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Abstract

The eastward movement speed of Madden–Julian Oscillation (MJO) events simulated in a 30-year simulation on a global cloud

resolving model, nonhydrostatic icosahedral atmospheric model (NICAM), following the atmospheric model intercomparison

project (AMIP) protocol, but with a slab ocean, was analyzed and compared with the observation. The simulation reproduced

the observed tendency of the MJO to decelerate when they are embedded within stronger Walker circulation, intensified by

background sea surface temperature states with larger zonal gradients between the warmer western Pacific and the cooler Indian

ocean and eastern Pacific. However, the simulated MJO events displayed a slow bias and occurred disproportionately during

El Niño events. These biases were associated with an overestimation of the western Walker circulation cell strength, which

was partially counteracted during El Niño events. Our results highlight the importance of accurately reproducing the mean

atmospheric circulation for the realistic reproduction of MJO in long term simulations.
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Key Points: 8 

 The speed of Madden–Julian Oscillation (MJO) events in a 30-year global simulation 9 

with explicit cloud microphysics displayed a slow bias. 10 

 The tendency of MJO to decelerate with the intensification of the Walker circulation was 11 

reproduced in the simulation. 12 

 The slow bias of simulated MJO was attributed to overly strong western Walker cell, 13 

which was partially counteracted by El Niño events.  14 

  15 
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Abstract 16 

The eastward movement speed of Madden–Julian Oscillation (MJO) events simulated in a 30-17 

year simulation on a global cloud resolving model, nonhydrostatic icosahedral atmospheric 18 

model (NICAM), following the atmospheric model intercomparison project (AMIP) protocol, 19 

but with a slab ocean, was analyzed and compared with the observation. The simulation 20 

reproduced the observed tendency of the MJO to decelerate when they are embedded within 21 

stronger Walker circulation, intensified by background sea surface temperature states with larger 22 

zonal gradients between the warmer western Pacific and the cooler Indian ocean and eastern 23 

Pacific. However, the simulated MJO events displayed a slow bias and occurred 24 

disproportionately during El Niño events. These biases were associated with an overestimation 25 

of the western Walker circulation cell strength, which was partially counteracted during El Niño 26 

events. Our results highlight the importance of accurately reproducing the mean atmospheric 27 

circulation for the realistic reproduction of MJO in long term simulations. 28 

 29 

Plain Language Summary 30 

The characteristics of the eastward movement of the Madden-Julian Oscillation (MJO), which is 31 

the dominant mode of sub-seasonal variability in the tropical atmosphere, reproduced in a 30-32 

year simulation on an atmospheric model with explicit cloud processes was analyzed. It was 33 

found that the simulation was able to reproduce the observed characteristic of the MJO to slow as 34 

the large-scale background zonal circulation in the tropics intensifies. However, the simulated 35 

MJO displayed a slow bias and occurred too frequently during El Niño events. This was 36 

associated with the influence of the El Niño counteracting the biases in the background zonal 37 

circulation. The results of the study emphasize the importance of accurately simulating the mean 38 



manuscript submitted to Geophysical Research Letters 

 3 

atmospheric states for realistic simulation of the MJO in long-term simulations. 39 

 40 

1 Introduction 41 

The Madden–Julian Oscillation (MJO) (Madden & Julian, 1971) is the predominant 42 

intraseasonal variability in the tropics that is characterized by the slow eastward movement of the 43 

convective region, from the equatorial Indian Ocean (IO) to the western Pacific (WP). Far 44 

reaching influence of the MJO on the global weather patterns (Roxy et al., 2019; Zhang, 2013) 45 

and its potential as a source for predictability in extended-range forecasts (Tseng et al., 2020), 46 

makes them a particularly important phenomenon to successfully simulate. However, the 47 

realistic simulation of the MJO remains difficult for many state-of-the-art general circulation 48 

models (Ahn et al., 2017, 2020; Jiang et al., 2015; H. Kim et al., 2018). This difficulty has been 49 

associated with its high sensitivity to model representation of convective processes (Hannah & 50 

Maloney, 2011; Holloway et al., 2013), which are large sources of uncertainty in atmospheric 51 

simulations (Randall et al., 2003; Stevens & Bony, 2013). 52 

The problem of simulating the MJO can be classified into the problem of hindcasting an 53 

MJO event as an initial value problem, and to the problem of simulating the MJO as an internal 54 

variability of the model reproduced atmosphere. Cloud-resolving models (CRM) with explicit 55 

formulations of cloud microphysics, have demonstrated their usefulness for hindcasting MJOs in 56 

sub-seasonal simulations (Holloway et al., 2013; Miura et al., 2007;  Miyakawa et al., 2014). 57 

However, the high computational cost of CRMs hinders the investigation of the latter problem 58 

through conducting long-term (≥ O(10) years) simulations. 59 

  The first ever multi-decadal simulation with explicit cloud microphysics was conducted 60 

by Kodama et al. (2015, hereafter K15) on the nonhydrostatic icosahedral atmospheric model 61 

(NICAM; Tomita & Satoh, 2004) following an atmospheric model intercomparison project 62 
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(AMIP) protocol (Gates, 1992), but with a slab ocean model. While the basic statistical 63 

properties of the MJO signals in this AMIP-type NICAM simulation (NICAM-AMIP simulation) 64 

have been investigated (Kikuchi et al., 2017; K15), the characteristics of the individual MJO 65 

events and their relationship with the model reproduced mean states have not been investigated.  66 

The eastward movement of the MJO has been indicated to be strongly influenced by the 67 

background states of the sea surface temperatures (SST) in both observations (Suematsu & 68 

Miura, 2022, hereafter SM22; Wang et al., 2019; Wei & Ren, 2019) and long-term simulations 69 

(Chen et al., 2022; Klingaman & Demott, 2020). SM22 revealed that MJO events tend to 70 

decelerate when they are embedded within a strong Walker circulation, intensified by 71 

background SST states with large zonal SST gradients between the warmer WP and the cooler 72 

IO and eastern Pacific (EP). In this study we investigate the reproducibility of this relationship 73 

between the MJO speeds and the background states in the NICAM-AMIP simulation.  74 

 75 

2 Data  76 

2.1 NICAM-AMIP simulation  77 

We analyzed data from the 30-year integration from NICAM-AMIP simulation from 1 78 

June 1978 to 6 January 2009 (K15). The experiment was run with explicit formulation of  cloud 79 

microphysics (Tomita, 2008), with approximately 14 km horizontal mesh, and  38 vertical layers 80 

with the model top at approximately 40 km. The initial atmospheric conditions were obtained 81 

from the European Centre for Medium-Range Weather Forecasts Reanalysis-40 (Uppala et al., 82 

2005). The initial land condition was acquired from climatology of a 5-year NICAM simulation 83 

at 220 km mesh to reduce the initial shock. A 15 m mixed layer slab ocean model, nudged to 84 

SST from the Hadley Centre sea ice and SST dataset version 1 (Rayner et al., 2003), with a 85 
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relaxation time of 7 days, was coupled with the model. Further details on the experiment have 86 

been documented by K15. We examined daily averages of model outputs that were regridded to 87 

a resolution of 2.5° × 2.5° to match the observational data for comparability. 88 

 89 

2.1 Observation and reanalysis 90 

To analyze the observed MJO, we employed interpolated outgoing longwave radiation 91 

(OLR; Liebmann & Smith, 1996) data from the National Oceanic and Atmospheric 92 

Administration (NOAA), and the daily data of lower level (850 hPa) and upper level (200 hPa) 93 

zonal wind (U) velocities from the National Centers for Environmental Prediction-Department of 94 

Energy Reanalysis 2 (NCEP-DOE R2; Kanamitsu et al., 2002). Skin temperature from NCEP-95 

DOE R2 was also used to analyze the surface mean states. The SST data were obtained from the 96 

NOAA Optimum Interpolated SST version 2 (Reynolds et al., 2002) for the period from 1 97 

January 1982 to 31 December 2016. The resolution of SST was reduced to 2.5° × 2.5°. We refer 98 

to both the observational and reanalysis data as observations for brevity. 99 

 100 

3 Methodologies 101 

3.1 MJO detection 102 

The MJO events in both the NICAM-AMIP simulation and observations were identified 103 

from time sequences that projected on to the real-time multivariate MJO (RMM) index (Wheeler 104 

& Hendon, 2004) from phase 2 to phase 7, while satisfying the following conditions employed 105 

by Suematsu and Miura (2018): 1) Phases do not skip forward nor recede backward by more than 106 

one phase. 2) The average amplitude is greater than the critical value of 0.8 (= Ac). 3) Period of 107 

consecutive days with amplitude below Ac is less than 15 days. 4) Transition from phase 2 to 108 
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phase 7 requires between 20 and 90 days. 109 

Calculation of the RMM index followed the procedure of Wheeler and Hendon (2004) 110 

except for replacing their procedure to remove the signals of seasonal cycle and longer 111 

timescales to the removal of the long-term trend and the application of 20-120 day Lanczos 112 

band-pass filter (Duchon, 1979) with 241 symmetric weights. The RMM index sequence of the 113 

NICAM-AMIP data was calculated by projecting the simulated data on to eigenvectors of the 114 

observational data and by normalizing it using the standard deviations of the projections. MJO 115 

events detected by the above method that initiated and terminated between November and April 116 

were defined as boreal winter MJO events and were analyzed in this study.  117 

 118 

3.2 MJO speed estimation  119 

The MJO speeds were estimated following the procedure of SM22. Estimates were made 120 

by tracking daily the longitudes at which the 15°S–15°N meridionally averaged OLR anomaly 121 

took the minimum value. The tracking was conducted in the restricted longitude ranges of 50°E–122 

120°E for phases 2 and 3, 50°E–150°E for phase 4, 100°E–150°W for phase 5, and 120°E–123 

150°W for phases 6 and 7. The entire longitude ranges (50°E–150°W) were searched on days 124 

when the RMM amplitude dropped below Ac. The speed of an MJO event was estimated as a 125 

regression coefficient using the dates and longitudes of the tracked minimum OLR anomaly.  126 

To confirm the consistency between the MJO speeds estimated from the tracked OLR 127 

anomalies in real-space and the trajectory of the MJO events on the RMM phase space, a 128 

condition was imposed to ensure that the estimated speeds displayed a linear relationship with 129 

the mean angular velocities in the RMM phase space. This was achieved by selecting MJO 130 

events that were distributed within 1.5 standard deviation from the regression line between the 131 
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angular velocities and MJO speeds. The same regression line and standard deviation derived 132 

from observations were applied to make selections from the simulated MJO events. Angular 133 

velocities were defined as the difference in polar angles between the last day of phase 7 and the 134 

first day of phase 2 divided by the number of days between the two. The polar angles were 135 

measured from the polar axis in the RMM1 axis in the negative direction. 136 

 137 

4 Results 138 

4.1 Basic statistics of detected MJO events  139 

Using the above MJO detection and speed estimation method, 31 MJO events were 140 

detected in the NICAM-AMIP simulation between the boreal winters of 1978–1979 and 2007–141 

2008, whereof eastward movement speeds were estimated for 21 events. From observations, 60 142 

events were detected between the boreal winters of 1982–1983 and 2015–2016, whereof speeds 143 

were estimated for 53 events. The number of MJO events per year in the NICAM-AMIP 144 

simulation (1.0 events/year) was underestimated by a factor of 0.56 compared to that observed 145 

(1.8 events/year).  146 

The frequencies of MJO events in the NICAM-AMIP simulation and observations, 147 

categorized by their movement speeds rounded to the nearest integer in m s
-1

, are shown in 148 

Figures 1a and 1b, respectively. The figures indicate that the simulated MJO tended to move 149 

slower with smaller variations in their movement speeds compared to observations. The mean 150 

speeds were 3.6 m s
-1

 and 4.4 m s
-1

 for the NICAM-AMIP simulation and observations, 151 

respectively. These results are consistent with those of Kikuchi et al. (2017).  152 

The slow bias of the simulated MJO was consistent with the mean durations of the events, 153 

which were 45.0 and 36.2 days for the NICAM-AMIP simulation and observations, respectively. 154 
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Decompositions of the mean durations by the RMM phases are shown in Figures 1c and 1d. 155 

Days when the RMM amplitude was below Ac were grouped as days with low RMM amplitude. 156 

In all phases, mean durations were longer for the NICAM-AMIP simulation than those for 157 

observations. The mean relative contributions from each RMM phase to the lifetime of MJO 158 

events were remarkably similar. This signified that the deceleration and extended durations of 159 

the MJO events in the NICAM-AMIP simulation resulted from longer persistence of convection 160 

over all phases of the MJO and were not caused by a disproportionate stagnation of convection 161 

nor weakening of the MJO signal over any of the regions from IO to WP.  162 

 163 

Figure 1. (a and b) Number of MJO events binned by their speeds rounded to the nearest integer 164 

in m s
-1

, (c and d)and average number of days in each RMM phase in an MJO event for 165 

observations (a and c) and NICAM-AMIP simulation (b and d). The ordinates are adjusted so 166 

that the same heights in the histograms represent equal percentages of events in (a) and (b), and 167 
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mean durations in (c) and (d). 168 

 169 

 170 

4.2 Relationship between MJO speeds and background fields  171 

Variations and biases in the simulated MJO speeds were associated with slow changes in 172 

the SST fields, which serve as the background SST states for MJO. These were examined and 173 

compared with observations. Figures 2a (adapted from SM22) and 2b show the observed and 174 

simulated correlation patterns between the background SST on the day of the MJO initiation and 175 

the MJO speeds, respectively. Because the longest MJO event in our analysis was 67 days, the 176 

background SST was defined as the 90-day low pass filtered SST using a Lanczos filter (Duchon 177 

1979) with 241 symmetric weights. Figures 2a and 2b indicate that the NICAM-AMIP 178 

simulation reproduced the observed tendency of the MJO to accelerate under El Niño, which 179 

reduces the SST gradients between the IO, WP, and EP (Nishimoto & Shiotani, 2013; Pohl & 180 

Matthews, 2007; SM2022; Wang et al., 2019; Wei & Ren, 2019). However, the correlation over 181 

the WP was weak for the NICAM-AMIP simulation, and it appears that the MJO speeds in the 182 

simulation were modulated mainly by the SST variations over the IO and EP.  183 

As the thermally direct cells of Walker circulation are modulated by the zonal gradients 184 

of the background SST (Bjerknes, 1969), we further examined the relationship between the 185 

simulated MJO speeds and the strengths of the Walker circulation that they occurred in. Figures 186 

2c (adapted from SM22) and 2d show the correlation pattern of the 5°S–5°N averaged 187 

background U with the initiation of the MJO events, for the observations and NICAM-AMIP 188 

simulation, respectively. The background circulation was defined using the same filter for 189 

defining the background SST.  190 
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 191 

Figure 2. (a and b) Correlation pattern between MJO speed and background SST, and (c and d) 192 

5°S–5°N averaged U, at the initiation of MJO events for observations (a and c) and NICAM-193 

AMIP simulation (b and d). The contours indicate the location where the correlations are 194 

significant at a 95% confidence level.  195 

 196 

As shown by SM22, MJO tended to slow under a strong Walker circulation. The general 197 

characteristics of the correlation pattern of the NICAM-AMIP simulation were consistent with 198 

the observations. However, the pattern was distorted as the correlation over the IO was strongest 199 

over the western IO rather than over the Maritime Continent, as in observations.  200 

This indicates that the acceleration of the upper-level (300 –200 hPa) easterlies over the western 201 

IO rather than over the Maritime Continent is associated with the deceleration of the MJO speed. 202 

Moreover, the negative correlation of upper-level U over the central Pacific was confined in a 203 

narrow zonal range near the date line for the NICAM-AMIP simulation, while it extended 204 

beyond 120°W in observations. Therefore, while the NICAM-AMIP simulation was able to 205 
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reproduce the tendency of the MJO to decelerate under a strong western Walker circulation cell, 206 

the distorted correlation pattern of Figure 2d implies that the Walker circulation may be 207 

misrepresented in the NICAM-AMIP simulation. Further discussion on the biases in the 208 

simulated Walker circulation and its possible influence on the simulated MJO is provided in 209 

subsection 4.4.  210 

 211 

4.3 Enhancement of simulated MJO by ENSO 212 

In the previous subsection, we only inferred the correlations and did not consider any 213 

systematic biases in the simulation with regards to the conditions that may have enhanced or 214 

suppressed the reproducibility of the MJO. Here, we examine the SST conditions that MJO 215 

events in the NICAM-AMIP simulation occurred in, and how they compare with observations.  216 

Preceding studies have indicated that zonal SST gradient in which SST increases towards 217 

the WP from both the IO and EP enhances and modulates the eastward movement of the MJO in 218 

observations (Hirata et al., 2013; Suematsu & Miura, 2018, 2022) and simulations (Chen et al., 219 

2022; H.-M. Kim et al., 2016; Klingaman & Demott, 2020; Miura et al., 2009, 2015). Following 220 

SM22, we examined the occurrences of MJO events by an index of zonal SST gradient defined 221 

as:  222 

 223 

𝚫SST = SSTWP −
SSTIO + SSTEP

𝟐
#(𝟏)  

where SSTWP, SSTIO, and SSTEP are the area-averaged SST over WP (15°S–15°N, 140°E–224 

160°E), IO (15°S–15°N, 60°E–100°E), and EP (15°S–15°N, 160°W–120°W), respectively.  225 

The scatter plots displaying the speed of MJO events and 𝚫SST averaged over 10 days 226 

before initiation are shown in Figures 3a (adapted from SM22) and 3b for observations and the 227 
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NICAM-AMIP simulation, respectively. MJO events were found to be negatively correlated with 228 

𝚫SST for both the observations (-0.66) and simulation (-0.51). However, MJO events in the 229 

NICAM-AMIP simulation occurred at lower values of 𝚫SST than those in observations, and a 230 

third of the detected events occurred under negative 𝚫SST conditions.  231 

The interannual variability of the SST has been indicated to be the primary cause for 232 

changes in 𝚫SST (SM22). Thus, we examined the frequency of occurrence of MJO events by the 233 

strength of the El Niño Southern Oscillation (ENSO), which is the dominant source of 234 

interannual SST variability. We employ the Ocean Niño Index (ONI; Trenberth, 1997), 235 

calculated as 91 day running means of SST anomalies averaged over the Niño 3.4 region (5°S–236 

5°N, 170°W–120°W), to evaluate the ENSO phases. Episodes of El Niño and La Niña are 237 

defined as periods when the index is > 0.5 K and < -0.5 K, respectively.  238 

Figures 3c and 3d show the frequency of MJO events by the ONI, averaged over their 239 

lifetimes for observations and the NICAM-AMIP simulation, respectively. MJO events in the 240 

observation occurred nearly evenly among the ENSO phases, with slightly more (6%) MJO 241 

events during La Niña. However, the reproducibility of the MJO events in the NICAM-AMIP 242 

simulation was highly sensitive to the ENSO phase; MJO events occurred more than three times 243 

as frequently during El Niño (ONI > 0.5 K, 33%) than during La Niña (ONI < -0.5 K, 10%), and 244 

no MJO events occurred under moderate and strong La Niña conditions (ONI < -1.0 K).  245 

In the NICAM-AMIP simulation, biases in SST are expected to be small because it was 246 

nudged to observation. Thus, we investigate the biases in the mean states of the atmosphere and 247 

land surfaces for providing a coherent explanation of the relationship between MJO and SST 248 

conditions within the NICAM-AMIP simulation.  249 
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 250 

Figure 3. (a and b) Scatter plots of MJO speed [m s
-1

] and 𝚫 SST [K] averaged over 10 days 251 

before the initiation of MJO, and (c and d) histograms of the number of MJO events binned by 252 

the mean values of ONI during their lifetimes at 0.5 K intervals for observations (a and c) and 253 

the NICAM-AMIP simulation (b and d). The ordinates in (c) and (d) are adjusted so that the 254 

same heights in the histograms represent equal percentages of events. 255 

 256 

4.4 Biases in the mean states  257 

The mean states of the zonal circulation were compared between observations and the 258 

NICAM-AMIP simulation. Figures 4a and 4b show the November–April climatology of 5°S–259 

5°N meridionally averaged U for the observations and NICAM-AMIP simulation, respectively. 260 
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The figures highlight that the NICAM-AMIP simulation reproduced a mean state with an overly 261 

strong western Walker circulation cell. The simulated western Walker cell extended beyond 262 

60°E, where the western edge of the western cell in the observation was approximately located, 263 

and the strength of the upper level (200 hPa–100 hPa) easterlies and low level (700 hPa) 264 

westerlies from western IO (approximately 40°E) to the date line, were overestimated. In 265 

contrast, the strength of the eastern Walker cell in the NICAM-AMIP simulation was 266 

underestimated and was confined to a zonally narrower region between the date line and 120°W, 267 

whereas it extended to 90°W for observations.  268 

To determine a possible cause for the biases in the strengths of the Walker circulation, the 269 

mean states of skin temperature were analyzed (Figures 4c and 4d). Comparisons of the 270 

climatological November–April mean skin temperature revealed that there was a large high skin 271 

temperature bias over northern Australia in the NICAM-AMIP simulation. Skin temperature was 272 

also warmer by 1–2 K in the NICAM-AMIP simulation from IO to WP, which may be due to the 273 

bias in longwave cloud radiative forcing shown by K15. The overall pattern of the skin 274 

temperature biases was consistent with the intensified Walker circulation over IO to the WP in 275 

the NICAM-AMIP simulation.  276 
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 277 

Figure 4. November to April climatology of (a and b) 5°S–5°N averaged U [m s
-1

], and (c and d) 278 

skin temperature [K] for observations (a and c) and NICAM-AMIP simulation (b and d). (e and 279 

f) as in (a and b) but during El Niño (e) and La Niña (f) events in NICAM-AMIP simulation. 280 

 281 

Slow changes in the zonal SST gradient caused by ENSO may counteract or enhance the 282 

biases in the skin temperature and the Walker circulation strength in the NICAM-AMIP 283 

simulation. Figures 4e and 4f compare the November–April mean zonal circulation in the 284 

NICAM-AMIP simulation during El Niño and La Niña, respectively. These figures show that 285 

both sides of the Walker circulation cells were weakened and strengthened during El Niño and 286 

La Niña, respectively. Thus, the overly strong bias of the western Walker cell decreased during 287 

El Niño and increased during La Niña. Additionally, low level (approximately 850 hPa) 288 
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westerlies from the IO extended to the date line in the NICAM-AMIP simulation during El Niño, 289 

which may be associated with the zonal extension of the MJO convective region. MJO events 290 

were spuriously enhanced in the NICAM-AMIP simulation during El Niño, when the simulated 291 

background circulation of the convectively active region was closer to the observed 292 

climatological state. The simulated western Walker cell during El Niño remained stronger than 293 

the observed November–April climatology, which may be associated with the slower mean MJO 294 

speed in the NICAM-AMIP simulation.  295 

 296 

5 Summary and Discussion 297 

Simulation of the MJO has long been recognized as a challenging problem. The 298 

elimination of convective parameterization in CRM has improved the reproducibility of the MJO 299 

as an initial value problem (e.g., Miura et al. 2007; Miyakawa et al. 2014). However, there is 300 

limited analysis of MJO events reproduced as internal variabilities of the modelled atmosphere 301 

by global CRMs (Kikuchi et al. 2017; K15). In this study, we detected MJO events and analyzed 302 

their statistical properties reproduced in a 30-year NICAM-AMIP simulation (K15). The 303 

relationship between the variability of MJO speeds, and the background SST and zonal 304 

circulation states, identified in a recent study by SM22, was the focus of our analyses.  305 

Individual MJO events were identified in the NICAM-AMIP simulation and compared 306 

with observations. It was found that the NICAM-AMIP simulation tended to reproduce 307 

approximately half the number of MJO events in a given period compared to observations. The 308 

simulated MJO events tended to be slower and lasted longer than those observed, indicating that 309 

the smaller number of MJO events was partially compensated by longer lifetimes, with regards 310 

to the overall activity of the simulated intraseasonal variability.  311 
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The observed MJO speeds decelerate with the intensification of the Walker circulation 312 

cell owing to increased zonal SST gradients between the warmer WP and cooler IO and EP 313 

(SM22). The relationship was reproduced well in the NICAM-AMIP simulation; the simulated 314 

MJO speed highlighted a clear negative correlation between the 𝚫SST and the strength of Walker 315 

circulation. However, detailed inspection of the SST distributions at which MJO events occurred 316 

revealed that simulated MJO occurred during periods when zonal SST gradient was much 317 

smaller than for those observed. MJO events were spuriously enhanced and suppressed during El 318 

Niño and La Niña events, respectively, in the NICAM-AMIP simulation.  319 

Previous studies have also identified model specific enhancements of the MJO by El 320 

Niño, associated with moisture fluxes (Chen et al., 2022) and spurious corrections of cold SST 321 

biases (Klingaman & Demott, 2020). Biases in the atmospheric mean states were examined for 322 

explaining the disproportionate occurrence of MJO events during El Niño. It was revealed that 323 

the NICAM-AMIP simulation produced mean states with an overly strong western Walker 324 

circulation cell, where the convectively active region of the MJO coincides. El Niño alleviated 325 

this model bias towards more realistic background circulation states from the IO to WP, which 326 

enabled reproduction of MJO events in the simulation.  327 

Questions remain on whether the dynamic processes that modulate the effects of the 328 

Walker circulation strength on the MJO speed were realistically reproduced in the NICAM-329 

AMIP simulation. The variability in the composition of convective systems within the MJO 330 

envelope should be investigated in a future study to address this uncertainty. For example, 331 

whether the observed MJO initiation processes involving interaction between the mixed Rossby-332 

gravity waves and the Walker circulation (Takasuka et al., 2021) was simulated, is of particular 333 

interest. It is also of interest to clarify how the inclusion of air–sea interactions in the fully ocean 334 
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coupled version of NICAM (Miyakawa et al., 2017) could affect the model mean states and the 335 

eastward movement of the MJO.  336 
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(https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html); NCEP-DOE reanalysis data 348 

are available online at (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html); and 349 

NICAM-AMIP simulation data used in this study are available online at 350 

(https://zenodo.org/record/6348628#.Yi6WgbhUtaR).  351 
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