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40 Abstract  

This study  examines the  relationship between  the MJO and convectively  coupled equatorial 

waves (CCEWs) during the CINDY2011/ DYNAMO  field campaign using  satellite-borne  

infrared radiation data, in order to better understand the interaction between convection and 

the large-scale circulation. The  spatio-temporal  wavelet transform (STWT)  enables us to  

document the convective  signals within the MJO  envelope in terms of  CCEWs in  great detail, 

through localization of  space-time spectra  at any  given location and time. Three  MJO events 

that occurred in October, November, and December  2011  are  examined. It is, in general, 

difficult  to find universal  relationships between the MJO and CCEWs, implying  that MJOs are  

diverse  in terms of  the types of  disturbances that make  up its convective  envelope. However, it  

is found  in all  MJO events that the major  convective body  of  the  MJO is  made  up mainly  by  

slow convectively  coupled Kelvin waves. These  Kelvin waves have  relatively  fast phase  

-1 -1 
speeds of  10-13 m s  outside  of, and slow phase  speeds of  ~8-9 m s  within  the MJO.  

-1 
Sometimes even slower eastward propagating  signals with 3-5 m s  phase  speed show up 

within the MJO, which, as well  as the slow  Kelvin waves, appear to comprise major  building  

blocks of  the MJO. It is  also suggested that these  eastward propagating waves often  occur 

coincident with  n=1 WIG waves, which is  consistent with the  schematic model from  

Nakazawa  in 1988. Some practical  aspects that facilitate use of the  STWT  are  also  elaborated  

upon and discussed.  
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60 1.  Introduction  

The  Madden-Julian Oscillation (Madden and  Julian 1971, 1972)  is the predominant 

intraseasonal oscillation  in the tropics and has  a  profound influence  on a  wide  range  of  

weather  and climate  phenomena  (e.g., Lau and Waliser 2012, Zhang  2013). Despite  extensive  

studies  over the past several decades, our understanding  of  the dynamics  and physics of  the 

MJO remains incomplete  (e.g., Majda  and Stechmann 2012, Waliser 2012, Wang  2012)  and 

our ability  to simulate  the  MJO with fidelity  even  in state-of-the-art numerical models remains 

unsatisfactory  (e.g., Hung et al. 2013, Kikuchi et al. 2016).  

Of  the key  processes associated with the initiation and maintenance  of  the MJO, it  

seems obvious  that the interplay  between convection and the large-scale  circulation must  play  

a crucial role, although our knowledge of these interactions is perhaps the  most uncertain of all.

The  MJO is usually  viewed as a  coupled system consisting  of a  rather  ill-defined 

planetary-scale convective  envelope and associated large-scale circulation that move eastward 

-1 
at an average phase speed of 5-6 m s  in the  Indo-Pacific region. On the other hand, individual 

convective  elements within the MJO envelope  occur  on much  smaller scales, many  of  which 

are  highly  organized mesoscale convective  systems (MCSs; Chen et al. 1996, Mapes and 

Houze  1993, Nakazawa  1988). A  substantial  fraction of  these  MCSs tend to occur  in 

association with synoptic-scale  equatorially-trapped waves first identified theoretically  by  

Matsuno (1966).  These  are  frequently  referred  to as convectively  coupled equatorial  waves  

(CCEWs; e.g., Dias et al. 2012, Kiladis et al. 2009, Takayabu et al. 1996, Wheeler  and Kiladis 

1999).  

It stands to reason that for a  complete  understanding  of  the MJO, particularly  in terms  

of  the interaction between convection and  large-scale circulation,  it  is of  critical importance  to 
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83 understand the relationship between the MJO and the organization of  convection within its  

envelope. For  example, previous  studies have  pointed out  the existence  of  convectively  

coupled Kelvin waves (Dunkerton and Crum 1995, Masunaga  et al. 2006, Nakazawa  1988,  

Roundy  2008)  and westward inertio-gravity  (WIG)  waves within the MJO convective  

envelope (Chen et  al. 1996, Haertel and  Johnson 1998, Takayabu 1994, Takayabu et al. 1996). 

Nevertheless, in contrast to these  case  studies,  recent attempts to statistically  identify  a  

systematic  relationship between the MJO and CCEWs have proven elusive. In particular, using 

a  correlation approach between MJO activity  and space-time spectral variance,  Dias  et al.  

(2013)  found  that that there  is no strong  preferred  scale of  high frequency  organization that is  

ubiquitous to the MJO.  

The  purpose  of  this study  is to examine  the relationship, from a  morphological  

standpoint, between the MJO and CCEWs by  exploiting  data from the Cooperative  Indian 

Ocean Experiment on Intraseasonal Variability  in the Year 2011 (CINDY2011)/ Dynamics of  

the MJO (DYNAMO) (Yoneyama  et al. 2013). The  CINDY/DYNAMO field experiment was 

designed to advance  our understanding  of  the initiation process of  the MJO in  the Indian  

Ocean  (IO). Fortunately, robust MJO events were  observed during  the  observing  period,  

1 
providing  an invaluable  opportunity  for  studying  various aspects of  the MJO  including  

large-scale circulation, cloud populations, and air-sea  interaction, among  others. The  use of  the 

spatio-temporal wavelet transform (STWT)  is advantageous for this work. The  STWT  is an 

extension of the classical  wavelet transform (WT)  and is able to describe  the  space-time scales 
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 A relatively  comprehensive literature list can be  found at 

https://www.eol.ucar.edu/node/471/publications.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

103 of  a  space-time signal at a  given location and time, enabling  us to document the extent, or  lack  

of, homogeneity  and stationarity  in a  signal in great detail. Although the  fundamental 

description of  the STWT  and initial results  using  the case  study  of Nakazawa  (1988)  were  

presented in Kikuchi and Wang (2010), some practical aspects of the STWT approach have not  

been rigorously  addressed in the past. In addition to analyzing  the  CINDY/DYNAMO period 

in some detail, this study  also considers issues such as the representation of  the STWT  spectra,  

sensitivity to STWT resolution, and their significance testing.  

 

2.  Data  

The  Cloud Archive User  Service  (CLAUS) brightness temperature  (Tb)  dataset (Hodges et al. 

2000)  has been used to study  CCEWs in many  recent studies (e.g., Kiladis et al. 2009). The  

CLAUS  dataset has 3-hourly  temporal resolution and 0.5 degree  spatial  resolution covering  

the entire  globe, extending  from July  1983 through June  2009. For  this study, the CLAUS data  

were  extended in time  using  globally  merged  infrared radiation (Tb) data (Janowiak et al. 

2001). The  original resolutions of  these  data  are  30 min in time and 4 km in horizontal space. 

For  convenience, we  constructed 3-hourly  Tb-merged data on a  0.5°×0.5° horizontal  

resolution and calibrated these  data to CLAUS by  adjusting  their means and variances to 

match at each grid point  for  the overlapping period. By  applying  a  temporal linear 

interpolation, the dataset has no missing values within the tropics between 30ºS-30ºN. In  this 

study  we  focus on the CINDY/DYNAMO observing  period (October 2011 to March 2012)  for  

comparison with many  other  studies of  that period (e.g., Gottschalck et al.  2013, Johnson and  

Ciesielski 2013, Yoneyama et al. 2013).  

In calculating  space-time spectra, we  followed steps taken in previous  studies (e.g., 
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126 Kikuchi 2014, Wheeler  and Kiladis 1999). First we  preprocess the data by  removing  the linear  

trend, and the first three  harmonics of  the climatological annual cycle. The  data were  then 

separated into equatorially  symmetric and antisymmetric components about the equator.  

Spectra  were  calculated at each latitude  and averaged over 15°S  and 15ºN  and the spectral  

features are  insensitive to the  choice  of  latitudinal averaging  (not shown). To minimize  end 

effects, STWT spectra were calculated using the data from July 2011 through June 2012.  

 

3.  Spatio-temporal  wavelet transform (STWT)  

The  STWT  was documented by  Kikuchi and Wang  (2010), although we  present more  

comprehensive and updated description  of  the method  with  additions or  refinements  including  

considerations  of  zonal wavenumber  0 component, statistical significance  assessment, and  

energy  conversion from  STWT  space  to Fourier space  (Appendix). The  STWT  was designed 

to accurately  deal with spatial propagation information. The  STWT  𝑊  of  a  signal 𝑔  as a  

function of space  𝑥  and time 𝑡  is defined as (e.g., Antoine et al. 2004)  

∞ ∞ 

𝑊(𝑏, 𝜏; 𝑎, 𝑐) = ∫ 𝑑𝑥 ∫ 𝑑𝑡𝑔(𝑥, 𝑡)𝜓∗
𝑏,𝜏;𝑎,𝑐 (𝑥, 𝑡)  

−∞ −∞ 
 (1)  

∞ ∞ 

= 𝑎 ∫ 𝑑𝑘 ∫ 𝑑𝜔 𝑔̂(𝑘, 𝜔)𝜓̂∗ (𝑘, 𝜔 𝑖(𝑘𝑏+𝜔𝜏)
𝑏,𝜏;𝑎,𝑐 )𝑒  

−∞ −∞ 

where  𝜓∗ 
𝑏,𝜏;𝑎,𝑐 (𝑥, 𝑡) = 𝑎−1𝜓∗((𝑥 − 𝑏) ⁄𝑎 𝑐1⁄2 , (𝑡 − 𝜏) ⁄𝑎 𝑐−1⁄2)  is the mother wavelet with a 

+ + scale parameter 𝑎 ∈ ℝ , a  speed tuning  parameter  𝑐 ∈ ℝ , and a  translation parameter  

(𝑏, 𝜏) ∈ ℝ2 ̂ , and ∗  and  denotes the complex  conjugate and  the Fourier transform (FT), 

∗ respectively. It  is evident  that 𝜓𝑏,𝜏;𝑎,𝑐  becomes  singular as 𝑐 → ∞  as the  STWT  is intended 

to deal with translating  signals. As for  its application to tropical convection, however, we  are  

also interested in the limit 𝑐 = ∞  (i.e., zonal wavenumber 𝑘 = 0).  
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146 For  𝑐 = ∞, we exploit the one dimensional version of the  WT   

∞ 

𝑊(𝜏; 𝑎, ∞) = ∫ 𝑑𝑡𝐺(𝑡)𝜓∗
𝜏;𝑎(𝑡)  

−∞ 
 (2)  

∞ 

= 𝑎1⁄2 ∫ 𝑑𝜔 𝐺̂(𝜔)𝜓̂ ∗(𝑎𝜔)𝑒𝑖𝜔𝜏  
−∞ 

𝜓∗ where  𝜏;𝑎(𝑥, 𝑡) = 𝑎−1/2𝜓∗((𝑡 − 𝜏)⁄𝑎)  and 𝐺(𝑡)  is the zonal average  of  𝑔(𝑥, 𝑡)  at time 𝑡.  

 Energy conservation is written as  

1 ∞ 𝑑𝑎 ∞ 𝑑𝑐 ∞ ∞

∫ ∫ ∫ 𝑑𝑏 ∫ 𝑑𝜏|𝑊(𝑏, 𝜏, 𝑎, 𝑐)|2 

𝐶 3 
𝜓𝑐≠∞ 0 𝑎 0 𝑐 −∞ −∞ 

1 ∞ 𝑑𝑎 ∞

 + ∫ ∫ 𝑑𝜏|𝑊(𝜏, 𝑎, ∞)|2  (3) 
𝐶

𝑐=∞ 0 𝑎2
𝜓  −∞ 

∞ ∞ ∞ ∞ 

= ∫ 𝑑𝑥 ∫ 𝑑𝑡 |𝑔(𝑥, 𝑡)|2 = ∫ 𝑑𝑘 ∫ 𝑑𝜔 |𝑔̂(𝑘, 𝜔)|2  
−∞ −∞ −∞ −∞ 

where  

∞ 𝑑𝑘 ∞ 𝑑𝜔 2
 𝐶𝜓 = (2𝜋)2 

≠  
∫ ∫ |𝜓̂∗

𝑐≠∞(
𝑐 ∞

𝑘, 𝜔)| < ∞  (4)  
|𝑘| |𝜔|0 0  

∞ 𝑑𝜔 2 
 𝐶𝜓 = 2𝜋 ∫ |𝜓̂∗

𝑐=∞(𝜔)| < ∞  (5)  
𝑐=∞ |𝜔|0  

It turns out that the  energy  conservation holds  to within more  than 99  %  accuracy  in the  cases 

considered in this study.  

 Because of  the good correspondence  between the wavelet scale and the Fourier  scale  

(Meyers  et al. 1993),  it  is reasonable to  choose  the  Morlet function (a  complex  sinusoid within  

a Gaussian envelope)  as the mother wavelet  

 𝜓 (𝑥, 𝑡) = 𝑒𝑖(𝑘0𝑥+𝜔0𝑡)𝑒−1⁄2(𝑥2+𝑡2)  𝑐≠∞  (6) 
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𝜓𝑐=∞( ) = 𝑡2 
 𝑡  𝑒𝑖𝜔0𝑡𝑒−1⁄2  (7)  

It is evident that 𝑘0  and 𝜔0  determines the properties (i.e., trade-off between time and 

frequency  resolutions) of  the Morlet wavelet  and |𝑘0|, |𝜔0| ≥ 5  should be  chosen  to  

approximately  satisfy  the  admissibility  conditions ((4)  and (5)) (see  e.g., Kumar and 

FoufoulaGeorgiou 1997). Here  we  set |𝑘0| = 𝜔0 = 6, which is a  popular  choice  (e.g.,  

Torrence  and Compo 1998). Note  that positive  and negative  𝑘0  correspond  to eastward and  

westward moving patterns, respectively.  

Figure  1a  shows the space-time structure  of  the Morlet wavelet. It follows from (6)  

−1 that the amplitude  of  the  envelope decreases to 𝑒  at a  distance  of √2  in non-dimensional  

space  and time (e-folding scale). Within the e-folding scale, about 3  wavelengths are  contained.

The  heterogeneous treatment of  space  and time in the STWT  enables it  to  handle phase  

propagation accurately. Figure  1b illustrates how  the Morlet wavelets for  different scales  and 

speed tuning  parameters are  represented in Fourier space  for  the parameters |𝑘0| = 𝜔0 = 6. It  

is evident that each wavelet is aligned in a way that the energy is concentrated along a  constant  

phase  speed, indicating  sensitivity  to the phase  speed. Also evident is that the localization of  

energy  is stronger at larger scales due  to Heisenberg’s uncertainty  principle  (i.e., trade-off  

between time  localization and frequency  localization, e.g., Addison 2002, Kumar and 

FoufoulaGeorgiou 1997).  

In practice,  the wavelet scale and speed tuning  parameter are  discretized as 

𝑎𝑗 = 𝑎  , 𝑐 𝑞 𝑞 
𝑞 = 𝑐 𝛿

02𝑗𝛿𝑗
02 . 𝑗 = 1, 2, … , 𝐽  and 𝑞 = 1, 2, … , 𝑄. The  values of  𝑎0, 𝑐0, 𝐽, and 𝑄  

must  be  chosen  to resolve the smallest and largest space-time scales of  interest. The  

performance  of  the STWT  thus depends on the choices of  𝛿𝑗  and 𝛿𝑞  (scale and speed tuning 

155 

156 

157 

158 

159 

160 

161 

162 

163  

164 

165 

166 

167 

168 

169 

170 

171 

172 

173 

174 

175 

Fig. 1 

8 

Table 1 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

176 parameter resolutions). For  simplicity, we  consider several homogenous cases where  𝛿𝑗 = 𝛿𝑞  

(Table 1). It is apparent  that the magnitudes of  𝐽  and 𝑄  are  inversely  proportional to the  

values of  𝛿𝑗  and 𝛿𝑞. The  choice  of  𝛿𝑗  and 𝛿𝑞  determines the trade-off  between accuracy  

and computational costs.   

The  STWT  spectrum is computed using  (1)  and (2)  by  means of  a  fast FT  (FFT). For  

each  discretized 𝑎  and 𝑐  the FFT  is calculated, and thus the computational costs  for the  

STWT  are  roughly  proportional to  (2 × 𝐽 + 1) × 𝑄. For  instance, at the lowest resolution 

(𝛿𝑗 = 𝛿𝑞 = 0.8) about 600 times more  computational costs  are  required than the FT  and at the  

highest resolution the computational cost compared to the  FT  is increased by  about 110,000  

times!   

 Another important practical aspect concerns how to assess the statistical significance  

of  spectral peaks. For  a  local STWT  spectral peak, as in the FT, the degrees of  freedom (DOF)  

is expected to be  2 for  each scale (or  bin). For an averaged STWT  spectrum over  space  and  

time, in analogy  with Torrence  and Compo (1998), the effective  DOF  (EDOF) 𝜈  can be  

represented in the following form  

2 2 𝑛𝑡𝛿𝑡 𝑛 𝛿𝑥 
 𝜈 = 2√[1 + ( ) 

𝑥
] [1 + ( ) ]  (8)  

2𝜏𝑒 2𝑏𝑒 

𝜏 = √2𝑎𝑐−1/2 𝑏 = √2𝑎𝑐1/2 where  𝑒  and 𝑒  are  the  e-folding  time and space  scales, 

respectively. This estimate  can be  intuitively  understood as follows: 𝜈  should be  proportional 

to the number  of  wave  packets in a  period of time (~ 𝑛𝑡𝛿𝑡⁄2𝜏𝑒) as well  as to the number  of  

wave  packets in a  length of  space  (~ 𝑛𝑥𝛿𝑥⁄2𝑏𝑒). In the  limit 𝑛𝑡, 𝑛𝑥 → 1  (i.e., no averaging),  

𝜈  should be 2. Similarly  at 𝑘 = 0  the EDOF is estimated as  
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 2 (9) 
𝜈 = 2√1 + (𝑛𝑡𝛿𝑡/2𝜏𝑒,𝑘=0)  

where  the e-folding  time scale 𝜏𝑒,𝑘=0 = √2𝑎𝑘=0, and 𝑎𝑘=0 = 2𝜋/1.03𝜔. It turns out that this

estimate  is more  conservative  than that of  Torrence  and Compo (1998). The  actual distribution

of the EDOF for the case of CINDY/DYNAMO is discussed in the next section.  

 

4.  CINDY/DYNAMO Overview  

Figure  2 shows an overview of  the convective  episodes that took place  during  the

CINDY/DYNAMO in terms of  a  Hovmöller diagram of  Tb averaged over  7.5ºS  and 7.5ºN. It

is evident that convection tends to be  clustered on intraseasonal timescale  over the warm pool

region. Contours of  MJO-filtered Tb anomalies  are  obtained by  filtering  for eastward  zonal

wavenumbers 1 through 6 and 25-90 day  periods using  a  FT. These  contours suggest that there

were  four  or  five  “MJO-like”  events. Based on  objective  MJO indices including  the  all-season

Real-time Multivariate MJO (RMM)  index (Wheeler  and Hendon 2004), the all-season

OLR-based MJO index  (OMI) (Kiladis et al. 2014), and the bimodal intraseasonal oscillation

(Bi-ISO) index  (Kikuchi et al. 2012), the events that were  initiated over the IO  in October,

November, and February  are  viewed  as relatively  robust MJO events  (labelled as MJO1,

MJO2, and MJO4, respectively), with amplitudes in all  indices exceeding  1 for  at least a

2
week . The  event that occurred in December  (referred to here  as MJO3  as in  Yoneyama et al.,

                                                 

2 
 The time series of the RMM index can be found at 

http://poama.bom.gov.au/project/maproom/RMM/ ,OMI indices are at 

http://www.esrl.noaa.gov/psd/mjo/mjoindex/ and Bi-ISO index can be  found at 
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213 2013 and as a  “mini-MJO”  by  Gottschalck et al.,  (2013) is identified as a  much weaker event 

by these  criteria. The event that occurred in January  was identified as a weak MJO by the OMI  

and  Bi-ISO  index, while not by  the  RMM index,  and convection does not appear  to be  very  

organized over the central IO. It is implied, however, from Fig. 2 that the initiation of  

convection in MJO4 was rather  ambiguous. In addition, many  studies (e.g., Hannah et al. 2016, 

Johnson et al. 2015, Powell  and Houze  2015b, Sobel et al. 2014)  primarily  focused on the 

MJO events that occurred in the intensive observing  period (IOP), 1 October 2011–15 January  

2012. Given these  considerations, we  focus on  three  MJO events (MJO1, MJO2, and MJO3)  

and analyze them in more detail throughout the following discussion.  

Although it  is not customary  to identify  spectral  peaks from shorter  periods of  data,  it  

is instructive  to examine  the CINDY/DYNAMO period to understand the nature  of  the STWT  

spectra  in comparison to the conventional FT  approach, and to place  the  convective  events  

during  this period in historical context through comparisons  with spectra  based on long-term 

data. Figure  3  shows the  FT  and several different resolution STWT  spectral estimates in linear  Fi

space-time wavenumber  and frequency  plots (see  Appendix  for  details), over the entire  global  

longitude  range  for the DYNAMO period. The  FT  spectra  were  obtained in a  conventional 

manner similar to the one developed by  Wheeler and Kiladis (1999).  

Overall the STWT spectra at different resolutions display a similar appearance to each  

other, while serrations due  to insufficient sampling  are  evident at lower  resolutions. These  

serrations are  more  evident at higher frequencies  and/or larger wavenumbers due  to the scale 

dependence  of  the STWT  (Fig. 1b). At higher resolutions from 0.2  to 0.05 the detailed  
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234 structures are  very  similar to each other, and serrations are  barely  detectable  at the highest 

resolution. Based on this result, we conclude that using a resolution higher than 0.2 is optimal. 

 The  STWT  spectra  and FT  spectra  yield consistent  results, whereas the STWT  spectra  

are  smoothed due  to the uncertainty  principle, in particular at higher frequencies and larger  

wavenumbers. A  casual inspection of  either the STWT  or  FT  spectra  suggests  the presence  of  

spectral peaks that  correspond to several types of  CCEWs predicted theoretically  by  Matsuno  

(1966), such  as  Kelvin,  equatorial Rossby  (ER), n=1 westward inertio-gravity  (WIG),  n=0  

eastward  IG (EIG),  and mixed Rossby-gravity  (MRG)  waves (Wheeler  and Kiladis 1999). In  

addition, substantial power is concentrated in the MJO range  (zonal wavenumbers of  1-5  and 

eastward  frequencies of  0.03-0.01)  in  the symmetric  component  and at the diurnal and  

semidiurnal timescales in  both the symmetric and  antisymmetric components, which are  much 

more  apparent in the FT  spectra. The  absence  of  sharp spectral peaks in the STWT  spectra  is  

due  to the smoothing  nature  of the  method (Fig. 1b), leading to spectral peaks  spread  in  

frequency  around  the  diurnal and semidiurnal cycles as opposed to peaks spread in 

wavenumber  as in the FT spectra.  

The  prominence  of CCEW  peaks becomes  more  evident when the  spectra  are  

normalized by  a  background (Fig. 4). Although there  is no consensus on the best approach to  

use in estimating  the  background  spectrum (Hendon and Wheeler 2008, Kikuchi 2014, 

Masunaga  et al. 2006), for  the sake  of  comparison, we  estimated the background  spectrum in  

the manner following  Wheeler  and Kiladis (1999)  based on the raw data during  the  

CINDY/DYNAMO  period. The  FT  and STWT  spectra  yield  quite  consistent results, although 

the FT  spectra  are  much  noisier.  It is evident that several types of CCEWs were  pronounced 

including  the  MJO, and Kelvin, n=1 WIG,  ER, n=0 EIG,  and  MRG waves. The  STWT  spectra  

235 

236 

237 

238 

239 

240 

241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

253 

254 

255 

256 

Fig. 4 

12 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

257 provide more  coherent results at the expense  of  spectral resolution, which results in more  

smoothing  when compared to the FT  spectra. The  FT  spectra  have  ~4 (≈ 2 × 183/96) EDOF  

at each scale  (bin)  based on the  most  conservative estimate  (assuming each  latitude  is not 

independent from any  others), whereas the averaged STWT  spectra  have  more  EDOF  at most  

scales (Fig. 4e),  as discussed in the previous  section. In addition, Fig.  4f  shows how the  

significance  of  a  given ratio of  a  signal with respect to the  background will  vary  with scale, 

unlike  that in an FT  spectrum where  the EDOF  is assumed to be  constant  for  each bin. As a  

result, spectral peaks  significant at the  90% level  such as Kelvin, ER, WIG, and MRG-EIG  

waves are found in the STWT spectra, as shown by  the crosses  in Figs. 4c, and 4d.  

Despite  the fact that only  180 days were  used,  the  appearance  of  the STWT  spectra  in 

particular  bear a  strong  resemblance  to  global  FT  spectra  based  on long-term data (e.g., Fig. 1 

of  Kiladis et al. 2009), with the exception  of  the  lack  of  n=2 WIG waves in Fig.  4d during  

CINDY/DYNAMO. In both spectra, significant peaks corresponding  to Kelvin, ER, n=1 WIG, 

and MRG/EIG exist  with enhanced power concentrating  in the range  of  the  equivalent depth  

(ℎ𝑒) 12-50 m. One notable difference in the Kelvin wave peak concerns its apparent dispersion, 

as implied by  a  decrease  of  ℎ𝑒  with increasing  wavenumber  (𝑘)  and frequency  (𝑓). This is  

also often seen in localized FT  spectra  (Dias and Kiladis 2014). We  address this issue  further  

below. Also prominent are  the diurnal peaks, which are  primarily  localized at wave  -1 and -5 

in the STWT  in the symmetric  component but more  spread out across all  wavenumbers  in the 

FT spectra.  

  

5.  MJO and CCEWs relationship revealed by STWT  

While  the spectra  discussed above  were  based on global data, an  advantage  of  the  STWT  
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280 approach  is that it  can efficiently  localize  spectral signals in space  and  time. This section  

concerns the individual MJO events observed during  the CINDY/DYNAMO  period with a  

primary  focus on the IO, in particular at 75ºE, where  the observational network  in the field 

was centered (e.g., Yoneyama et al. 2013), and  100ºE, at the eastern edge of the  IO.   

 

5.1.  Average spectra  

We  first show in Fig. 5 the time-averaged local STWT  spectra  centered on 75ºE  and 100ºE  

over the entire  CINDY/DYNAMO period, normalized by  their  local background  spectra,  

respectively. The  local background  spectra  were  obtained in the same manner as the global 

background  spectrum  except the time-averaged (October  2011-March 2012) local spectrum  

centered at each  longitude  was used. Note  that the  overall  structures of  the  spectra  normalized  

by  the global, instead of  the local,  background  spectrum  do not appear to be  very  different (not 

shown). In addition, the spectra  normalized by  the  local background  yield  more  conservative  

estimates of  statistical significance, as this is a  relatively  convectively  active  longitude, so we  

advocate this approach over the use of a  global background  spectrum.  

The  overall  features of  the spectra  at 75ºE and 100ºE are  similar  to the global spectra  

(Fig. 4c  and d). As in the  global spectra, certain types of  CCEWs stand out  that include  Kelvin, 

n=1 WIG, ER, and MRG/EIG waves. As for  the Kelvin waves, the energy  is more  

concentrated at  a smaller ℎ𝑒~17  m, which is consistent  with the  localized climatological FT  

spectra  for the IO sector  of  Dias and Kiladis (2014). Again we  see  that the  Kelvin wave  peaks  

are  shifted toward smaller ℎ𝑒  at higher wavenumbers and frequencies.  This dispersive 

behavior is stronger for Kelvin waves  at 75ºE than at 100ºE. It  should be  also noted  that the  

n=1 WIG waves contain a  strong diurnal cycle  peak  at these  locations.  This  peak  is more  
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303 pronounced at 100ºE due  to its proximity  to the Maritime  Continent  where  pronounced 

off-shore  moving  diurnal gravity  waves  tend  to be  generated  to the west of  Sumatra  (e.g., 

Kikuchi and Wang 2008, Kubota et al. 2015, Mori et al. 2004, Yang  and Slingo 2001).  

 

5.2.  Individual MJO  events  

To examine  how CCEWs are  associated with individual MJO events during 

CINDY/DYNAMO,  Figs. 6-8  show localized STWT  spectra  at 75ºE and 100ºE in conjunction 

with Hovmöller diagrams centered in time on the  three  MJO events identified above. From 

now on we  focus on the  symmetric component, because the  antisymmetric component does  

not have  very  prominent spectral peaks, consistent with the relative lack of  convectively  

coupled MRG/EIG activity  over the IO  as compared to the Pacific sector (Dias and Kiladis  

2014, Kiladis et al. 2016).  

The  MJO envelope is defined here  as filtered Tb  anomalies of  less than -6 K  that 

retain eastward propagating  zonal wavenumbers  1-6  and periods between 25 and 96 days  

(denoted by  thick black  curves). Instead of  presenting  space-time filtered field  (except for  

some  eastward propagating  components  as discussed later), as is usually  the  case  in previous  

studies, we  show the  phase  lines in conjunction with the envelope  for  a  particular Morlet 

wavelet to demonstrate more  clearly  how the  STWT  is effective  in  elucidating  the  anatomy  of  

the MJO convection in terms of  propagating  features. Color dashed lines in  the top two panels  

from the left represent  the constant phase  of the  sinusoidal wave  embedded within the wave  

packet  (see  Fig. 1a)  for  a  particular wavenumber  and frequency  denoted by  corresponding 

color dots in the STWT  spectra  (bottom  panels). The  length of  each  line  represents the 

e-folding  scale in time and space  for  a  particular  scale corresponding  to the dot of  the same 
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326 color in the spectrum. The  white circles in the top panels correspond to the  point  at which the 

local STWT  spectra  is calculated. The  time upon  which the spectra  are  centered  was chosen  

subjectively  from the Hovmöller  diagrams to correspond to the peak time  of  the major  MJO  

convective  episode  at each longitude. In effect, each time appears  to correspond to 

precipitation peaks  associated with certain types of CCEWs, as we now describe.  

 

a.  MJO1  

Overall, much of  the  deep convection on synoptic  time scales displays either eastward or  Fig. 6

westward propagation, suggesting  the predominance  of  CCEWs. However, close inspection 

suggests  that the  space-time scales of  these  disturbances vary  greatly  in space  and time.  

Considering  MJO1 (Fig. 6), the  Hovmöller diagrams show  that there  was initially  active  

diurnal convective  activity  to the east of  the MJO envelope due  to westward propagating 

convectively  coupled gravity  waves propagating  off of  Sumatra  (e.g., Johnson and Ciesielski  

2013, Kubota  et al. 2015). The  spectral signal  of  these  disturbances appears as a  strong  peak at 

1 cpd centered on westward wavenumber 18  in Fig. 6b (magenta  dot and phase  lines). Later in  

November  these  westward waves are  no longer  significant. Instead,  weaker smaller scale 

quasi-diurnal (magenta  dot  and phase  lines in Fig. 6c, d)  as well  as  2 day  disturbances (green 

dot and lines in Fig. 6c, d)  become significant, where  the latter is reminiscent of  the n=1 WIG 

waves also observed during  TOGA  COARE (e.g., Chen et al. 1996, Haertel and Johnson 1998,   

Haertel and Kiladis 2004, Takayabu et al. 1996). While  diurnal waves show up at both  

locations, overall  the earlier  phase  of  MJO1 (Fig. 6b) is made  up of much more  coherent 

synoptic  disturbances  than at its latter phase  (Fig. 6d) where  significant  spectral peaks are  

much weaker.  

The  commencement of  MJO1 is  associated  with a  series  of  eastward  propagating  
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350 disturbances in middle  October,  which themselves appear to modulate  the westward  

propagating  disturbances  within them, reminiscent of  Nakazawa’s (1988)  hypothesis. In this 

period, the atmosphere  became more  and more  moist (e.g., Johnson and Ciesielski  2013,  

Nasuno et al. 2015, Powell  and Houze  2013, 2015a), perhaps setting  up the stage  for the 

development of  the  vigorous deep convection that occurred  later  (i.e., the so-called  

preconditioning  stage, e.g., Benedict and Randall  2007, Kikuchi and Takayabu  2004, Kiladis  

et al. 2005).  

The  behavior of  CCEWs drastically  changes over time  within the MJO1 envelope. As 

in the preconditioning  stage, the typical Kelvin wave  is  seen at both locations that had 

-1 
eastward  phase  speeds of  10-12 m s  corresponding  to the yellow phase  lines in Figs. 6a,c  and  

yellow dot in Fig.  6b,d,  while slower eastward  propagating  signals were  also present as  

represented by  the  red and blue eastward symbols. These  slow eastward propagating  signals 

appear  to be  the  major  building  blocks of the  envelope. The  wide  range  in scales of the  

eastward  propagating features represent  examples  of  the  “zonally-narrow”  components of  the  

MJO as documented by  Roundy  (2014). Enhancement of  planetary-scale, fast Kelvin waves  

with zonal wavenumber  2 was also seen in the spectra  at both locations (Fig. 6b, in particular),  

which also appears as a distinct spectral peak in the time-averaged spectra  (Fig. 5a, c).  

The  difference  in the  role  of  these  eastward  propagating signals  in  the MJO  

convection may  become  more  apparent in terms  of  space-time filtered anomalies. Based on 

previous  studies and results in this study, we  define two types of  filters. The  one  is a  typical 

Kelvin wave  filter  (denoted by  the green box  in Fig. 6b) that corresponds to the one  defined in  

Kiladis et al. (2009)  for  convectively  coupled  Kelvin waves.  The  other filter  isolates more  

slowly  eastward propagating  signals (denoted by  the red box  in Fig. 6b), referred here  to 
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373 conveniently  as the slow Kelvin wave  filter. The  filter  design for the slow Kelvin waves is 

somewhat similar to the zonally  narrow MJO band defined by  Roundy  (2014), although our 

filter  includes much higher wavenumbers and cuts lower frequencies  (<0.06 cpd). Sensitivity  

tests indicate that exclusion of  relatively  small  wavenumbers up to 10 (i.e.,  overlapped area  

with the zonally  narrow  MJO  band)  does not significantly  change  the results, albeit with  

weaker amplitudes  (not shown), suggesting  that the term slow Kelvin wave  used here  may  be  

reasonable.  It  is evident from Fig. 6e  that the typical  Kelvin wave  component passes through 

the MJO envelope, if  any,  and  does not seem to play  a  central role  in the  development of the  

major  convective  events within the envelop, whereas the slow Kelvin wave  component 

represents the major convective events of the MJO remarkably  well.  

As in the  preconditioning  stage, these  eastward propagating  disturbances  appear to 

conspire  with  westward  propagating  waves to cause deep convection to occur, with two 

different spatio-temporal  scales  of  westward waves (magenta  circles  in Fig. 6b,  6d)  evident at 

both locations (Kikuchi and Wang 2010). As mentioned above, the diurnal waves at 75ºE seem 

to originate  in the Maritime  Continent region where  the diurnal cycle  and its off-coast 

propagation is usually  pronounced.  It is suggested  from the mean spectra  (Fig. 5a, c) that these  

diurnal  waves were frequently observed at both locations  during  DYNAMO.  

Besides convectively  coupled diurnal and n=1 WIG waves, another  scale of  slower 

westward propagation is seen centered at wave  22  with a  frequency  of  0.4 cpd  (orange  color in 

Fig. 6a, b), or  a  bit  longer  period than 2 days. While  this falls  within the range  of  “TD-type”  

disturbances (e.g., Serra  et al. 2008, Takayabu  and Nitta  1993)  we  will  show below that the 

scales of  these  slower waves vary  significantly  between MJO events, and are  likely  not related 

to true  easterly  waves, but to off-equatorial “Rossby  gyres”  as  discussed by  Kerns  and  Chen 
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396 (2014a, b).  

 

b.  MJO2  

In contrast to MJO1, the MJO2  envelope is confined mainly  to the IO in terms of  MJO-filtered 

Tb, although a  faster  convective  envelope subsequently  extends well  into the Pacific during  

December (Fig. 7), highlighting  the nature  of  the MJO-Kelvin continuum (Roundy  2012,  

2014). As in MJO1, there  was a  preconditioning  stage  prior  to the development of  the major  

MJO convection  starting  around  November  16  characterized by  the  passage  of westward  

propagating convective activity  embedded within eastward moving envelopes (Fig. 7a,  b).   

Starting  around  November  21 the  MJO envelope was characterized by  two  

well-defined  distinctive  Kelvin waves (referred to as “double  barrel  Kelvin waves”  by  

Gottschalck et al. 2013). The  local spectra  (Fig.  7b, d)  reveal that the Kelvin waves were  

composed mainly  of  two  distinctive components. A  relatively  fast component (yellow)  had a  

-1 
phase  speed of  ~12 m s , as is typical  of  Kelvin waves in this region  (e.g., Kiladis et al. 2009, 

Roundy  2008, 2012, 2014, Yang  et al. 2009). In contrast, an even  slower component (red)  had  

-1 
phase  speeds of  ~8-9 m s , and this wa s especially  pronounced within the second Kelvin pulse, 

especially  towards the end of  the event (Figs. 7c,d). As in MJO1, these  Kelvin waves appeared 

to modulate  westward propagating  disturbances that include  n=1 WIG waves with ~1.5 day  

periodicity  at 75ºE  (green), with the diurnal cycle  at 100ºE, and a  slower westward  disturbance  

at 75ºE  that had  closer  to a  3 day  period (orange  in Fig. 7a,  b). Given  that the phase-speed of 

the slow Kelvin waves is  around  the boundary  of the two Kelvin wave  filters, the two Kelvin  

wave  components overlap with each other  to some extent (Fig. 7e). In contrast to MJO1, the  

eastward moving  disturbances embedded in MJO during  its earlier  versus  latter  stage  remain  

similar.  
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c.  MJO3  

Many  aspects of  MJO3 are  in sharp contrast to MJO1 and MJO2.  For  example, the MJ

filtered convective  envelope  developed well  to the east of  both MJO1 and MJO2 and wa

much shorter  in duration. In addition, the earlier  stage  of  MJO3 is made  up by  much  weake

Kelvin waves particularly  when compared to the pronounced n=1  ER waves (e.g., Gottschalc

et al. 2013), with a  relatively  small  scale of 2,000-4,000 km (magenta  in Fig. 8a,  b). Anothe

contrast between  MJO3 and MJO1/MJO2  is the absence  of  small  scale  diurnal and  n=1  WI

disturbances.  

While  signals are  weaker in MJO3,  convection appeared to be  related to  a  series o

-1 
Kelvin waves that had  a  slower phase  speed of ~9 m s  (red  in Fig.  8a,  b). As  these  slo

Kelvin waves passed through the  MJO envelope  (Fig. 8c, e), even  slower eastwar

propagating  signals that  moved in line  with the  envelope  (blue  color  in Fig. 8c, d  and re

contours in Fig.  8e) developed within the  envelope. Throughout MJO3,  larger scale n=1 WI

waves relative to MJO1/2 were pronounced  (green  color in Fig.8).  

 

5.3.  Composite STWT spectra  

So far we  have  examined  the multiscale structure  of  individual MJO events in a  rathe

subjective  manner with particular  focus on two locations. In this subsection we  take  a  mor

objective  approach in an attempt  to draw more  robust conclusions concerning  the makeup o

the MJO during CINDY/DYNAMO. As  in defining  the  MJO envelope,  the MJO convectiv

centers are  objectively  defined based on the MJO-filtered Tb anomalies as follows: th

7.5ºS-7.5ºN averaged Tb anomalies are minima in longitude and have less than -8 K. The MJ

center locations for MJO1, MJO2, and MJO3 are indicated by the red curves in Fig. 2.  
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444 The  STWT  spectra  are  composited  with respect to the three  MJO centers.  As in the  

previous  subsection, the STWT  spectra  are  normalized by  their local background  spectra  prior  

to making  the composite. We  assume  that EDOF  follows (8), where  𝑛𝑡  is the  total number  of  

times used to construct the composite  (i.e., ignoring  the independence  between individual 

MJO events), which would provide a more  conservative  estimate.  

The composite STWT spectra are  shown in Fig. 9. An  enhanced signal  of slow Kelvin 

waves is evident. Besides the MJO peak, there  exist  four  distinctive eastward wave  peaks with 

-1 -1
different equivalent depths: two around  50 m (22 m s ), one  at 15  m (12 m s ), and just  below  

-1
8 m (9 m s ). It is of  interest to note the  appearance  of  another  significant peak  that 

corresponds to very  slow eastward propagation with 𝑘 ~20-30 and 𝑓~0.16  cpd 

-1 
(corresponding to ~3 m s  phase  speed).  This signal was most  apparent in MJO1 at 75ºE (Fig.  

6b, d)  and was also seen in MJO2 at 75ºE (Fig. 7b).  Whether these waves can be understood in  

the framework  of  Kelvin wave  dynamics or  not is an open  question (Roundy  2012,  2014). The  

separation of  scales in the spectral peaks illustrate  the broad diversity  seen within MJO events 

during the CINDY/DYNAMO period.  

Significant westward propagating  signals are  also identified. As in the case  studies in  

the previous  subsection, westward convectively  coupled waves appear to  have  a  wide  range  of 

space-time scales  that include the strong planetary-scale  diurnal peak,  the  roughly  3 day  peak 

centered on wave  -20, relatively  small  scale n=1 ER waves, and overall  enhancement of  power  

within the n=1 WIG  range  that includes a  pronounced diurnal peak at  wave  -20 and quasi 

2-day  peaks over  a  range  of  spatial  scales. Again these  spectral peaks are  dominant  at different  

times, as shown in the case studies in the previous subsection.  
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467 6.  Summary and discussion  

We  investigated the relationship between the MJO and CCEWs during  CINDY/DYNAMO  

field campaign taking  advantage  of  the  STWT, which is able to isolate localized space-time  

spectra  at any  given location and time. To facilitate  use of  the STWT,  we  elaborated upon 

some practical aspects such as spectral representation and sensitivity  to  STWT  resolution, and  

also discussed our method of  significance  testing. The  global time-averaged STWT  spectral 

estimates over the CINDY/DYNAMO period yield consistent results with the conventional FT  

counterparts, with much smoother features in the  STWT spectra, suggesting that a local STWT  

spectral estimate  provides a  reasonable  snapshot. The  smoothing  nature  inherent in the  STWT  

increases the  credibility  of  detecting  systematic, significant spectral peaks in an  averaged 

spectrum at the expense of  spectral resolution, a  big  advantage  particularly  when dealing  with  

short-term data like this study.  

The  averaged CINDY/DYNAMO  spectra  show an overall  good correspondence  with 

long-term averaged (i.e., climatological) spectra, implying  that the occurrence  of  CCEWs  

during  CINDY/DYNAMO were  not unusual. The  manner in which CCEWs were  distributed  

within  the MJO was examined exploiting  the STWT  for  three  MJO events with particular  

focus on the IO  region. It is, in general, difficult  to find universal relationships between the 

MJO and CCEWs in zonal-wavenumber spectral  space,  indicative  of a  broad range  in  “MJO  

diversity”, which is in agreement with the conclusion of  the statistical study  of Dias et al.  

(2013)  based on a windowed FT approach.  

However, upon close inspection, it  is found  in all  MJO events that  a  variety  of  

eastward  propagating waves appeared  to be  the major building  blocks of  the main body  of the  

MJO convection. It is suggested  that each  MJO event was initially  associated  with Kelvin 
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490 
-1 

waves that had space-time scales  typical for  the IO  with a  phase  speed  of  ~12 m s .  Some of  

the Kelvin waves  observed in the latter  stages of  the  MJO, however, tend to have  slower phase  

-1 
speeds of  ~8-9 m s . This progression was also seen in MJO4 during  February-March 2012 

-1
(not shown).  Sometimes even more  slowly  eastward propagating disturbances (3-5 m s ) were  

locally  observed.  These  eastward  propagating signals appeared  to be  associated closely  with 

the most vigorous convection that made up the MJO.  

 The  above  mentioned case  study  results are  well  supported by  the composite  result  

-1
(Fig. 9). Several Kelvin wave  peaks are  identified, corresponding  to fast (~23 m s ), moderate  

-1 -1
(~12 m s ), and slow (~8 m s ) phase speeds. The presence of the  faster two peaks is expected 

from the local time-averaged spectra  (Fig. 5a  and c). However, the slow  Kelvin wave  peak  

does not appear in the local time-averaged spectra, indicating  that they  existed  only  within the 

MJO  during  the study  period. Also the signal of  the  even  slower disturbance  shows up in the  

composite  spectrum. At this stage  it  is not clear whether  these  disturbances  can be  classified as 

Kelvin waves or not.  

These  eastward propagating  disturbances alone, however, do not seem to be  

responsible for  the  development of  the major  convective  systems of  the  MJO. They  often  

interact with westward propagating  disturbances,  most  of  which can be  classified as a  wide  

space-time scale range  of  n=1 WIG waves, reminiscent of  the schematic summary  of  

Nakazawa  (1988)  that described the  hierarchical  structure  of the MJO: a  number  of  eastward 

propagating  super  cloud clusters embedded in  the MJO envelope, each of  which being  

composed of  westward propagating  cloud clusters. The  STWT  signals isolated here  for  the  

DYNAMO  period were  also shown to be  valid for  the cases studied by  Nakazawa  (Kikuchi 

and Wang  2010). In addition to n=1 WIG waves, other  westward  disturbances appear at times, 
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513 although these  are not necessarily classifiable as CCEWs.  

 So far we  have  documented a  limited number  of  MJO cases using  the  STWT  

approach,  however  preliminary  results from  a  larger  sample  indicates that eastward 

propagating  signals are  the  norm with the MJO convective  envelope. Yet individual MJOs  

differ widely  from each other  as well  (Dias et  al.  2016). This raises many  open questions for  

future  studies. First, under what conditions do Kelvin waves develop and  subsequently  slow 

down within the MJO?  The  background  in which Kelvin waves are  embedded varies with the 

MJO and, as a  result,  affects  the properties of  the Kelvin waves through dynamical (e.g., Dias 

and Kiladis 2014, Han and Khouider 2010)  and thermodynamical (e.g., Dias and Pauluis  

2011)  effects. Of  them, the effect of  moisture  probably  plays a  central role. The  slow Kelvin  

waves tend to appear at the peak of  the MJO convection at which time the  entire  troposphere  

tends to be  humid (e.g., Hannah et al. 2016, Johnson and Ciesielski  2013, Nasuno et al. 2015, 

Yokoi and Sobel 2015),  which is consistent with the view  that convectively  coupled waves  

move slowly  under moist conditions because convection effectively  reduces the effective static 

stability  (Emanuel et al. 1994).  

Our  findings are  consistent with recent statistical analysis  of  observational data. 

Roundy  (2012)  showed that Kelvin waves tend to have  structures more  similar  to those of  the 

MJO as phase  speed decreases with little dependence  on the zonal scale. Yasunaga  and Mapes 

(2012)  showed that  slower Kelvin waves tend  to involve  more  stratiform rain  than faster  

Kelvin waves. Given the similarity in the dynamical fields between the slow Kelvin waves and 

the MJO, perhaps the emergence  of  slow  Kelvin waves put an end to the  convective  active  

phase  of  the MJO due  to  the drying by  bringing relatively  dry  subtropical air into the tropics 

associated with large-scale Rossby  gyres  behind the MJO (e.g., Benedict  and Randall  2007, 
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536 Kerns and Chen  2014a,  b, Kiladis et  al. 2005,  Maloney  and  Hartmann 1998, Yamada  et al. 

2010).  

Another issue  has to do  with characterizing  MJO diversity  from the  viewpoint  of  

multiscale interaction. In some cases,  a  wide  range  of  n=1 WIG waves  as well  as Kelvin  

waves  appear to be  the  major  building  blocks of  the MJO, but in other  cases a  wide  array  of  

other  convectively  coupled waves are  seen  to be  involved. In addition to these  rather  frequent  

players, other  types of  convective  organization  may  come into play  from time to time. For  

example, Judt and Chen (2014)  documented the  development of  explosive  MCSs within  

MJO2 envelope  that occurred in association with MRG-like  circulations. As seen  in Fig.  8, the 

initiation of  MJO3 appeared to be  greatly  influenced by  the  moist phase  of  ER waves.  It turns  

out that, on average, while the variance of CCEWs and MCSs is enhanced within the  MJO, the  

average  statistical distribution of  these  various disturbances does not vary  much between 

active  and inactive  MJOs, even though individual MJOs can vary  greatly  from one  to another  

(Dias et al. 2016).  

Of  course, other, more  stationary  factors are  responsible for  the diversity  of  the MJO  

as well  as of  its multiscale structure,  such as the  seasonal and geographical  settings. It has 

been shown that the behavior of  both CCEWs (e.g.,  Dias and Kiladis 2014, Kikuchi 2014, 

Masunaga  2007, Roundy  and Frank 2004)  and the  MJO (e.g., Kikuchi et al. 2012, Kiladis et al.  

2014, Zhang  2005)  are  strongly  affected  by  those  factors. It is readily  expected from the 

pronounced annual cycle  in the MJO that the multiscale  structure  of  the MJO during  boreal  

summer, which displays  a  strong  asymmetric  structure  about the equator, is different from 

what we  saw in this study.  Perhaps  antisymmetric  CCEW  components that little attention was  

paid in this study  come  into play. Also it  is likely  that the  geographical settings affect the  
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559 multiscale structure, and thus the multiscale interaction, of  the MJO. Of  the  different regions, 

the Maritime  Continent perhaps  provides the most  complex  situation  in  which each wave  

component undergoes a  complicated interaction with the mountainous  terrain (Hsu and Lee  

2005, Ridout  and Flatau  2011, Wu and Hsu 2009)  and the pronounced diurnal cycle come 

more  into play  (e.g., Fujita  et al. 2011, Ichikawa  and Yasunari 2007,  2008, Oh et al. 2012, 

Peatman et al. 2014,  Rauniyar  and Walsh 2011).  The  near-future  international  field campaign 

effort, Year of  the  Maritime Continent  (YMC), will provide an unprecedented opportunity  to 

investigate the  complex interactions in great detail.  

 This is a  pilot study  that demonstrates the ability  of the STWT  to elucidate the 

localized multiscale structure  of  the MJO during  CINDY/DYNAMO. Applying  the same  type  

of  approach, we  are  conducting  more  robust, statistical analysis  based  on long-term data  

intending  to address some of  the aforementioned issues. One  goal of  this work will  be  to  

determine  whether  MJOs can be  grouped by  the  types of disturbances that  reside within them. 

Results obtained from this morphological-based approach would provide fundamental 

implications about the interaction between  the MJO and CCEWs, which is a  basis  for  further  

process-oriented analysis in terms of  heat, momentum, and moisture  (e.g., Kiranmayi and  

Maloney  2011, Majda  and Stechmann 2012, Miyakawa  et al. 2012, Nasuno et al. 2015, Zhao 

et al. 2013).  

 

Appendix: Energy conversion from STWT space to Fourier space  

Presenting  the calculated  STWT  spectra  in its native  space  (as a  function of  scale and speed 

tuning  parameter) makes the STWT  difficult  to compare  with popular  FT  approaches and  

hinders interpretation. In  order to fill the gap in representation, we  developed a  method to  
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582 convert the STWT  spectra  in terms of  zonal wavenumber  and frequency. By  considering how 

a  sinusoidal wave  can be  represented in the STWT  and FT, 𝑎  and 𝑐  can be  associated with  

𝑘  and 𝜔  as follows (Kikuchi and Wang 2010):  

  1⁄2 
𝑎 = 1/2(𝑘𝑀𝜔𝑀⁄𝑘𝜔)  

 (A1)  

𝑐 = 𝑘𝑀𝜔/𝑘𝜔𝑀  

𝑘 = 𝑘 + (𝑘2 + 2)1/2 𝜔 = 𝜔 + (𝜔2 where  𝑀 0 0 , 𝑀 0 0 + 2)1/2.  

In light of  the energy  conservation (3), the  discretized STWT  spectrum 𝑊̃𝑖 ,𝑛  in Fourier  

space  at zonal wavenumber  𝑘𝑖  and frequency  𝑓𝑛  can be  estimated  using  the computed 

STWT spectrum 𝑊𝑗,𝑞  at 𝑎𝑗  and 𝑐𝑞  as  

𝐽 𝑄 
1 (𝑙𝑜𝑔2)2 

2 
 |𝑊̃𝑖,𝑛| = ∑ ∑ |𝑊𝑗,𝑞| 𝛼𝑖,𝑛;𝑗,𝑞/𝛥𝑘𝛥𝜔  (A2)  

𝐶 2
𝜓𝑐≠0 𝑎𝑗 𝑗=1 𝑞=1 

where  𝛼𝑖,𝑛;𝑗,𝑞  is the coefficient that measures the ratio of  the area  of  the segment (𝑗, 𝑞)  

′ ′ ′ ′ 
enclosed by  the  curves 𝑃 ,  𝑃 ,  𝑃 ,  𝑃  to the total area  of the  segment (𝑗, 𝑞) (Fig. A1), 1 2 3 4   

and 𝛥𝑘  and 𝛥𝑓  are  the desired zonal wavenumber  and frequency  resolutions of  the 𝑊̃𝑖,𝑛  

spectrum in the Fourier space.  
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817 Figure captions   

Table 1 Summary of computational costs.  

Fig. 1  Characteristics of the Morlet wavelet used in this study. (a) Space-time structure of the  

2 2
real part of the Morlet wavelet (𝜓(𝑥, 𝑡) = e 𝑖(𝑘0𝑥+𝜔0𝑡)𝑒−(𝑥 +𝑡 ) and (b) schematic  

showing how each STWT wave  component is represented in the Fourier space. 

∗ Shading represents the amplitude of  the normalized Morlet wavelet (𝑎𝜓̂a ,c = 

2  2 

𝑒−1⁄ 𝑐1⁄2 ⁄2(𝑎 𝑘−𝑘 ) 𝑒−1⁄2(𝑎𝑐−1 2(𝜔−𝜔0)  
0 ).  

Fig. 2  Longitude-time section of  Tb along  the equator averaged over 7.5ºS  and 7.5ºN during  

CINDY/DYNAMO period (October, 2011-31March, 2012). Contours denote 

MJO-filtered (zonal wavenumbers 1-6  and  frequencies 1/96-1/25 cpd) OLR anomalies 

-1 
with interval 4  W  m  and only  negative  values are  drawn. Regions denoted by  dashed 

boxes are  shown in greater  detail in Figs. 6-9. Red curves indicate MJO convective  

centers for the major three MJO events (see Section 5.3 for details).  

Fig. 3  Zonal wavenumber-frequency spectral estimates for the CINDY/DYNAMO period 

(October, 2011-March, 2012) based on the FFT (top), and the STWT (lower panels) for 

the symmetric (left)  and antisymmetric (right) components. The base-10 logarithm is 

taken. The STWT spectra are  averaged spectra over the entire longitude  and IOP  

period. The resolution (𝛿𝑗 = 𝛿𝑞) of the STWT spectra vary  from 0.8 to 0.05. 

Dispersion curves for Kelvin, n=1 equatorial Rossby, n=1 and 2 inertio gravity, n=0 

eastward inertio gravity and mixed Rossby  gravity waves with equivalent depth of 25 

m are shown by solid curves for reference.  

Fig. 4  Normalized zonal wavenumber-frequency  spectra  based on the (top)  FFT, and (b)  the 

STWT  (lower panels)  for  the symmetric  (left)  and antisymmetric (right) components in 
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840 conjunction with, for  the STWT  spectra, (e) the effective  degrees of  freedom according  

to (10)  and  (f)  the corresponding  significance  level at which normalized spectral peak  

of  value 1.2 passes. The  resolution in the calculation of  the STWT  spectra  is 0.05. The  

background  spectra  used  to normalize  the spectra  was obtained by  applying  the same 

method as in Wheeler and Kiladis (1999)  to the  raw spectra  shown  in Fig.  3. As in Fig. 

3, the STWT  spectra  are  the average  ones over space  and time. The  resolution of  the  

STWT  spectra  is 0.05. Dispersion curves for  various equatorial waves with equivalent 

depths of  8, 12,  25, 50,  and 90 m are  shown by  solid curves. Cross  in (c)  and (d)  

indicates where the spectral peak is statistically significant at the 90 % level.  

Fig. 5  Same as Fig. 4c  and d except for  averaged local STWT  spectra  at (top)  75ºE and 

(bottom) 100ºE over the  CINDY/DYNAMO period for  (left) the symmetric component  

and (right) the antisymmetric  component. The  spectra  are  normalized by  their local 

background spectra, respectively.  

Fig. 6  Hovmöller diagrams of  IR  and local STWT  spectra  for  MJO1. (Top) Average  IR  over  

7.5°S-7.5°N and (bottom) the normalized symmetric STWT  spectra, for  (left)  October  

27, 2011 at 75ºE  and (right) November  2, 2011  at 100ºE,  by  the  local  background  

spectrum. Color dashed lines in (a) and (c) represent wave  troughs of  the  wave  packets 

for  a  particular  wavenumber  and frequency  denoted by  color  dots in the  bottom  panels. 

The  length  of each  lines indicate e-folding  scale. The  white circles  in (a) and (c) 

correspond  to the  point  at which  the local STWT  spectra  are  shown.  Significance  

levels at 90, 95, and 99% are  2.3, 3.0, and 4.6,  respectively, assuming  2 DOF  and  

shading  in  the bottom panels indicates where  the spectral  peak  is statistically  

significant at the 90 %  level. Heavy  solid boxes in (b)  represent regions of  wave  
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878 

863 number-frequency  filtering  for the MJO (blue),  typical Kelvin waves (green), and slow  

Kelvin waves (red). Thick solid black lines in the top panels represent the MJO-filtered 

IR  anomalies with contour level of -6  K. Thick solid blue and  green lines in (e) 

represent the typical and  slow Kelvin-filtered anomalies with contour level of  -5 K, 

respectively.  

Fig. 7  Same as Fig. 6 except for MJO2.  

Fig. 8  Same as Fig. 6 except for MJO3.  

Fig. 9  Composite  symmetric STWT  spectra  along  the MJO phase  lines in Fig. 2. Prior  to 

making  the composite, the STWT  spectra  are  normalized by  their local  background 

spectra. Shading indicates that the spectra  are statistically significant at the 90% level.  

Fig. A1  Schematic illustrating how the STWT spectra are represented in terms of the Fourier 

space. (a) Spectrum at zonal wavenumber 𝑘  and frequency  𝑓  represents the  energy  

contained in a rectangular defined by  

𝑃1(𝑘 − Δ𝑘⁄2, 𝑓 − Δ𝑓/2) ,  𝑃2  (𝑘 + Δ𝑘⁄2, 𝑓 − Δ𝑓/2) ,  𝑃3  (𝑘 + 

Δ𝑘⁄2, 𝑓 + Δ𝑓/2) , 𝑃4  (𝑘 − Δ𝑘⁄2, 𝑓 + Δ𝑓/2)  and (b) the  corresponding energy  

′ ′ ′ ′ 
represented in the wavelet  domain. The curves 𝑃1 ,  𝑃2 ,  𝑃3 ,  𝑃4  are obtained by  

means of (A1).  
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𝛥𝑗, 𝛥𝑞  0.05  0.1  0.2  0.4  0.8  Fourier  

 Approximate 

number of points  110,000  30,000  7,000  1,000   600 1 
( 2 × 𝑄 + 1 × 𝐽)  

Table 1 

Table 1 Summary  of computational costs  



 Fig. 1 

Fig.  1  Characteristics  of  the  Morlet  wavelet  used  in  this  study.  (a)  Space-time  structure  of  the  real  
2

 𝜓 
2

part  of  the  Morlet wavelet  ( 𝑥, 𝑡 = 𝑒𝑖(𝑘0𝑥+𝜔0𝑡)𝑒−1 2(𝑥 +𝑡 ))  and  (b)  schematic  showing  how  

each  STWT  wave  component  is  represented  in  the  Fourier  space.  Shading  represents  the  amplitude  
2 2 

 ∗  
 −1/2  𝑎𝑐1 2   𝑘 −1 2 𝑎𝑐−1 𝑘− 2𝜔−𝜔of   the  normalized  Morlet  wavelet  (𝑎𝜓 = 𝑒 0 𝑒 0 ). 
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Fig. 2 

Fig. 2 Longitude-time section of IR along the equator averaged over 7.5ºS and 7.5ºN during 

CINDY/DYNAMO period (October, 2011-31March, 2012). Contours denote MJO-filtered (zonal 

wavenumbers 1-6 and frequencies 1/96-1/25 cpd) IR anomalies with interval 4 K and only negative 

values are drawn. Regions denoted by dotted boxes are shown in greater detail in Figs. 6-9. Red curves 

indicate MJO convective centers for the major three MJO events (see Section 5.3 for details). The 

dashed line is drawn along 75ºE where the observing network was formed. 



 

  

 

 

 

  

 

 

   

  

 

  

 

  

Fig. 3 

Fig. 3 Zonal wavenumber-frequency 

spectral estimates for the 

CINDY/DYNAMO period (October, 

2011-March, 2012) based on the FFT 

(top), and the STWT (lower panels) 

for the symmetric (left) and 

antisymmetric (right) components. 

The base-10 logarithm is taken. The 

STWT spectra are averaged spectra 

over the entire longitude and IOP 

period. The resolution (𝛿𝑗 = 𝛿𝑞) of the 

STWT spectra vary from 0.8 to 0.05. 

Dispersion curves for Kelvin, n=1 

equatorial Rossby, n=1 and 2 inertio 

gravity, n=0 eastward inertio gravity 

and mixed Rossby gravity waves with 

equivalent depth of 25 m are shown 

by solid curves for reference. 



     

   

     

       

       

       

  

    

  

 Fig. 4 

Fig. 4 Normalized zonal wavenumber-frequency spectra based on the (top) FFT, and (b) the STWT (lower panels) 

for the symmetric (left) and antisymmetric (right) components in conjunction with, for the STWT spectra, (e) the 

effective degrees of freedom according to (10) and (f) the corresponding significance level at which normalized 

spectral peak of value 1.2 passes. The resolution in the calculation of the STWT spectra is 0.05. The background 

spectra used to normalize the spectra was obtained by applying the same method as in Wheeler and Kiladis (1999) 

to the raw spectra shown in Fig. 3. As in Fig. 3, the STWT spectra are the average ones over space and time. The 

resolution of the STWT spectra is 0.05. Dispersion curves for various equatorial waves with equivalent depths of 

8, 12, 25, 50, and 90 m are shown by solid curves. Cross in (c) and (d) indicates where the spectral peak is 

statistically significant at the 90 % level. 



                    

             

            

 Fig. 5 

Fig. 5 Same as Fig. 4c and d except for averaged local STWT spectra at (top) 75ºE and (bottom) 100ºE 

over the CINDY/DYNAMO period for (left) the symmetric component and (right) the antisymmetric 

component. The spectra are normalized by their local background spectra, respectively. 



 

                

                

                 

               

                  

                  

                   

                

               

                 

                 

              

Fig. 6 

Fig. 6 Hovmöller diagrams of IR and local STWT spectra for MJO1. (Top) Average IR over 7.5 S-

7.5 N and (bottom) the normalized symmetric STWT spectra, for (left) October 27, 2011 at 75ºE and 

(right) November 2, 2011 at 100ºE, by the local background spectrum. Color dashed lines in (a) and 

(c) represent wave troughs of the wave packets for a particular wavenumber and frequency denoted 

by color dots in the bottom panels. The length of each lines indicate e-folding scale. The white circles 

in (a) and (c) correspond to the point at which the local STWT spectra are shown. Significance levels 

at 90, 95, and 99% are 2.3, 3.0, and 4.6, respectively, assuming 2 DOF and shading in the bottom 

panels indicates where the spectral peak is statistically significant at the 90 % level. Heavy solid 

boxes in (b) represent regions of wave number-frequency filtering for the MJO (blue), typical Kelvin 

waves (green), and slow Kelvin waves (red). Thick solid black lines in the top panels represent the 

MJO-filtered IR anomalies with contour level of -6 K. Thick solid blue and green lines in (e) 

represent the typical and slow Kelvin-filtered anomalies with contour level of -5 K, respectively. 



 

         

Fig. 7 

Fig. 7 Same as Fig. 6 except for MJO2. 



 

         

Fig. 8 

Fig. 8 Same as Fig. 6 except for MJO3. 



 

                  

            

            

Fig. 9 

Fig. 9 Composite symmetric STWT spectra along the MJO phase lines in Fig. 2. Prior to making the 

composite, the STWT spectra are normalized by their local background spectra. Shading 

indicates that the spectra are statistically significant at the 90% level. 



 

  

     

       
   

   

Fig. A1 

Fig. A1 Schematic illustrating how the STWT spectra are represented in terms of the Fourier space. (a) 

Spectrum at zonal wavenumber 𝑘 and frequency 𝑓 represents the energy contained in a rectangular 

defined by 𝑃1(𝑘 − Δ𝑘 2, 𝑓 − Δ𝑓/2) , 𝑃2 (𝑘 + Δ𝑘 2, 𝑓 − Δ𝑓/2) , 𝑃3 (𝑘 + Δ𝑘 2, 𝑓 + Δ𝑓/2) , 𝑃4 (𝑘 − 
Δ𝑘 2, 𝑓 + Δ𝑓/2) and (b) the corresponding energy represented in the wavelet domain. The curves 

′ ′ ′ ′ 𝑃1 , 𝑃2 , 𝑃3 , 𝑃4 are obtained by means of (8). 
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