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Abstract. Tropical weather system is controlled by periodic atmospheric disturbances ranging 

from daily to subseasonal time scales. One of the most prominent atmospheric disturbances in 

the tropics is convectively coupled equatorial waves (CCEWs). CCEWs are excited by latent 

heating due to a large-scale convective system and have a significant influence on weather 

system. They include atmospheric equatorial Kelvin wave, Mixed Rossby Gravity (MRG) wave, 

Equatorial Rossby (ER) wave and Tropical Depression (TD-type) wave. In this study, we will 

evaluate the seasonal variability of CCEWs activity in nine high-top CMIP5 models, including 

their spatial distribution in the troposphere. Our results indicate that seasonal variability of 

Kelvin waves is well represented in MPI-ESM-LR and MPI-ESM-MR, with maximum activity 

occurring during boreal spring. The seasonal variability of MRG waves is well represented in 

CanESM2, HadGEM2-CC, IPSL-CM5A-LR and IPSL-CM5A-MR, with maximum activity 

observed during boreal summer. On the other hand, ER waves are well captured by IPSL-CM5A-

LR and IPSL-CM5A-MR and maximize during boreal fall; while TD-type waves, with 

maximum activity observed during boreal summer, are well observed in CanESM2, HadGEM2-

CC, IPSL-CM5A-LR and IPSL-CM5A-MR. Our results indicate that the skill of CMIP5 models 

in representing seasonal variability of CCEWs highly depends on the convective 
parameterization and the spatial or vertical resolution used by each model. 

1.  Introduction  

Convectively coupled equatorial waves (CCEWs) are one of the most prominent atmospheric 

disturbances in the tropics. These disturbances substantially control the tropical weather system 

periodically from daily to subseasonal time scales [1-5]. CCEWs are generated by large-scale convection 

in the equatorial region around 20o N – 20o S [5–8]. They are including atmospheric Kelvin wave, MRG 

wave, n=0 ER wave and TD-type waves [9, 7]. Kelvin waves propagate eastward with a period of 

approximately 12 – 20 days and are influenced by El-Nino phenomenon [10]. MRG waves propagate 

westward with a period of approximately 4–5 days and are significantly influenced by La-Nina 

phenomenon [10]. TD-type and ER waves have similar characteristics as MRG. These waves propagate 

westward and have period of approximately 3–5 days for TD-type waves and approximately 10 – 48 

days for ER waves. According to [2], MRG and TD-type waves have an important role to generate 

tropical cyclone in west northern Pacific (WNP). The CCEWs activity has a strong influence on the 

variability of tropical weather. Moreover, vertical propagation of CCEWs activity has a significant 

impact on the dynamical coupling between troposphere and stratosphere [3,11,9].  

 

Previous studies have shown that CCEWs are not well simulated in general circulation models (GCMs) 

in the twentieth century experiment from the Coupled Model Intercomparison Project phase 3 of the 

World Climate Research Program (CMIP3) [15]. The biases in simulating CCEWs in these models are 

associated with the use of convection parameterization in each model. However, the representation of 

CCEW’s seasonal variability in high-top CMIP5 model has remained elusive. Therefore, it is worth 
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investigating how the recent high-top CMIP5 models represent the CCEWs’ variability and also to 

understand what causes the discrepancies among the model simulations. The purpose of this study is to 

examine the seasonal variability of CCEW activity in recent high-top CMIP5 models, with the main 

focus on their spatial distribution in the troposphere. 

 

2.  Data and Methods  

 

2.1 Data 

CCEWs activity was identified using daily-mean outgoing longwave radiation (OLR) from nine CMIP5 

and NOAA reanalysis (observation) from January 1975 to December 2005 (~30 years). This study 

focused on the equatorial latitudinal bands, between 20o N – 20o S with resolution of 2.5o x 2.5o. The 

nine models from CMIP5 were chosen, including MPI-ESM-LR, MPI-ESM-MR, IPSL-CM5A-MR, 

IPSL-CM5A-LR, CanESM2, HadGEM2-CC, MIROC-ESM, MRI-CGCM3 and CMCC-CESM. These 

models have the same component and complexity (atmosphere, land surface, ocean and sea-ice), but 

with different spatial resolution [2]. They also used different convective parameterization. 

2.2 Space Time Spectral Analysis (STSA) 

The zonal propagation of CCEWs activity was analysed by using STSA technique similar to [5]. This 

method is used to elucidate the wave propagation as a function zonal wavenumber (𝑘) and frequency 

(𝜔).  A brief formulation can be expressed as follow: 

 

 

𝑥(𝜆, 𝑡) =  𝛴𝑘𝑥𝑘 (𝜆, 𝑡) (1) 

 

𝑥(𝜆, 𝑡) = 𝑅𝑒 𝛴𝑘,𝜔[𝑊𝑘,𝜔𝑒𝑖(𝑘𝑥+𝜔) + 𝑊𝑘,−𝜔𝑒𝑖(𝑘𝑥+𝜔)]         (2) 

   

𝑥𝑘(𝜆, 𝑡) = ∑𝑘 ∑ 𝑊𝑘,±𝜔 ±𝜔
cos(𝑘𝜆 ± 𝜔𝑡 + 𝜑𝑘,±𝜔)         (3) 

 

In this study, we used a modified version of STSA analysis, in which the raw datasets were not 

partitioned into equatorial symmetric and anti-symmetric components (no symmetry constraints). 

 

2.3 Spatial Distribution 

This method is used to study the seasonal variation of CCEWs activity. We use Hovmoller technique in 

order to understand the seasonal variation of the filtered fields. First, the modelled OLR dataset were 

interpolated to the fixed horizontal grid (2.5o x 2.5o) as in the observed OLR dataset, by using a bilinear 

interpolation. Then we calculate the monthly variance as well as the seasonal variance in order to 

encapsulate the amplitude of the waves.  

3.  Results 

 

Figure 1 shows the space-time spectra diagram of CCEWs activity based on OLR daily data from the 

observation. The different colours in the polygon of STSA diagram indicate the observed frequency-

zonal wavenumber bands for the Kelvin wave (red), MRG wave (magenta), ER wave (cyan), TD-type 

wave (green) and MJO (blue). We can see from this diagram that Kelvin wave propagate eastward with 

a period of 2.5 – 17 days. On the other hand, both MRG wave and ER wave propagate westward with 

period of 2.2 – 3.6 and 10 – 48 days, respectively. TD-type wave propagate westward with a period of 

2.5 – 5 days.  These filter bands are used as a wave domain to isolate the spatial and seasonal variability 

of CCEWs in some high tops CMIP5 models.  The results from the model simulations will be compared 
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to the observation, therefore, the analysis from the NOAA dataset is considered as a reference observed 

values.  

 

 

Figure 2 shows the seasonal evolution of Kelvin wave activity and its corresponding spatial distribution 

during  JJA (June, July, August). We focus on JJA, since it is the season where the Kelvin wave activity 

is strongly observed in the observation and the model simulations.  From the Hovmöller diagram, we 

can see that the observed Kelvin wave is strongly observed in the Northern Hemisphere (NH) equator 

(0-10oN) from April to July, with amplitude around 120-160 (W/m2)2. The peak is observed in May 

(during boreal spring and summer).  On ther other hand, in the Southern hemisphere (SH), the strongest 

activity is observed from June to December, with amplitude around 30-40 (W/m2)2 (Fig. 2, top). A 

seconadry active periode of Kelvin wave appears in October to November from boreal fall or early 

winter. Almost all CMIP5 models in Fig. 2, except MPI-ESM-LR and MPI-ESM-MR, 

unreasonably describe these main characteristics of the seasonal cycle. Nevertheless, both 

models underestimate the amplitude of the Kelvin waves in the equator. Other best candidates 

are CanESM2, HadGEM2-CC and MIROC-ESM, however the magnitude is still very low 

compared to that in the observation.  

Figure 3 shows the seasonal evolution of MRG wave activity and its corresponding spatial 

distribution during JJA (June, July, August). Similar to Kelvin waves, we focus on JJA since it 

is the season where the MRG wave activity is strongly observed in both observation and model 

simulations. The results show that the MRG wave is strongly observed in the NH equator (0-

10oN) from December to April, with amplitude around 50-60 (W/m2)2. The peak is observed 

from June to August (JJA). In the SH, the MRG activity maximizes from April to January, 

however the amplitude is somewhat weaker compared to that in the NH, around 30-40 (W/m2)2. 

The best models that can simulate the seasonal cycle of MRG waves close to the observation 

are IPSL, CanESM2 and HandGEM2-CC.The observed MRG waves are stronger during JJA 

over the Northern Pacific to the Northern Atlantic, and they persists from May to December 

around with amplitude about 50–60 (W/m2)2 (Fig. 3). The IPSL, CanESM2 and HandGEM2-

CC models are relatively good in representing the spatial distribution of MRG waves, however 

Figure 1. Zonal wavenumber frequency spectra of the anomalies OLR from  

observation (NOAA data reanalysis). 
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the magnitudes are underrepresented (negative bias) over the northern part of the Pacific Ocean 

around 10 N and are overrepresented in the off-equatorial regions, around 20N. 
 

Figure 4 shows that seasonal cycle of ER waves as well as their spatial distributions in the observation 

and CMIP5 model simulations. The ER wave activity is observed from boreal spring to boreal winter 

(from December to April) with amplitude 130–150 (W/m2)2. The peak is observed in August. A 

secondary active period of ER wave appears in the SH, from January to March. The amplitude is much 

weaker compared to those in the observation, about 50 – 70 (W/m2)2. The CMIP5 models that exhibit a 

similar seasonal cycle of ER waves as in the observation are CanESM2, HadGEM2-CC, IPSL-CM5A-

LR and IPSL-CM5A-MR. These models are able to simulate double peaks (in the NH and SH) of ER 

Figure 2.  Seasonal cycle of Kelvin wave activity and its spatial distribution in JJA (June, July, 

August) from the observation (a) and CMIP5 models (b-j). The values in Figs. 2b-j (bottom) 

indicate residual values (model minus observation).  
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wave seasonal cycle as in the observation, but with weaker amplitudes. Furthermore, focusing on the 

spatial distribution of ER waves, it is well established that the ER wave activity maximized over the 

northern and southern parts of the maritime continent [5]. 

 

In particular, the ER waves are strongly observed over the western north Pacific basin and along the 

Atlantic basin. Both IPSL-CM5A-MR and IPSL-CM5A-MR can mimic the spatial pattern of ER waves 

in JJA, but tend to be overestimate. In particular, the amplitude of ER waves is much stronger in the 

model around the ITCZ regions. In IPSL-CM5A-MR, the model also underestimates the amplitude of 

ER waves over the northwestern part of the tropical Pacific basin. 

Figure 3.  Seasonal cycle of MRG wave activity and its spatial distribution in JJA (June, July, 

August) from the observation (a) and CMIP5 models (b-j). (b-j). The values in Figs. 3b-j (bottom) 

indicate residual values (model minus observation).  
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Finally, the seasonal cycle of TD-type waves and their spatial distribution in the model and the high-top 

CMIP5 models are presented in Fig. 5. The TD-type waves, in general, have similar seasonal cycle as 

the ER waves. The MRG wave activity is strongly observed from boreal spring to boreal winter (from 

December to April) with amplitude 110–130 (W/m2)2, with the peak occurring in August. A secondary 

active period of TD-types waves are observed from January to March in the SH. These characteristics 

are consistent with the results found by Huang et. al 2013 and they argued that TD-type waves are 

intimately associated with the tropical cyclone (TC) geneses/activities. Furthermore, the high-top 

CMIP5 models that successfully represent the seasonal cycle of TD-type wave are CanESM2, IPSL-

CM5A-MR, IPSL-CM5A-LR and HadGEM2-CC. These models are similar with the models that are 

able capturing the MRG wave activity, suggesting that the MRG and TD-type waves are interacting 

and/or coupled. These models, however, have lower amplitude compared to the observation than others.  

Figure 4.  Seasonal cycle of ER wave activity and its spatial distribution in JJA (June, July, August) 

from the observation (a) and CMIP5 models (b-j). (b-j). The values in Figs. 2b-j (bottom) indicate 

residual values (model minus observation).  
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In terms of spatial distribution, there are two regions with strongest biases; firstly, the positive biases 

are observed over the Indian Ocean, central Pacific Ocean and Atlantic Ocean. Secondly, the negative 

bias (underrepresented amplitude of TD-type waves) are observed over the northwestern Pacific ocean, 

indicating that most high-top CMIP5 models still underestimate the frequency of TC activities compared 

to the observation.  

 

 

According these result, model that can simulate CCEWs tend to have an intermediate complexity and 

resolution, such as IPSL, CanESM2 and HandGEM2-CC. We also aware that the types of the convective 

parameterization e.g., Convective Available Potential Energy (CAPE) used by the model will results in 

different CCEWs activity  [4,13,14,1]. We found that model that has complex convective 

parameterization (rather than the simplified version) tend to better simulate the seasonal variability of 

Figure 5. Seasonal cycle of TD-type wave activity and its spatial distribution in JJA (June, 

July, August) from the observation (a) and CMIP5 models (b-j). 
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CCEWs. Further studies are required to understand the extent to which the convective parameterization 

affects the variability and amplitude of CCEWs in coupled GCM simulations. 

4. Summary 

This study evaluates some characteristics of CCEWs, including Kelvin waves, mixed Rossby-gravity 

waves, equatorial Rossby waves, and tropical depression (TD)-type waves, in some high-top CMIP5 

models. The seasonal variability of each CCEW type was analyzed by using space-time spectral analysis 

(STSA). The key results of the current study are summarized as follow:  

1) Most high-top CMIP5 models are capable in simulating CCEWs, as can be seen from the STSA 

analysis. The seasonal variability of Kelvin waves is well represented in MPI-ESM-LR and 

MPI-ESM-MR. 

2)  The seasonal variability of MRG waves is well simulated in CanESM2, HadGEM2-CC, IPSL-

CM5A-LR and IPSL-CM5A-MR. 

3) The seasonal variability of ER waves is well represented by CanESM2, HadGEM2-CC, IPSL-

CM5A-LR and IPSL-CM5A-MR and maximized during boreal spring. 

4)  The seasonal variability of TD-type waves is well represented in CanESM2, HadGEM2-CC, 

PSL-CM5A-LR and IPSL-CM5A-MR, with maximum activity observed during boreal summer. 

5) Our results indicate that the capability of CMIP5 models in representing seasonal variability of 

CCEWs highly depends on the convective (cumulus) parameterization and the resolution used 

by the models.  

Further studies are required to understand what causes the discrepancies among the model simulations. 

We should note that without a realistic Kelvin wave and TD-type wave, the MJO and tropical cyclone 

(TC) genesis would not be able to be simulated in GCMs since the structure and propagation of the MJO 

and TC is similar to the convectively coupled Kelvin wave and TD-type waves. 
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