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ABSTRACT 

Tropical atmospheric waves play a major role in the variability and change of weather 

and climate in the tropics as well as in the globe. They also interact with other tropical systems 

such as tropical cyclones (TCs) and El Niño-Southern Oscillation (ENSO). The improved 

understanding of the tropical waves, such as their origins, their spatiotemporal structures, and 

their life cycles, can lead to better prediction of weather and climate change in the tropics as well 

as over many other areas of the globe.  

Most of the previous diagnoses of observed tropical waves came from two categories: (1) 

case studies in which individual waves of particular types are examined, leading to scattered 

information of the spatiotemporal characteristics of these waves; and (2) climatological studies 

using wavenumber-frequency domain analysis which is not able to identify spatiotemporal 

inhomogeneity of tropical waves. To fill the gap between these two approaches, we use a 

recently developed spatiotemporally local analysis method, the multi-dimensional ensemble 

empirical mode decomposition (MEEMD) method, and known spatial wind structures of 

different types of waves to systematically extract the evolution information of tropical waves 

over large temporal and spatial domains. Through further analysis of the extracted wave events, 

the spatiotemporal inhomogeneity of tropical waves is characterized. In this study, as the very 

first step toward a comprehensive study, our focus is placed on mixed Rossby-gravity (MRG) 

waves. 

The propagation characteristics, period, and horizontal (zonal and meridional) scale of 

MRG events detected in this study can match with both the theoretical results and observational 

studies. There are 23 MRG events detected from the 3rd MEEMD component in the year 2002, 

among which most events occurred over the western Pacific Ocean and fewest MRG events over 
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the Indian Ocean. The phase velocity and meridional scale are largest over the Atlantic Ocean 

while smallest in the Indian Ocean. The locations and propagation characteristics of MRG events 

show great spatiotemporal inhomogeneity.  

After the evolution of MRG events are obtained, they can be connected with TCs. A new 

hypothesis, which better matches the observation, is proposed  that the swelling and westward 

propagation of MRG wave pattern help the TCs moving westward and toward higher latitudes, 

which is necessary for TCs to develop at early stage. 
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CHAPTER ONE 

INTRODUCTION 

Waves are important constitutes of tropical atmosphere. The pioneering theoretical study 

of Matsuno (1966), using a shallow water equatorial beta-plane model, revealed that there could 

possibly exist many different types of waves in the Tropics. The publication of this paper 

facilitated the numerous observational studies of tropical waves. Immediately following the 

publication of Matsuno (1966), Yanai and Maruyama (1966), Maruyama (1967) confirmed the 

existence of the meridionally symmetric westward propagating disturbances that process both the 

properties of Rossby waves and gravity waves in the lower stratosphere, which are now widely 

recognized as the mixed Rossby-gravity (MRG) waves or Yanai waves in honor of their 

discovers. In the following year, Wallace and Kousky (1968) presented the observational 

evidence of the equatorially trapped Kelvin waves in the tropical stratosphere.  In the meantime, 

many theoretical studies were also carried out to further trace the origin of tropical waves. 

Lindzen (1967a), Lindzen and Matsuno (1968), using a theoretical model of forced planetary 

wave on an equatorial beta-plane inherited from the study of atmospheric tides (Lindzen 1967b), 

proposed that the tropical stratospheric waves are forced waves. Based on upward energy 

propagation of the Kelvin waves in the tropical stratosphere, the study of Wallace and Kousky 

(1968) also implied that the energy source of Kelvin wave may be traced back to the 

disturbances in the tropical troposphere and suggested that the upward momentum propagation 

may be a key to explain tropical stratospheric quasi-biennial oscillation (Ebdon 1960; Reed et al. 

1961; Baldwin et al. 2001).  

The efforts of understanding tropical waves continued in the following decades. While 

the earlier stage of observational evidence mostly came from analyzing waves in the stratosphere 
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largely due to the relatively higher signal-noise ratio of the stratospheric waves, the increased 

availability of data of the tropical troposphere facilitated the understanding of tropospheric 

disturbances. The discovery of intraseasonal oscillations (Madden and Julian 1971, 1994; Zhang 

2005), also called Madden Julian Oscillation (MJO), brought both new opportunities and 

challenges to tropical researchers, for MJO can hardly be explained within the traditional 

theoretical framework of tropical waves pioneered by Matsuno (1966).  On the other hand, the 

availability of reanalysis data (Kalnay et al. 1996; Kistler et al. 2001; Uppala 2005) made it 

possible to further study the general characteristics of tropical waves. The seminal paper of 

Wheeler and Kiladis (1999) fit the study of tropical waves into the traditional framework of 

wave dispersion relationship revealed by Matsuno (1966) and redrawn by Cane and Sarachik 

(1976) in a more integrated fashion and set the base for understanding tropical waves in the 

wavenumber-frequency domain, which were further refined by associates of Kiladis (Roundy 

and Frank 2004). The study of Wheeler and Kiladis (1999) also facilitated the new understanding 

of tropical waves, especially in the proposition of convectively coupled waves (Wheeler et al. 

2000; Straub and Kiladis 2002, 2003), which not only explains some features of many tropical 

phenomena (such as MJO) but also attributes the convective heating as the maintenance forcing 

to equatorial waves in a coupled framework. 

The importance of convective heating to generating and maintaining tropical waves and 

tropical circulations is widely recognized, especially on intraseasonal and longer timescales. It is 

well known that Hadley and Walker circulations are maintained by tropical heating (e.g. 

Schneider and Lindzen 1977; Schneider 1977; Held and Hou 1980, Gill 1980). It has been shown 

that the vertical structure of heating, to a significant degree, determines how the forced signals 

propagate and thereby the spatially three-dimensional structures of the forced waves and 
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circulations in a dissipative atmosphere (Wu et al. 2000, 2001, Wu 2003), especially when the 

convective heating is spatially local and temporally inhomogeneous as evident in the observation 

(Puri and Miller 1990; Parker and Thorpe 1995). Due to the spatiotemporally local 

characteristics of the convective heating (Peixito and Oort 1992), it is also expected that the 

tropical waves are spatiotemporally inhomogeneous, a feature that cannot be resolved well in the 

type of study carried out by Wheeler and Kiladis (1999), for the waves diagrams revealed in such 

a study has already implicitly assumed spatiotemporal homogeneity when Fourier spectrum 

analysis in both space and time domains are used. 

Another related question is how tropical waves interact with other tropical phenomena, 

such as tropical cyclones. Previous studies suggested that tropical wave activities (including 

convective coupled waves) can facilitate the development of tropical cyclones both in 

climatological perspective (Maloney and Hartmann 2000) and in case study (Shen et al, 2012). 

What remains to be studied is whether the relation between wave activities and other tropical 

phenomena obtained from climatological perspective can be well confirmed by many case 

studies. If not, further studies are necessary to delineate the relations and reconcile these results. 

To achieve this goal, revealing spatiotemporal inhomogeneity of tropical wave activities is the 

very first step.  

In this study, we take effort in accomplishing this very first step. We will take advantages 

of a most recently developed spatiotemporally local analysis method, namely multi-dimensional 

ensemble empirical mode decomposition (MEEMD) method, to decompose weather variables, 

such as zonal and meridional winds. Our particular focus will be placed on revealing 

spatiotemporal evolution of MRG from reanalysis data. With the isolated spatiotemporally 
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local MRG events, we will further examine the previous proposed relations between MRGs 

and tropical cyclones.  

In Chapter II, we will first explain theoretical MRGs and their spatiotemporal 

characteristics. The MEEMD method is introduced in Chapter III. The main results of observed 

spatiotemporal evolution of MRGs will be presented in Chapter IV. Chapter V will verify the 

relation between MRGs and tropical cyclones and propose a new hypothesis of this relation that 

appears to be more consistent with observations.  A summary and future work discussion will be 

presented in the last chapter. 

 

 

  



5 

 

CHAPTER TWO 

EQUATORIAL WAVES 

2.1 Diversity of Equatorial Waves 

Many tropical phenomena, such as tropical overturning circulations and tropical 

cyclones, are closely tied to tropical waves (Charney and Eliassen 1964; Ooyama 1969; 

Schneider and Lindzen 1977a, 1977b, Held and Hou 1980; Gill, 1980; Ooyama 1982; Heckley 

and Gill, 1984). Through the evolutions of tropical waves, the wave activities can redistribute the 

tropical convective heating over both the temporal and spatial domains (Charney and Eliassen 

1964; Lindzen 1974; Silva Dias et al, 1983; Roundy and Frank, 2004; Kiladis et al, 2009; 

Wheeler and Nguyen, 2002; Wu 2003). However, the diversity of tropical waves makes it hard to 

generalize the relation between tropical waves and tropical convective heating. The revelation of 

the spatial and temporal evolutions of tropical waves of different temporal and spatial scale can 

provide a chance to refine the key characteristics of the interaction between tropical waves and 

other tropical weather/climate systems. 

The diversity of tropical waves was first defined in the pioneering theoretical study of 

Matsuno (1966) based on a shallow water model of the atmosphere. This diversity of tropical 

waves are summarized in both Matsuno’s version (Matsuno 1966) and Cane and Sarachik’s 

version (Cane and Sarachik 1976) of the tropical wave dispersion relationship
1
. The Cane and 

                                                 
1 The dispersion relationship Matsuno first revealed was based on a convention of a positive definite zonal 

wavenumber and binary signs of wave frequency. Under this convention, the discontinuity of wave frequency occurs 

at the zero limit of wave number, making it inconvenient to examine energy propagation of long waves at zero wave 

number. To some degree, Matsuno’s categorization of tropical waves is based on the sign of wave phase velocity. 

Since the energy of wave and its change determine how wave will evolve and whether the wave will continue to 

exist in the spatiotemporal domain, a dispersion relationship that can reflect better the energy propagation of wave is 

desired. Indeed, that was exactly the purpose of the rearrangement of wave dispersion relationship by Cane and 

Sarachik, in which a convention of positive definite wave frequency and binary signs of wave number is adopted. In 

their version, the discontinuity appeared in Matsuno is bypassed and energy propagation (reflected by wave group 

velocity) can be well defined over the whole wavenumber-frequency domain. In such a sense, Cane and Sarachik’s 

version of dispersion relationship is wave group velocity based. 
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Sarachik’s version of wave dispersion relationship is redrawn in Fig. 2.1. Based on this diagram, 

the tropical waves can be divided into four categories: (1) Equatorial Kelvin wave, represented 

by the straight black line marked with “Kelvin” in the diagram. This type of wave has both 

positive phase velocity and group velocity (eastward propagatiion in both phase and energy) and 

is non-dispersive (ω/k= / k  >0); (2) Equatorial Rossby waves, represented by the group of 

curved black lines on the left bottom half of the diagram. While each of these lines corresponds 

to a particular eigenvalue and its eigenfunction of the solutions to a shallow water model, these 

waves share the same property: they all have a westward propagating (negative) phase velocity. 

Their group velocities are negative (westward propagation) and relatively larger at the low 

wavenumber (in absolute value sense) end while positive (eastward propagation) but close to 

zero at high wavenumber end. In general, the equatorial Rossby waves are dispersive 

(ω/k≠∂ω/∂k). However, at long wave low frequency end, these Rossby waves are approximately 

non-dispersive; (3) Inertio-gravity waves, represented by the group of V-shaped curves, which 

are marked with "Inertio-gravity". The phase velocities of inertio-gravity waves are positive 

when the wavenumber is larger than zero (ω/k>0), and are negative when the wave number is 

smaller than zero (ω/k<0).  The axis that connects the troughs of these V-shaped curves 

approaches to the zero wavenumber axis and curve slightly toward negative wavenumber 

direction as frequency decreases. For the inertia-gravity wave of a given frequency and 

wavenumber that correspond to a point located to the right-hand-side (left-hand-side) of the 

trough axis, the group velocity is positive (negative) and the wave energy propagate eastward 

(westward); and (4) Mixed Rossby-gravity waves, represented by the curved red line crossing the 

whole wavenumber domain marked with "MRG". The phase velocity of MRG can be either 

positive (when wavenumber is positive) or negative (when wavenumber is negative) while the 
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group velocity is always positive because the slope is always positive (∂ω/∂k>0), which means 

the wave phase of MRG can propagate either eastward or westward, but the wave energy always 

propagates eastward. This particular type of waves is the focus of this study. All these types 

of waves are equatorial trapped and have been observed (Wheeler and Kiladis, 1999; Kiladis et 

al, 2009; Dias et al, 2013).  

While a shallow water model, such as the one used in Matsuno (1966), provides 

significantly useful information of different types of tropical waves, the waves of real tropical 

atmosphere can be more complicated. This complication comes from two aspects: (1) tropical 

atmosphere is dissipative; and the momentum damping and thermal damping in the tropical 

atmosphere tend to remove the energy of tropical waves and thereby make them disappear in the 

far field. How far tropical waves can propagate from its generating source is dependent on how 

fast the waves propagate (in energy sense) and the damping rate of the tropical atmosphere, as 

well as the generating ratio in time domain. A direct inference from this constraint is that the 

tropical waves are spatially inhomogeneous unless the wave source is spatiotemporally uniform. 

This constraint also raises the question on the accuracy of the diagnosed waves in the 

wavenumber-frequency domain (Wheeler and Kiladis, 1999; Kiladis et al, 2009; Dias et al, 

2013) through using Fourier transform. It is well known that Fourier transform is a global 

domain analysis method which, among numerous drawbacks, implicitly assumes that the 

analyzed data are stationary in temporal domain and homogeneous in spatial domain. (2) A 

shallow water model is an oversimplified model. When this model is interpreted for the three 

dimensional structure of waves, an implicit assumption is that the vertical structure of the heating 

that generates tropical waves has an oversimplified sinusoidal structure from the surface to upper 

atmosphere and the generated tropical waves have the same vertical structure. Such 
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interpretations were obvious in famous Matusno model (Matsuno 1966) and Gill Model (Gill 

1980). However, the observed vertical profiles of the convective heating in the tropics (Yanai 

and Chu; Mapes and Houze 1995) are too complicated to be represented by a simple sinusoidal 

wave. As the theoretical works of Wu et al. (2000, 2001) and Wu (2003) have shown, for an 

elevated convective heating starting from lifting condensation level, a reasonable accurate 

representation of the actual heating in terms of sinusoidal waves may need to take a wide 

spectrum of sinusoidal waves of different vertical wavelengths with the forced signal of different 

vertical wave length propagating at a different speed. Indeed, this result was realized and 

confirmed by Wheeler and Kiladis (1999) and consequent tropical wave diagnoses in the 

wavenumber-frequency domain. However, the accurate matching of the vertical profiles of 

waves, which relate closely to their meridional scales, and their propagation speeds remain a 

challenge. 

 

2.2 Mixed Rossby-gravity Waves 

Theoretically, we can derive the expression of MRG from shallow water mode (Matsuno, 

1966). The governing equations of a linearized shallow water model without forcing on an 

equatorial beta-plane are: 

 

t xu yv gh  
 ,                                                                                                         (2.2.1) 

t yv yu gh  
 ,                                                                                                        (2.2.2) 

  0t x yh H u v  
,                                                                                                    (2.2.3) 
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where f=βy is the Coriolis parameter linearized with respect to the Equator. u, v, h is zonal wind, 

meridional wind, and perturbed height, respectively. H is the equivalent depth of the shallow 

water system. For convenience, we non-dimensionalize the above set of equations: 

u
y v

t x

     
     ,                                                                                                    (2.2.4) 

v
y u

t y

     
    ,                                                                                                     (2.2.5) 

0
u v

t x y

    
  

      ,                                                                                                  (2.2.6) 

where u cu  , v cv , 
2c gh   , /x c x  , /y c y  , /t t c . The primed 

variables are non-dimensionalized variables. c= gH  is the speed of gravity wave of the shallow 

water system. For convenience, the primes are dropped from the non-dimensionalized variables.   

An equation of only a single variable v can be derived from (2.2.4), (2.2.5) and (2.2.6) as: 

2 0xxt yyt x t tttv v v y v v    
.                                                                                      (2.2.7) 

By assuming that v has a wave form solution    expv ikx i t v y   and substituting that into 

(2.2.7), one obtains: 

2 2 2 0yy

k
v k y v


       

 
.                                                                                (2.2.8) 

The boundary condition for Eq. (2.2.8) is that the v* is bounded when y->+-inf. The 

equation and its boundary condition form an eigenvalue-eigenfunction problem, which has 

solutions only when ω and k satisfy a certain constraint, i.e.,  

2 2 2 1
k

k m


    ,                                                                                                 (2.2.9) 



10 

 

where m=0,1,2,... . Equation (2.2.9) is called the wave dispersion relationship for equatorial 

waves.  

Mixed Rossby-gravity wave corresponds to a particular solution of this system when m  

is zero. For this particular solution, the dispersion relationship can be simplified to 1 /k    , 

which is represented by the red line shown in Fig.2.1. From the dispersion relationship and 

Fig.2.1, it is inferred that k approaches -1/ ω when ω is small, a dispersion relationship that 

shares with Rossby waves, implying that MRG has Rossby-wave-like characteristics at the low 

frequency end; when the value ω is large, k approaches ω, MRG has a dispersion relationship 

that shares with gravity wave, implying inertio-gravity-wave-like characteristics at high 

frequency end. In a moderate frequency range, the MRG has some characteristics of Rossby 

wave and some characteristics of inertia-gravity wave, which is essentially the reason why this 

particular type of wave is called mixed Rossby-gravity wave. The full analytical solution of 

MRG in an equatorial shallow water system is: 

   2 1/4exp 1/ exp / 2v i x i t y           ,                                                       (2.2.10) 

   1exp 1 /
2

i
u p i x i t y

         
.                                                             (2.2.11)  

The structures of the horizontal wind and pressure depicted by Eqs. (2.2.10) and (2.2.11) 

are displayed in Fig. 2.2 for different non-dimensionalized pairs of zonal wavenumber and 

frequency that fit the dispersion relationship. The structures of horizontal wind and pressure 

contain similarity and dissimilarity for MRG of different sets of wavenumber and frequency. All 

MRGs (1) have an anti-symmetric structure of horizontal wind and pressure field with respect to 

the equator; and (2) rapidly decay away from the equator (in terms of meridional wind). The 

phase velocity (illustrated by the zonal movement of the trough or ridge of the pressure field) can 
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be identified through the examination of the locations of the maximum convergence (divergence) 

and the locations of the troughs and ridges of the pressure field. For example, in Fig.2.2a which 

corresponds to a case of a positive wavenumber (k=0.5), to the right-hand-side of the center of 

high pressure there locates a convergence zone. This convergence tends to have mass 

accumulation and lead to the increase of pressure and it is expected that the pressure ridge is 

going to shift to this convergence zone, implying an eastward propagation. The consistent pattern 

shown in this figure is quite similar to the spatial structure of wind-pressure distribution of 

gravity wave (in which geostrophic balance is not important so that wind have a strong cross-

isobar component, figure not shown here). Similar arguments can be made for the negative 

wavenumber cases (e.g., Fig. 2.2b for k=-3 and Fig. 2.2c for k=-0.5, respectively) except that 

their phase velocity is negative (propagating westward) and their wind-pressure distribution 

mostly satisfying the geostrophic balance that implies the importance of the conservation of 

vorticity (the exchange between the planetary vorticity and relative vorticity). In this sense, the 

westward propagating MRG resembles more Rossby waves. For westward propagating MRGs, 

the pressure-wind coherent pattern is not sensitive to zonal wavenumber.  

Most of the previous diagnoses of observed tropical waves came from two categories: (1) 

case studies in which individual waves of particular types are examined, leading to scattered 

information of the spatiotemporal characteristics of these waves; and (2) climatological studies 

using wavenumber-frequency domain analysis which is not able to identify spatiotemporal 

inhomogeneity of tropical waves. Immediately after the publication of Matusno’s seminal paper, 

Yanai and Maruyama (1966) confirmed the existence of MRG with observational data , in which 

the westward propagation of meridional wind oscillations at equatorial high altitude 

(stratosphere) with period about 5 days and a zonal wave length of about 10,000 km. In the 
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following decades, more observations of MRGs with periods of 3-6 days and a zonal wave 

length of 7000 to 10,000 kilometers were reported in the tropical stratosphere over the Pacific 

(e.g., Liebmann and Hendon, 1990; Dunkerton and Baldwin, 1995; Dickinson and Molinari, 

2002 among many others) and MRGs of period of 7-day and a zonal wave length of 3000 km in 

the lower troposphere over tropical Indian Ocean. In the climatological studies (e.g. Wheeler and 

Kiladis, 1999; Kiladis et al, 2009; Dias et al, 2013) pioneered by Wheeler and Kiladis (1999), 

while the range of tropospheric MRG periods are consistent with many case studies, the energy 

are mostly distributed onto MRG waves of wavelengths greater than 10,000 km, a result in odd 

with most of case studies. Theoretical explanation of the origin of MRG has long been a research 

topic (e.g. Goswami and Goswami, 1991; Hendon and Liebmann, 1991; Holder et al., 2008; 

Fruman et al., 2009; Solodoch et al., 2011; Yang and Ingersoll, 2011). However, the applicability 

of various triggering mechanisms of MRG remains to be further verified. 

Additional complications in the diagnosis of MRG come from the drawbacks of 

simplifying the tropical atmosphere with a shallow water model of prescribed depth with no 

mean zonal flow. The mean flows, such as winds associated with the slowly varying Hadley 

circulations and Walker circulations, may cause the Doppler shift of the MRG wave frequency 

(Lindzen and Matsuno 1968). In addition to that, as explained by Wu et al. (2000; 2001) and Wu 

(2003), the assumed vertical baroclinic structure associated with a shallow water model for 

simplified tropical atmosphere can hardly represent the vertical structure of waves generated by 

convective heating. Rather, even in a very simple case of elevated (above lifting condensation 

level) convective heating, it is necessary to have a large group of shallow water models of 

different equivalent depths (thereby different vertical wavelengths) to account for the overall 

solution with reasonable accuracy for signals associated with gravity waves, long Rossby waves, 
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and Kelvin waves whose phase speeds are all proportional to the square root of an equivalent 

depth.  

For MRG waves, the frequency is approximately proportional to the fourth root of an 

equivalent depth. This can be derived from the dimensionalized dispersion relationship for MRG 

waves, i.e.,  

1/2

2

1 1 4
1

2 2
k gH

k gH


  
        

.                                                                       (2.2.12) 

where H and k correspond to waves that have a gravity wave phase speed of a few tens meter per 

second and the wavelength of about a few thousand kilometers. The second term inside the pair 

of parenthesis is generally significantly smaller than 1, which leads to the approximate form the 

dispersion relationship 

  412
gH

k

  .                                                                                                     (2.2.13) 

This proportionality of frequency to the fourth root of the equivalent depth makes frequency less 

sensitive to the vertical structure of MRG waves unless the zonal wavelength is extremely large. 

This insensitivity is displayed in Fig. 2.3. It is evident from the figure that the frequency/period 

of MRG varies little with different equivalent depths for a moderate range of zonal 

wavenumbers. This special characteristic can be used in the analysis of MRG waves, which will 

be further discussed in the next chapter. 
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Figure 2.1.  The dispersion relationship of tropical waves (redrawn from Cane and 

Sarachik, 1976). The x-axis is wave number k and the y-axis is frequency ω. The red solid line 

represents MRG. The blue solid line represents Kelvin Waves. The blue dashed line indicates 

waves with zero group velocity. The three black solid lines on the upper side of y-axis represent 

inertio-gravity waves with meridional mode numbers 1, 2 and 3, respectively. The three black 

solid lines near the left side of x-axis are equatorial Rossby waves with meridional mode 

numbers 1, 2 and 3, respectively. 
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Figure 2.2.  Idealized structures of MRG with different non-dimensionalized wave 

number. (a) k=0.5 (inertio-gravity-wave-like type); (b) k=-3 (Rossby-wave-like type); and (c) 

k=-0.5 (MRG type). The red shadings are high pressure anomalies and blue shadings are low 

pressure anomalies. The vectors stand for horizontal wind. The solid straight line stands for the 

equator. 
 

(c) 

(b) 

(a) 
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Figure 2.3.  The dispersion relationship of MRG with different equivalent depths. (a) 

Dispersion relationship expressed by frequency (y-axis) and wavenumber (x-axis); (b) 

Dispersion relationship expressed by wave period (y-axis) and wavenumber (x-axis). Different 

colors of lines stand for different equivalent depth values. 
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CHAPTER THREE 

METHOD AND DATA 

3.1 Adaptive Data Analysis Method 

Considering the limitations of the traditional data analysis method mentioned in the 

previous chapters, a local method with the capability of filtering waves is urgently needed. The 

spatiotemporal locality guarantees that MRG events with temporal and spatial locality can be 

extracted with very little information loss. The capability of filtering helps to catch all the wave 

information of the similar frequency of MRG. 

A newly developed adaptive method with excellent spatial and temporal locality, the 

multi-dimensional ensemble empirical mode decomposition (MEEMD, Wu et al, 2009) is 

applied in this study, which can overcome the difficulties listed above when used to detect MRG 

events with spatial and temporal locality. 

The development of MEEMD is based on the empirical mode decomposition (EMD, 

Huang et al, 1998; Huang and Wu, 2008). EMD was developed based on Hilbert-Huang 

Transform (HHT) in order to decompose any given time series that can be expressed as a product 

of an amplitude function and a carrier with more rapid variation than the former. 

The basic process of EMD is intuitively simple and a schematic of EMD process is shown 

in Fig. 3.1. Suppose there is a higher frequency of oscillation (blue curve in Fig.3.1) riding on a 

slower changing wave (upper red curve), and the sum of these two oscillations forms a new time 

series (black curve). When the extrema of this new time series are connected, the upper envelope 

and lower envelope, which have the same amplitude, are obtained. By connecting the mean 

values of these two envelopes, one can naturally get the lower frequency wave (lower red curve) 

which matches the original one (upper red curve) very well. If this mean-value-line is deducted 
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from the original time series, the higher frequency oscillation is obtained naturally. By applying 

this approach repeatedly, one can gradually obtain components from higher to lower frequencies. 

This is the main process of EMD for separating waves with different frequencies. 

Since EMD works on finding the local extrema of the time series, a certain event and its 

corresponding local exterma in time series will be detected when applying EMD and not be 

impacted whether there is another event before or after it. With this argument, it can be 

confirmed that EMD is temporally local. For example, in this study, if one MRG event is found 

in May through EMD, whether another MRG happens in June would not have any influence on 

the event in May. The adaptiveness and locality of EMD meet one of the necessary conditions 

for the analysis results to be physically meaningful. 

Since EMD is based on exrema information, the small changes of extrema locations and 

values may cause drastically differences on the decomposition results, which means that EMD is 

not robust to noise. Suppose there are two measurements of the same physical parameter at the 

same time and due to the instrumental errors there will be slight differences of the locations of 

extrema between these two measurements. When these two time series are decomposed using the 

noise-sensitive EMD method, the corresponding components will appear dramatically different, 

which is not physically meaningful. The lack of robustness of EMD method prevents it from 

being applicable in real world data analysis.  

To overcome this drawback, Wu and Huang (2009) developed an improved version of 

EMD, i.e.  ensemble empirical mode decomposition (EEMD), by making use of white noise. In 

EEMD, white noise are added to the targeted time series and decomposed with EMD. When this 

process is repeated for a large number of times with different white noise added to the original 

data and the decomposition results being added up together to get an ensemble mean, the 
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influences of noise will cancel each other. The components obtained from EEMD method show 

great robustness, which indicates that this method can be used in real data analysis. In a simpler 

sense, the noise-associated EEMD method can be treated as multiple observations of the same 

physical parameter at the same time, the ensemble of which will result in a physically robust 

value. By abstracting the ensemble mean of these measurements, more robust and physically 

meaningful components can be carried out comparing to EMD method. 

EEMD reserves the locality of EMD because the noise added into the data will cancel 

each other and there is still no connection between information from different locations. One test 

example is shown in Fig.3.2, where the meridional wind at (47.5°E, 0°) is decomposed with 

EEMD. In the experiment, the data length is cut short by 5 and 10 time steps, respectively, and 

the EEMD method is applied to each series, respectively. As shown in Fig.3.2, EEMD 

components of the same rank from time series with different lengths are almost identical to each 

other. This means that the length of data hardly affects the results of decomposition, confirming 

the temporal locality of EEMD. 

Besides the preserved locality, there are two additional properties possessed by EEMD. 

The first one is that EEMD does not require stationary assumption, which is often implicit in 

traditional analysis of global domain of data.  However, the appropriateness of this assumption 

cannot be guaranteed in real world data. The other one is that EEMD overcomes the harmonic 

problem. In EEMD, the amplitude and frequency is modulated by the wave shape of data when 

using the extrema information, which expresses the nonlinearity and makes the harmonics 

unnecessary. 

EMD and EEMD were developed for one dimensional time series. However, the wave 

structures needs to be studied here are multi-dimensional. There are various multi-dimensional 
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time series analysis methods in climate study. The widely used matrix-based eigenvalue-

eigenfunction analysis method, empirical orthogonal function (EOF), is very effective to detect 

climate system patterns such as Arctic Oscillation (AO), North Atlantic Oscillation (NAO) and 

Pacific Decadal Oscillation (PDO). However, this kind of method is constructed on the 

assumption that the spatial structures and temporal evolutions are separable and the spatial 

structures keeps the same shape throughout the whole analysis time domain. 

A new improvement of the EEMD method, multi-dimensional empirical mode 

decomposition (MEEMD) (Wu et al, 2009) is used in this study. EMD and EEMD are based on 

finding extrema which contain wave propagation information. Suppose there are two 

neighboring points, when there is wave signal propagating from one point to the other, it can be 

treated as the extrema propagating from one point to the other. Therefore, one can decompose 

each time series of the two points by EEMD which provides the extrema information, and then 

piece together the mode on the same time scale to get the wave propagation information. This is 

the basic idea of MEEMD. For demonstration, a schematic example is presented in Fig.3.3, 

where 5 neighboring points are listed with the same kind of wave but different phase at a certain 

time. The propagation features of peaks can be regarded as a proxy for the propagation features 

of these waves. When we apply EEMD to each time series, we use the information of these 

peaks, the locations and values. When we pieces together these points, we naturally get the peaks 

propagating from one point to another.  In MEEMD, different points are connected together with 

wave propagation signals, so it has spatial locality, which means if there is no wave propagation 

between two points, they will not impact each other. 

From the philosophy and working process of MEEMD, it can be inferred that MEEMD 

possesses both spatial and temporal localities. One example is shown in Fig.3.4, where two 
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individual oscillations with different frequency/period are shown in Fig.3.4a and Fig.3.4b with a 

white strait line showing the wave phase speed, respectively. The sum of these two waves are 

shown in Fig.3.4c, which is the field of actual time series data, associated with two white straight 

line showing the wave phase speed of the original two waves. The blue straight in Fig.3.4c 

shows the wave phase obtained from traditional trough-ridge analysis method applied on the 

summed wave field, which is not identical to either of the two original waves. This mismatch 

shows the draw backs of traditional trough-bridge analysis method, which cannot be overcame 

unless an efficient filtering method is applied to the time series data before this method. 

MEEMD is applied to the summed wave field and two of its components are shown in Fig.3.4d 

and Fig.3.4e, respectively. The wave phases of the MEEMD components in Fig.3.4d and 

Fig.3.4e can match well with the original two waves in Fig.3.4a and Fig.3.4b, respectively, with 

minor amplitude differences, which is unimportant in this kind of studies. The results shown in 

Fig.3.4 indicate that MEEMD is effective to filter out oscillations with different frequency/period 

from the observational data. Combining with the efficiency and locality, MEEMD may be 

appropriate to be used for detecting the MRG events out from the multi-dimensional 

observational data.  

Since it is introduced to climate studies, EEMD/MEEMD has already been widely applied [e.g., 

Franzke, 2009; Qian et al., 2009; Ruzmaikin and Feynman, 2009; Franzke, 2010; Misra et al., 

2013], where it shows high efficiency of adaptively filtering out physically meaningful signals. 

3.2 Data Used in This Study 

In this paper, 850 hPa daily meridional wind (v) and zonal wind (u) data with a horizontal 

resolution of 2.5°×2.5° for the year 2002 from NCEP-NCAR reanalysis data set (Kalnay et al. 

1996) are analyzed to study MRG structure. The specific height level and time here is chosen 
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with the goal to investigate the interaction between MRG activities and other tropical systems, 

such as Tropical Cyclones (TCs), as suggested by previous studies (e.g. Shen et al, 2012). 

In order to get the evolution of Twin Tropical Cyclones over Indian Ocean in May 2002, 

Geostationary IR Channel Brightness Temperature - GridSat B1 from National Oceanic and 

Atmospheric Administration (NOAA) (Knapp et al. 2011; http://www.ncdc.noaa.gov/gridsat/) 

are used to show the clouds of TCs. The original time interval of the satellite based data is 3 

hours. However, in order to compare with previous studies, only the 0:00 UTC time for each day 

from May 1
st
 to May 9

th
 are used. 

MEEMD is applied to both the meridional and zonal wind field analyses. Specifically, 

the 3
rd

 and 4
th

 modes of MEEMD are shown and discussed in this study since they fall within a 

time scale of 3-10 days and thus contain MRG information.  

 

 

 

 

Figure. 3.1. Schematic of EMD. The blue curve is higher frequency oscillation; the upper 

red curve is lower frequency oscillation; the black line is the sum of blue curve and red curve. 

The brown lines are upper and lower envelopes of the black line respectively. The lower red 

curve is the mean of the upper and lower envelopes. 
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Figure. 3.2. Demonstration of temporal locality of EEMD.  The first panel is the original 

data of 850 hPa meridional wind at (47.5
o
E, 0

o
). The blue line is the first 100 days of year 2002; 

the black line is the first 95 days; the red line is the first 90 days. The subsequent panels are each 

EEMD mode of the data corresponding to different lengths. 

 

 

 

 

Figure. 3.3. Schematic of MEEMD. The blue lines are same waves with different phases 

mimicking signals at 5 neighboring grid points. The dashed red line connects one of the 

corresponding peaks of each wave to indicate the wave propagation. 
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Figure 3.4.  Examples for wave filtering.  (a) wave field of 1

2 2
sin

400 100
F x t

    
 

; (b) 

wave field of 2

2 2
sin

400 200
F x t

    
 

; (c) sum of wave F1 and F2; (d) multi-dimensional 

ensemble empirical mode decomposition (MEEMD) mode that is consistent to wave F1; (e) 

MEEMD mode that is consistent to wave F2. The x-axis is location and the y-axis is time. The 

color stands for the amplitude of F1 and F2. The white lines in (c) indicate the phase speed of 

individual wave, and the blue line indicates the phase speed from trough-ridge analysis. 
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CHAPTER FOUR 

SPATIOTEMPORAL INHOMOGENEITY OF MIXED ROSSBY-GRAVITY 

WAVES 

After horizontal wind data in the year 2002 is decomposed with MEEMD method, all the 

wave activity events similar to MRG events for the entire tropical region over the globe are 

examined because MRG events cannot been confined in a certain spatial domain. Based on the 

MEEMD components (not shown in this paper) and previous studies of MRG period, the third 

and fourth components are studied to find oscillation information with period about 2-10 days to 

include more complete information on wave activities. 

The 3
rd

 MEEMD component of equatorial meridional wind wave signals for the entire 

year over the global domain are shown in Fig.4.1. From the meridional wind wave filed, several 

wave events can be detected, which do not occur continuously during the whole year or over the 

whole global domain, implying the spatial and temporal localities of the wave events. Almost all 

of these wave events have westward phase velocity and a period of about 7 days. However, the 

wave events appear independent from each other. There is variation on phase velocity, 

amplitude, occurring locations and duration, which shows locality and inhomogeneity of these 

wave events in large extent. The locality and inhomogeneity of these wave events are worth 

detailed examination.  The wave event with largest amplitude from the 3
rd

 MEEMD component 

in 2002 occurs in September and October over the western Pacific Ocean, between the equatorial 

region of 120°E and the International Date Line.  

Although the phase speed (westward) and period features (about 7 days) obtained from 

Fig.4.1 can match the MRG features, detailed examination of wave structure is necessary before 

the conclusion that whether these events are indeed MRG events can be made. One example of 
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the evolution of the meridional wind field is shown in Fig.4.2. Each small panel of Fig.4.2a 

shows a snapshot of meridional wind from the 281
st
 Julian day to the 290

th
 Julian day of year 

2002, within the horizontal region of 15°S-15°N, 120°E-140°W . From the 282
th

 Julian day of 

the year 2002, a dipole-structure of wave over the equatorial region with the maximum 

southerlies located at about 155°E and maximum northerlies can be found locating at about 

175°E. The value of meridional wind decays rapidly away from the Equator. As time goes, both 

the positive center and the negative center move towards the west at a speed of about 6 degree 

longitude per day (~ 15m/s). More importantly, with the westward propagation, the positive 

center is weakened while the negative center is strengthened. By the 285
th

 Julian day, the original 

positive center dies out while a new positive center emerges to the east of the negative center, 

which indicates eastward energy propagation that is consistent to MRG features. On about 290
th

 

Julian day, this event ends, since there is no meridional wind evolution similar to the one 

described above. A schematic solid red line connecting each negative wave centers of the left 

panels in Fig.4.2a indicates the phase speed and a solid black line connecting the largest 

amplitudes of the left penal indicates the group velocity. We can see the negative and positive 

wave centers propagating westward, indicating westward phase velocity.  On the other hand, the 

energy propagation is eastward. 

To conclude whether the event mentioned above is indeed MRG event, the total 

horizontal wind field needs to be examined. The horizontal wind field on the 283
rd

 Julian day is 

shown in Fig.4.2b. Comparing Fig.4.2b and the idealized MRG wind field (Fig.2.2c), almost 

identical wind structure with theoretical solution can be identified, which includes decay of 

meridional wind off of the Equator and anti-symmetric wind field about the Equator. The center 

with winds at rest locates at about 160°Eat the Equator; the positive meridional wind center is 
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located at about 150°E; the negative meridional wind center is located at about 170°E. Besides 

the clockwise circulation with center locating at 155°E, there is also a relatively smaller cycle 

with counterclockwise circulation locating to the east of the former one. When the wave energy 

propagates eastward, the later circulation will develop and the former one will decay. The wave 

pattern evolution from Fig.3.2a proves this process. The wave pattern and its evolution does not 

only shows the westward phase velocity but also indicates the eastward group velocity, which 

further adds the confidence that this kind of events are MRG events. The wave structure field 

also confirms the spatial locality and inhomogeneity of MRG events. Additionally, the zonal 

scale of this wave event is about 25 degrees longitude, which matches the zonal wave number of 

about -14. Considering that the extra region dominated by northward meridional wind might be 

caused by other systems within similar time scale, the meridional scale of this wave structure is 

about 20 degrees latitude. The high resemblance of the selected event to the idealized MRG 

structure confirms that event we present here is indeed an MRG event.  

All MRG events of the global domain are examined day-by-day with the above criteria. 

For convenience, based on the wave events occurrences location (Fig.3.1), the equatorial global 

domain is divided into four parts: Indian Ocean (20°E-120°E), western Pacific Ocean (120°E-

140°W), central and eastern Pacific Ocean (140°W-40°W) and Atlantic Ocean (60°W-40°E). For 

mapping reason, there is overlapping region between central and eastern Pacific Ocean and 

Atlantic Ocean in this division. However the events occur in this overlapping region will not be 

accounted twice.  Here, one example of MRG evolution (except the western Pacific example 

shown in Fig.4.2) over each region is shown in Fig.4.3. 

For the Indian Ocean MRG event example (Fig.4.3a), the time we choose to show is from 

the 316
th

 Julian day to the 320
th

 Julian day. On the 316
th

 Julian day, there are three negative 
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meridional wind centers and two positive centers. The zonal scale of a complete wave pattern 

(one negative pattern and one positive pattern) is about 20 degrees longitude, which is smaller 

than the western Pacific example shown previously. The meridional scale is about 10 degrees 

latitude (5°S - 5°N), which is also smaller than the western Pacific example. As time goes, all the 

patterns move westward. The negative center on the left gradually weakens while the one on the 

right starts to enhance. Meanwhile, the meridional scale of these wave patterns extends.  

The example in Fig.4.3b for central and eastern Pacific case also shows similar 

evolutions of meridional wind patterns. For the central and eastern Pacific wave event example, 

the time shown in Fig.4.3b is from the 246
th

 Julian Day to the 250
th

 Julian Day. It can be seen 

from the 246
th

 Julian Day that there are two significant centers with the locations of 100°W and 

75°W, respectively, at the equator. The meridional scale is about 20 degree latitude, which is 

larger than the Indian Ocean MRG example. With time going by, the wave pattern moves 

westward, but the amplitude keeps weakening and the shape of the wave pattern gets deformed. 

Although during the propagation, the wave pattern is not so typical as an idealized MRG, it can 

still be inferred that the phase speed of this central and eastern Pacific example is larger than the 

Indian Ocean example. 

There is also an example showing one of the MRG events over the Atlantic region in 

Fig.4.3c. The period of Fig.4.3c is from the 212
nd

 Julian Day to the 216
th

 Julian Day. It can be 

easily seen from the 212
nd

 Julian Day panel that there are negative center and positive center of 

meridional wind located at 20°W and 5°E, respectively, at the equator. The meridional scale is 

about 20 degree latitude. During the evolution, the wave pattern moves westward with a decay of 

the original negative center and a new born negative center at the right side of the positive center. 
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From visual estimation, the phase speed of the Atlantic Ocean case in Fig.4.3c is larger than the 

Indian Ocean case in Fig.4.3a. 

 By comparing these three examples, the Indian Ocean example has smallest propagation 

speed as well as smallest meridional scale, which matches the previous studies on how 

equivalent depth impacts the meridional scale and propagation speed. The meridional scale and 

phase speed connects closely to the heating profile of the different regions, which will further 

indicate the dynamical features of the tropical region. In order to verify if the meridional scale 

and propagation speed features is general for these four different regions, the statistical 

information for the whole study time domain,  i.e., duration, averaged phase speed and the yearly 

occurrence percentage, of MRG activities are summarized from the 3
rd

 mode of MEEMD over 

each region, and the result is shown in Table 4.1.  

Although from statistics perspective, one-year data does provide sufficient samples and 

thus renders the statistical information insignificant, a general understanding of the differences of 

MRG events over different regions can still be revealed.  

Generally speaking, MRG events are most active over the western Pacific region, but 

those over the Atlantic Ocean region have the largest mean phase speed. For detailed information 

of each region, we can find different features. 

For the Indian Ocean, there are three MRG events throughout the year. All of these three 

events occur in boreal winter. The first event lasts for about 4 days with an estimated phase 

speed of about 3.3 degree longitude per day. It should be noted that the estimated phase speed is 

a time-averaged one, because the phase speed is determined by the heating profile of the forcing 

term, which will change with time. However, the averaged phase speed can help infer the 

convective features of the environment where the forcing comes from. The second event lasts 
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much longer than the first one for about 14 days and moves very slowly at a averaged speed of 

about 2.5 degree longitude per day. The last MRG event over Indian Ocean from the third 

component of MEEMD occurs at the last few days of the year 2002. It lasts for about 6 days with 

a relatively larger phase speed of about 5 degree longitude per day. The averaged MRG coverage 

days of the year takes 6.58%. The averaged phase speed is 3.6 degree longitude per day, from 

which general equivalent depth information can be infer for the Indian Ocean. 

For the western Pacific Ocean, where the warm pool is located, the MRG activities are 

most frequent. There are 10 MRG events are identified from the third MEEMD component 

throughout the whole year without obvious seasonal variations but with different length of 

duration and phase speeds. The duration for each events can vary from as short as 4 days to as 

long as more than 50 days. The phase speed varies from as slow as 3 degree longitude per day to 

as fast as 7 degree longitude per day. The total MRG events days cover 34.25% of the whole 

time domain, which is much larger comparing to the Indian Ocean case. The high frequency of 

MRG events and long duration may be caused by the frequent activities of convections over the 

western Pacific warm pool. The averaged phase speed is about 5.35 degree longitude per day, 

which indicates that the equivalent depth of the western Pacific is larger than the Indian Ocean. 

For the central and eastern Pacific Ocean, there are 5 MRG events occurring without 

obvious seasonal variation. The duration for each event are also quite different, ranging from 6 

days to 11 days. The phase speed are also quite different, ranging from 4 to 10 degree longitude 

per day. The averaged phase speed is 6.8 degree longitude per day, which is larger than both the 

Indian Ocean case and western Pacific Ocean case. The coverage of MRG events is 11.23%, 

which is larger than the Indian Ocean case but much smaller than the western Pacific Ocean 

case. 
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For the Atlantic Ocean, there are 5 events, 4 of which occurs in the last 100 days of the 

year. The range  of duration of these events is very wide, from 4 days to 12 days. The phase 

speed is generally large, except for the last event which propagates 4 degree longitude per day. 

The largest phase speed is as large as 13.3 degree longitude per day. The percentage of time 

coverage of MRG events is 9.4%, which is slightly larger than the Indian Ocean case but smaller 

than the western Pacific Ocean and central and eastern Pacific Ocean. However, the phase speed 

is largest among the four regions, which indicates that the equivalent depth of the Atlantic Ocean 

is larger than both the Indian Ocean and Pacific Ocean. 

To summarize the features of MRG events over these four regions, 1) the Indian Ocean, 

has fewest MRG events, shortest duration and smallest mean phase speed; 2) the western Pacific 

has the largest number of MRG events and longest duration; 3) the Atlantic Ocean events have 

largest averaged phase speed. Considering the connection between MRG events and tropical 

convections, the convective activities characteristics over the different tropical regions of can be 

partly indicated from MRG events. There may be largest number of convections over the western 

Pacific warm pool because of which largest number of MRG events can be forced. The 

convective systems over the Atlantic Ocean may have largest depth, which can be expressed by 

the value of equivalent depth. The largest mean phase speed of Atlantic Ocean implies the largest 

equivalent depth and deepest convective heating profile. 

It should be noted that the information in Table 4.1 here only includes the MRG 

information from the 3
rd

 mode of MEEMD. Because the zonal wave number and the meridional 

scale are different for different MRG events, the frequencies and periods of each MRG events 

are different, which may make the MRG events scatter into different MEEMD components. 

After careful examination, the 4
th

 mode of MEEMD is found to also contain a few MRG events, 



32 

 

some of which are worth studying. The statistical information is not shown in this study, but a 

very intriguing example will be shown in the following chapter. 

 

 

Table. 4.1.   All MRG events of the third mode of MEEMD in the year 2002. 

 

Indian Ocean Western Pacific Ocean 
Central and Eastern 

Pacific Ocean 
Atlantic Ocean 

Events Days of 

the year 

Phase speed 

(degree/day) 

Events Days of 

the year 

Phase speed 

(degree/day) 

Events Days of 

the year 

Phase speed 

(degree/day) 

Events Days of 

the year 

Phase speed 

(degree/day) 

28-31 3.3 56-64 6 10-20 4 99-102 8 

308-321 2.5 73-77 7 34-39 6 211-217 6 

356-361 5 86-89 3.3 164-168 8 242-245 11.7 

  99-102 6 186-195 10 310-321 13.3 

  136-141 4 246-254 6 360-365 4 

  200-215 4.5     

  229-238 6.7     

  247-302 6     

  317-326 7     

  342-346 3     

Total days 

(Percentage of 

the whole 

year) 

Averaged 

Phase Speed 

(degree/day) 

Total days 

(Percentage of 

the whole 

year) 

Averaged 

Phase Speed 

(degree/day) 

Total days 

(Percentage of 

the whole 

year) 

Averaged 

Phase Speed 

(degree/day) 

Total days 

(Percentage of 

the whole 

year) 

Averaged 

Phase Speed 

(degree/day) 

24 (6.58%) 3.6 125 (34.25%) 5.35 41 (11.23%) 6.8 33 (9.04%) 8.6 
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Figure. 4.1.  The 3
rd

 MEEMD mode of MEEMD of equatorial meridional wind for the 

year 2002. The color stands for the value of meridional wind. The x-axis stands for longitude and 

the y-axis stands for the date of the year. 
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Figure. 4.2. MRG structure and evolution over western Pacific. (a) The meridional wind 

of the 3
rd

 MEEMD mode from the 281
st
 Julian day to the 290

th
 Julian Day of year 2002. Each 

panel provides a snapshot of each day. The color stands for the value of meridional wind with the 

unit of m/s. The red line and black line with arrow indicate the phase velocity and group 

velocity, respectively. (b) The horizontal wind of the 283
rd

 Julian day.  

 

(a) 

(b) 
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Figure. 4.3. MRG examples for different regions. (a) Indian Ocean region (20
o
E - 120

o
E, 

the 316
th

 Julian Day - the 320
th

 Julian Day); (b) Central and Eastern Pacific region (140
o
W - 

40
o
W, the 246

th
 Julian Day - the 250

th
 Julian Day); (c) Atlantic Ocean region (60

o
W - 40

o
E, the 

212
th

 Julian Day - the 216
th

 Julian Day).  

 

  

(c) (b) (a) 
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CHAPTER FIVE 

INTERACTIONS BETWEEN MIXED ROSSBY-GRAVITY WAVES AND 

TROPICAL CYCLONES 

MRG occurs along the equator, which is similar to thelocation of tropical cyclones 

genesis. The tropical cyclones start to form along equatorial ocean, and  develop when moving 

out of the equatorial region to higher latitude. At the early stage of TCs, they share the same 

spatial locations with equatorial waves. When the circulation of TCs and equatorial waves meet 

with each other, there must be interactions between the two. The interaction between TCs and 

equatorial waves is worth investigation because the result may help us make better forecast for 

the TCs formation and development, especially for the early stage. 

Shen12 suggested that there may be connection between a certain type of equatorial 

waves, MRG, and TCs.  In Shen12, a case study on twin TCs over the Indian Ocean in 2002, the 

infrared satellite images of the development of which are shown in Fig.5.1. A hypothesis was 

proposed in Shen12 that during early stage, TCs are contained inside the MRG structure and the 

convergence part of MRG field may facilitate the development of TCs. However, the hypothesis 

in Shen12 may not be consistent with observation and MRG structure because no detailed MRG 

structure evolution can be seen due to the limitation of the analysis methods.  Specifically, in 

Fig.5.1c, the TCs are at least 10 degrees latitude from the equator, most likely beyond the 

meridional scale of MRG. Additionally, as time goes, both the twin TCs move towards higher 

latitude, and they should no longer be contained inside MRG structure. 

In order to examine how the twin TCs interact with MRG events, the simultaneous MRG 

structure evolution and the twin TCs development are needed. The brightness temperature 

images of satellite data from Infrared observation for several selected days of May 2002 during 
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which twin TCs develops are shown in Fig.5.1. It can be found that on May 1
st
 (Fig.5.1a), there 

is a single tropical depression with the center located at about 8°S, 70°E and relatively lower 

clouds caused by equatorial wave activities to the north-east side of the TC.  On May 4
th

 

(Fig.5.1b), it can be seen that there is another TC starting to form with the center at about 8°N, 

70°E, while the TC in the southern hemisphere has already moved to about 65°E. The twin TCs 

pattern start to form. From Fig.5.1c, it can be confirmed that, on May 6
th

, the twin TCs pattern is 

clear with two centers almost at the same distance from the equator but the TC in southern 

hemisphere is west to that in the northern hemisphere. The two centers both move westward and 

towards higher latitude comparing to Fig.5.1b. On May 9
th

 (Fig.5.1d), the two centers of the twin 

TCs pattern continue to move westward and towards higher latitude. The distance between them 

extends to about 30 degree latitude, which further suggests that they cannot be contained inside 

the structure of MRG. 

The development of the twin TCs and the potential interaction between them and MRG is 

further examined with the 4
th

 MEEMD mode over the Indian Ocean region. The horizontal wind 

vectors for the period (May 1
st
 to May 9

th
) of TCs development are plotted day by day in Fig.5.2. 

On May 1
st
 in Fig.5.2a, with a schematic red circle indicating the scale of TC1 and a schematic 

green circle indicating the scale of MRG pattern, the horizontal scale and center location for TC1 

and the MRG event can be easily identified. On May 1
st
, the center of TC1 is located at about 

7.5°S, 70°E; the center of MRG is located at about 80°E along the equator. The southwestern 

part of MRG circulation and northeastern part of TC1 circulation share the same flow of the 

atmosphere. 

One day later, on May 2
nd

 (Fig.5.2b), from the schematic green circle showing the scale 

of MRG pattern we can find the MRG gets swollen. The red solid circles in Fig.5.2 shows the 
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scale evolution of TC1 in the southern hemisphere. In Fig.5.2b, it can be easily found that the 

green circle of MRG scale becomes larger and the circulation get stronger. The center of MRG 

moves westward by about 3 degree longitude to about 77°E. By sharing a part of circulation of 

MRG, it can be seen that the scale of TC1 are squeezed and its  shape changes. The center of 

TC1 moves westward and slightly southward. The circulation of TC1 and MRG both get 

strengthened.  

On May 3
rd

 (Fig.5.2c), the meridional scale of MRG keeps swelling. The center of MRG 

moves further westward to about 74°E and the MRG circulation pattern, especially the western 

part decays. However, the swelling of the meridional structure of MRG keeps squeezing the 

TC1, leading to further deformation of TC and continuous southwestward movement. 

On May 4
th

 (Fig.5.2d), the MRG structure keeps moving westward to about 70°E and the 

western part of the circulation can be hardly identified, which indicates an evolution of MRG 

pattern and phase transition. The meridional scale of MRG gets slightly larger. The swelling of 

MRG makes TC1 move further southwestward to higher latitude. 

On May 5
th

 (Fig.5.2e), the original green circle of MRG pattern dies out and a new MRG 

pattern with an opposite circulation pattern instead. The dashed circle of TC1 loses the 

connection with the MRG pattern and develops by itself. A new TC with schematic solid circle 

showing the scale in the northern hemisphere occurs with sharing the south-east part circulation 

with MRG cycle.  

On May 6
th

 (Fig.5.2f), the MRG gets swelling and the meridional scale gets larger. Since 

the northwestern part of MRG circulation is shared with TC2, when MRG swells, TC2 will be 

forced to move northwestward. 
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As time goes by, from Fig.5.2g to Fig.5.2i (May 7
th

 to May 9
th

) it can be found that the 

MRG keeps swelling, resulting in an enlarged meridional scale, and moves westward. Because 

MRG and TC2 share the flow to the northwest of the MRG, when MRG swells and  moves 

westward, the circulation of TC2 is "pushed" by the MRG and forced to move southwestward to 

higher latitude.  

Comparing Fig.5.1 and Fig.5.2, the movement of MRG and TCs are identical to the 

observation by the satellite. The interaction of MRG and TCs shown in the 4
th

 MEEMD mode 

matches the satellite images. After TCs move to higher latitude, larger planetary vorticity is 

favorable for TCs to develop by itself. The twin TCs development involving MRG events 

suggests that MRG may have a key role in forcing the TCs to move out of the equatorial region 

to higher latitude, where further intensification of TCs happens. 

 

Figure. 5.1. Satellite Infrared channel images of Indian Twin Tropical Cyclones in the 

year 2002. (a)May 1
st
, (b) May 4

th
, (c) May 6

th
 and (d) May 9

th
. 

(a) (b) 

(c) (d) 
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Figure. 5.2.   Indian Ocean MRG event evolution from the 4
th

 mode of MEEMD. The 

vectors are horizontal wind. The green and yellow circles are schematics of MRG at different 

phases. The red circles are schematics of TCs. From (a) to (i) are dates from May 1
st
 to May 9

th
, 

2002. 

 

May 9th 

May 8th May 4th 

May 7th May 3rd 

May 6th May 2nd 

May 5th May 1st (a) (e) 

(c) 

(b) 

(g) 

(f) 

(h) (d) 

(i) 
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CHAPTER SIX 

SUMMARY AND FUTURE WORK 

In this study, the 850 hPa horizontal wind data for the year of 2002 from NCEP-NCAR 

reanalysis are decomposed with an adaptive and spatially-temporally local method, MEEMD. 

The detailed MRG structure evolution of individual event is effectively extracted and examined. 

The comprehensive statistical information of MRG shows spatial and temporal 

inhomogeneity of MRG events, which may be caused by different equivalent depths associated 

with different distributions of forcing and damping terms. 

The detailed wind pattern evolution during MRG events also allows us to explore the 

interaction between MRG activities and other tropical systems, such as TCs. Specifically, the 

twin TCs associated with MRG in 2002 are studied and a hypothesis is proposed that MRG may 

play a key role in forcing the TCs to move out of equatorial region to higher latitude, where the 

TCs can develop by themselves in a more favorable environment. A schematic of such process is 

shown in Fig. 4.1. 

Although it is hard to determine whether the TCs impacts MRG or vice versa, it seems 

more likely that MRG has greater impact on TCs rather than the other way around. It should be 

pointed out that MRG can develop without the help of TCs. However, the reason why TCs can 

move out of equator has not reached a consensus. Therefore, the argument in the previous 

chapter is that TCs are forced by MRG development, but not the opposite process. 

It should be noted that the range of TC and MRG are given purely by visual inspection 

for the schematic figures presented in Fig.5.1 and Fig.6.1. However, there is a way to quantify 

the range more accurately by calculating the maximum correlation between the individual MRG 

shape and idealized mode to decide the position and range of MRG. More importantly, with the 
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quantifying method an automatic tool to detect MRG events and quantify the range of individual 

event will be developed. Data with much longer temporal domain can be easily analyzed and 

statistical information of MRG with robust significance can be obtained. Meanwhile, the 

interaction between MRG and TCs can be further investigated. 

With the adaptive data analysis method, MEEMD, more types of equatorial waves can be 

examined in a similar way. The interactions between equatorial waves with other tropical 

systems can be detected, such as Madden-Julian Oscillation (MJO), which is closely connected 

to tropical convective activities and equatorial Kelvin waves. 

The dynamical mechanism for the movement of TCs is still not fully understood because 

it must be very complex. Further theoretical work and numerical experimental work need to be 

done on this topic.  
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Figure. 6.1. Schematic of how MRG facilitates the development of TDs. 
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