration (NOAA) satellites (Liebmann and Smith, 1996) and reanalysis wind field from the European Centre for
Medium-Range Weather Forecast (ECMWF) reanalysis (ERA-Interim, Dee et al., 2011) are also used to evaluate the model
performance. Prior to the analysis, the pentad—-mean data are interpolated into daily values. We use the whole thirty years
(from 1979 to 2008) data to validate the simulations and discuss the model biases. According to the metrics outlined by the
U.S. CLIVAR (Climate Variability and Predictability) MJO working group, the 20-100-day band pass filter is used to isolate
M]JO component.

2.3. Experiments design

To test the effect of mean state varying in the MJO simulation, three additional sets of experiments using BCC_.CSM1.1m
are designed in this study. The first experiment (denoted as “CTL”) is the same as the historical run during a period of 10
years. The second set of experiments (denoted as “CPN”) involve reducing convective heating over the Central Pacific (CP),
which is calculated from the dry static energy tendency in the convection scheme, by multiplying the factor ranges from 0
to 1. Thus precipitation is reduced over the CP. The third set of experiments (denoted as “IOP”) involve increasing convective
heating over the eastern Indian Ocean (I0) by multiplying the factor greater than 1. It leads to increased precipitation over
the eastern 10. Comparing the results of CPN (IOP) with CTL, the effects of the mean state over the CP (eastern IO) on the
M]JO simulation can be measured.

3. MJO behavior
3.1. Intensity distribution, zonal propagation and significant period

We present an equatorial wavenumber-frequency diagram of the raw precipitation to isolate the characteristic spatial
and temporal scales (Fig. 1). Consistent with previous results (Lin et al., 2010; Hung et al., 2013), the dominant spatial scale
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Fig. 1. Spectrum distribution of the eastward and westward propagating precipitation (averaged along 15°S-15°N) from CMAP, AMIP and historical run
of BCC model with T42 and T106 horizontal resolution (unit: mm? day—2). Ratio between the MJO variance and the variance of its westward counterpart
(wavenumber 0-10, 20-100-day mode) is labeled at top right of each panel.
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Fig. 2. Horizontal distribution of 20-100-day filtered precipitation variance of (a) CMAP, (b-c) AMIP and historical run of BCC model with T42 horizontal
resolution, (d-e) AMIP and historical run of BCC model with T106 horizontal resolution (unit: mm? day~?) during 1979-2008. The pattern correlations
between models and CMAP are marked at the top-right corner of each panel.

is zonal wavenumbers 1-3 for intraseasonal precipitation in the observation (Fig. 1a). For the wavenumber 1-3, the highest
intraseasonal spectrum energy (with a value of about 0.02 mm? day~2) appears at the period of 60 days. The intraseasonal
eastward propagating power tends to be concentrated on a higher frequency (a period around 30 days) in the BCC models.
In AMIP runs (Fig. 1b and d), the zonal wavenumber 1 of intraseasonal precipitation is captured to a certain extent by the
models, however, the intensity is evidently underestimated. As shown in Fig. 1c and e, the westward spectral power is
generally stronger in the historical run and this may be caused by the Rossby response to the overly heat source on the
eastside of dateline over the Pacific.

To investigate the simulation skills of the intraseasonal precipitation magnitude and geographical distribution, we show
the variance distribution of the 20-100-day band pass filtered precipitation (Fig. 2). The two major centers of the intrasea-
sonal precipitation intensity are located over the tropical eastern Indian Ocean and western Pacific respectively, according
to the observation (Fig. 2a). Such two maximum centers can be approximately detected in both AMIP and historical runs
of the models with T42 and T106 horizontal resolutions, but the amplitudes are generally overestimated in all the simu-
lations. It is consist with the spectrum diagram that much more intraseasonal signals are situated on the smaller spatial
scale (wavenumber greater than 5) in the models. The maximum center of variance shifts westward over the Indian Ocean
and extends eastward over south western Pacific in historical runs. Compared with the AMIP runs, the amplitudes of the
variance maxima are obviously reduced and more realistic in the historical runs. Especially the highest pattern correla-
tions (around 0.71) between model and CMAP appears in the T106 version, indicating a higher skill due to the higher
resolution.

Additionally, MJO dynamics essentially involve the complex interactions between convection and large-scale circulation,
and thus RMM (Real-time Multivariate MJO series) indices (Wheeler and Hendon, 2004) are broadly used in the real-time
M]JO monitoring and prediction. Here, the structures of the two leading EOFs calculated from the combined intraseasonal
OLR, U850, and U250 (due to the limitation of levels in the model output, U250 is used instead of U200) are presented
in Fig. 3. EOF1 and EOF2 can totally explain 42% of the variance of the filtered atmospheric fields in the observation and
reanalysis data (Fig. 3a). Of the two, EOF1 pattern exhibits the common situation of MJO with the enhanced convection
(negative OLR anomalies) over the tropical Indian Ocean around 90°E nearby the Bay of Bengal, the upper-level easterly wind
anomalies extending throughout the western Indian Ocean, and westerly wind anomalies over the Maritime Continent and
western Pacific, while lower-level wind anomalies have the opposite zonal directions. EOF2 pattern has enhanced convection
over the Maritime Continent and western Pacific Ocean, accompanied with the lower-level convergence and upper-level
divergence. Lag correlations between PC1 and PC2 suggests the averaged 45-day period. In contrast, the first two EOFs of the
AMIP simulations have explained less variance below 34% and the corresponding shorter period (around 32 days), which is
consistent with Fig. 1. For the historical simulations, both the explained variance and significant period are less than those
in the AMIP runs.
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Fig. 3. Spatial structures of EOFs 1 and 2 of the combined analysis of OLR, u850, and u250 anomalies, and the cross correlation between PC1 and PC2 from
(a) AVHRR and ERA-Interim, (b-c) AMIP and historical run of BCC model with T42 horizontal resolution, (d-e) AMIP and historical run of BCC model with
T106 horizontal resolution.

3.2. Horizontal and vertical evolution

Many previous studies have noted the continuously eastward propagation of MJO along the equator. To estimate the
eastward propagation speed, Fig. 4 shows the lag correlation coefficients between filtered OLR and PC1 (left column), and
the regressed OLR anomalies with respect to PC1 (right column). Following the approach of Ling et al. (2014), on this time-
longitude diagram of filtered OLR with respect to PC1, a set of straight lines can be drawn within a given longitudinal sector
(listed in Table 1), each with a slope at the minimum center on the western boundary. Among this set of lines, the one
with the smallest averaged value represents the MJO convection track and the slope is defined as its eastward propagation
speed. The typical speed is about 6 ms~! over Indian Ocean and western Pacific in the observation data (Table 1) and the OLR
anomalies propagate eastward faster along the equator in the Western Hemisphere than Eastern Hemisphere. In models,
the eastward propagation speeds of intraseasonal signals are twice as observation. In the historical runs, MJO extends
continuously towards the Western Hemisphere (around 120°W). Compared with the T42 models, the T106 model results
(Fig. 4d and e) show a significant westward propagation with smaller spatial scales especially over the western Indian Ocean

Table 1

The eastward propagation speed in Fig. 4 which are calculated by the slopes between lagged days and longitude following Ling et al. (2014).
Observation/model Observation AGCM_T42 CGCM_T42 AGCM_T106 CGCM_T106
Longitudinal sector 45°E-180°E 45°E-135°W 45°E-135°W 45°E-135°W 45°E-135°W

Eastward propagation speed (ms—1) 6.21 14.50 11.60 12.42 13.38
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Fig. 4. Lag correlation coefficients between the 20-100-day band-pass filtered OLR averaged along 15°S-15°N and PC1 calculated in Fig. 3 (left panels),
respectively, from (a) AVHRR, (b-e) AMIP and historical run of BCC model with T42 and T106 horizontal resolution. (f-j) are the same as (a-e), except
for the regressed OLR anomalies onto PC1 (unit: W m~2), the black lines represent the MJO convection track and the slopes are defined as their eastward
propagation speed.
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Fig. 5. Pressure-phase diagram of zonal wind anomalies (shaded) at three different longitudes 80°E (left), 130°E (middle) and 140°W (right) averaged
between 15°S-15°N, respectively, in (a) ERA—Interim and AVHRR, (b-c) AMIP and historical run of BCC model with T42 horizontal resolution, (d-e) AMIP
and historical run of BCC model with T106 horizontal resolution. Phases are defined according to PC1 and PC2 in Fig. 3. The units for zonal wind are ms~1.
OLR anomalies are plotted in lower panels (unit: W m~=2).

(50-80°E), implying that the higher resolution model with elaborate topography may lead to convection signals with smaller
spatial scales. This is also consists with the greater intraseasonal variance over the Arabia Sea (Fig. 2).

Vertical structures of zonal wind and specific humidity are detected in both reanalysis and model data (Figs. 5 and 6),
where the OLR anomalies are also plotted to show the convection evolution. Since phase 2 of MJO, the convection enhances
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Fig. 6. Same as Fig. 5, except for specific humidity anomalies (unit: %).

gradually over the 10, accompanied with the zonal lower-level (upper-level) westerly (easterly) wind anomalies becoming
stronger. Finally the zonal wind change into the opposite direction until phase 6. Much the same is true of western Pacific.
Compared with the observation, the magnitude of zonal wind anomalies are stronger to the east of the dateline in the
models. In the observation the maximum center of wind anomalies over the 10 and western Pacific is located between
600 hPa and 700 hPa, whereas it is lower (700-850 hPa) in the models. Besides, the maximum westerlies over the 10 in the
models (3ms~1) are only 1/3 of that in the observation. The amplitudes of the maxima over the IO are slightly larger in the
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historical runs than AMIP runs and closer to the observation. The moisture anomalies are also underestimated over 10 and
Pacific (Fig. 6). Thus, the convection formed under dryer circumstance consumes a lot of vapor, which is not conducive to
the vertical transport of water vapor and the development of deep convection. Compared with the AMIP runs, the specific
humidity is larger and closer to the reanalysis data in the historical runs. The simulated magnitude of specific humidity is
also obviously related to the model resolution. The results from lower resolution models are closer to the reanalysis data.

4. Causes of the biases in MJO simulations

Fig. 7 shows the space-time spectra to further identify the signals of Kelvin, ER (equatorial Rossby), IG (intertio-gravity),
MRG (mixed Rossby-gravity), and EIG (eastward intertio-gravity) modes in the tropics. The models can clearly reproduce
the MJO as a significant signal. However, the signals of Kelvin (equatorial Rossby) wave are weaker (stronger) in both the
historical and AMIP runs compared to the observation. This is consistent with Fig. 1 which shows that the ratio between the
variances of MJO and its westward counterpart is significantly lower (less than 1.5) in the model results. Besides, compared
with the AMIP runs, the spectrum energy of equatorial Rossby wave is even stronger in the historical runs. Thus, the westward
propagation of equatorial intraseasonal signals is overestimated in the historical runs of BCC models. This bias may be caused
by the overly heating source over the tropical central-eastern Pacific.

In the observation, the mean precipitation centers over the eastern IO and western Pacific (Fig. 8), and the total intrasea-
sonal variance has a similar distribution (Fig. 2). The mean precipitation in the 4 BCC models have common biases over tropics:
the underestimated intensity over the eastern IO and overestimated strength on the south side of equator over Pacific. Dif-
ferences of mean surface temperature between the historical and AMIP runs are showed in Fig. 9. The atmosphere-ocean
coupling yields the obvious warming biases on the south of the equator over the central-eastern Pacific. Generally speaking,
SST warming enhances rainfall, while SST cooling depresses rainfall, without the feedback from atmosphere to ocean (Yang
et al., 2012). In the historical runs, the surface temperature is higher nearby the Peru Coast accompanied by the extension
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Fig. 7. The symmetric and asymmetric spectrum of coherence squared (color shading) between rainfall and U850, respectively in (a) AVHRR and
ERA—Interim, (b-c) AMIP and historical run of BCC model with T42 horizontal resolution, (d-e) AMIP and historical run of BCC model with T106 hor-
izontal resolution. Spectra were computed for individual latitudes before they were averaged over 15°S-15°N. Dispersion curves are shown for the Kelvin,
equatorial Rossby (ER), intertio-gravity (IG), eastward intertio-gravity (EIG), and mixed Rossby-gravity (MRG) modes.
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of south tropical convergence zone leading to warm and wet condition. Therefore, the biases in the mean precipitation are
obviously enhanced on the south side of the equator over Pacific (Fig. 8).

Accompanied with the biases in mean precipitation, the zonal wind also have the similar bias distributions (Fig. 10).
Previous studies indicate that mean easterly shear may have a great impact on the development of tropical perturbations
(e.g., Wang and Xie, 1996; Sooraj et al., 2009; Pallav and Li, 2013). In ERA-Interim data, due to the strong easterlies at 250 hPa,
the easterly shear over the precipitation centers (Fig. 10a) favors the development of intraseasonal oscillation. However, the
associated weak easterlies at 250 hPa on the west of the less precipitation over the eastern 10 in the models, lead to the weak
easterly shear which suppresses the MJO convection over the 10 (refer to Fig. 4f-j). In the historical run of T106 version,
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precipitation (unit: mm? day~—2).
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Table 2
Experiment design.
Experiment Description Purpose
CTL BCC-CSM1.1m, historical run Provide reference for other experiments
CPNO1 The convective heating over 20°S-0°N, 180°E-120°W are To reduce the role of the overly precipitation over CP on MJO
reduced by multiply 0.1 simulation
CPNO2 The convective heating over 30°S-0°N, 160°E-100°W are To reduce the role of the overly precipitation over CP on MJO
reduced by multiply 0.2 simulation
CPNO3 The convective heating over 20°S-0°N, 170°E-110°W are To reduce the role of the overly precipitation over CP on MJO
reduced by multiply 0.3 simulation
10P01 The convective heating over 15°S-15°N, 70°E-100°E are To enhance the role of the weak precipitation over eastern [0
increased by multiply 2.0 on MJO simulation
10P02 The convective heating over 10°S-0°N, 70°E-100°E are To enhance the role of the weak precipitation over eastern 10
increased by multiply 3.0 on MJO simulation
10P03 The convective heating over 15°S-15°N, 60°E-110°E are To enhance the role of the weak precipitation over eastern [0

increased by multiply 5.0

on MJO simulation

the extended precipitation and easterly shear anomaly on the south side of the equator over Pacific (Fig. 10e) result in the
eastward extended and strong intraseasonal signals over Pacific.

The above analysis indicates that the BCC model biases, i.e., the underestimated and westward shifted MJO over the IO,
as well as the overestimated and eastward extended intraseasonal signals over Pacific, are associated with the local mean
surface temperature, precipitation, and zonal wind. To further support this argument, three sets of sensitive experiments
using BCC_.CSM1.1m with T106 horizontal resolution are designed (Table 2). First, a 10-year integration is conducted from
1991 to 2000 in the historical run as control experiment (“CTL"). Second, to compare with the CTL run and reveal the role
of the CP mean precipitation in effecting MJO activity, the convective heating over the CP region (20°S-0°N, 180°E-120°W;
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30°S-0°N, 160°E-100°W; 20°S-0°N, 170°E-110°W) are reduced by multiplying the factor (0.1, 0.2, 0.3). These are referred
as “CPN” runs. Third, the convective heating over the 10 region (15°S-15°N, 70°E-100°E; 10°S-0°N, 70°E-100°E; 15°S-15°N,
60°E-110°E) are increased by multiplying the factor (2.0, 3.0, 5.0) to enhance the mean precipitation over the eastern 10. These
arereferred as “IOP” runs. The difference of mean precipitation between the CPN (IOP) and CTL run is negative (positive) over
the CP (IO) region (Fig. 11a), and the associated circulation may favor (against) the development of MJO. The total variance
of intraseasonal precipitation varies similar with the mean precipitation (Fig. 11b), indicate the synchronization of mean
state with MJO. Next, we will check whether the characteristics of MJO in the BCC.CSM1.1m are improved after decreasing
(increasing) the mean precipitation over the tropical CP (eastern I0), respectively.

Compared with the CTL run, the precipitation anomalies show a consistent change in each experiment of the CPN (IOP)
group. By reducing (increasing) the mean precipitation over the CP (eastern 10), the intraseasonal precipitation is enhanced
(decreased) over eastern 10 (CP), which is closer to the observation. Besides, although the spectrum power of eastward
propagation component is still weak, the power below the 30-day period are significantly reduced and the 30-45-day
period are effectively enhanced (Fig. 12c-h) on wavenumber 0-2. Therefore, a better mean state does act to cause a better
depiction of MJO periods.

5. Conclusions

The skills in simulating the intraseasonal oscillation of the BCC models in 4 versions are evaluated in this study, focusing
on the major characteristics of MJO, i.e., the intensity, periodicity, propagation, horizontal and vertical structure evolutions.
It exhibits a certain capability in both the historical and AMIP runs of BCC models with T42 and T106 horizontal resolution,
respectively. Compared with the observation and reanalysis data, the intraseasonal signals in the tropics can be reproduced
relatively well in the model results. However, the simulated MJO still has some biases. These biases exhibit uniformity,
including short period, weak intensity, fast eastward and significantly westward propagation, as well as less moisture during
its lifecycle.

The improvement of model resolution demonstrates the topography better, but the enhanced westward propagation
over the Arabia Sea followed. The historical runs displayed advantages in simulating reduced and realistic intraseasonal
variability in the tropics. Although the warmer surface temperature over the central-eastern Pacific on the south side of
the equator (Fig. 9) causes overly westward propagation turbulence like Rossby wave (Fig. 7). Therefore the less explained
variance of MJO in the form of large scale deep convection eastward propagation appears in the coupled models.

Based on comparisons of the mean states including surface temperature, precipitation, and vertical shear of zonal wind, it
has been found that the MJO simulation biases are associated with the deviations in the mean state simulation. We take the
historical run of T106 model version as an example. The underestimated (overestimated) mean precipitation over the eastern
10 (CP), accompanied with the weak (strong) easterlies at 250 hPa and suppressed (enhanced) easterly shear on the west side
of the less (more) precipitation over the eastern 10 (CP), can lead to the weak (strong) MJO signals over the 10 (Pacific) in the
models. To support this relationship between the mean state and MJO, three sets of sensitive experiments are performed.
Results show that through increasing (reducing) the mean precipitation over the eastern 10 (CP), the significant period of
MJO can be evidently improved in the BCC_.CSM1.1m model. The spectrum power of the MJO with zonal wavenumber 0-2 is
significantly reduced at the period of less than 30 days and enhanced at the 30-45-day period. Therefore, a better depiction
of MJO features necessarily needs a better reproduction of the mean state in the model.
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