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Abstract 

In traditional atmosphere-ocean research, when analyzing the role of large-scale 

waves, the tropical-subtropical interactions cannot be examined on a unified metric. This is 

because the equatorial dynamics and mid-latitude dynamics have been formulated in separate 

systems. In order to find a solution to this problem, a new scheme was recently derived that 

can seamlessly diagnose the energy cycle without the limitation of latitudinal zones. In this 

study, as the first application of this scheme, I investigated wind-driven surface wave 

dynamics in the Indian Ocean (IO) on seasonal and interannual scales. 

Concerning seasonal variations in the IO, chapters 2 and 3 illustrate the transfer routes 

of wave energy in the surface and deep layers, respectively. Chapter 2 provides a new 

perspective for the life-cycle of annual waves in the IO through the wave energy cycle. The 

well-defined circulation routes of wave energy demonstrate that Kelvin waves (KWs) and 

Rossby waves (RWs) interconnect at the zonal boundaries of the IO. This study identifies two 

sets of cyclonic circulations of wave energy in each hemisphere based on an annual-mean 

analysis. The first of these represents a localized cyclonic circulation close to the African 

coasts, while the other is a large-scale cyclonic circulation over the eastern IO. For the wave 

energy transfer event, it is effective to analyze the energy flux calculated by the new scheme 

applying the Hovmöller diagrams at the equator. Focusing on the second baroclinic mode, the 

eastward transfer of wave energy associated with equatorial KWs appears four times a year. 

This corresponds to westerly winds generated KWs and monsoonal winds generated KWs 

appearing on the ocean surface layer twice a year in the equatorial IO, respectively. 

Chapter 3 applies a new diagnostic scheme for the vertical transfer of wave energy and 

examined the effects from the surface layer to the intermediate and deep layers. As an 

example, this study focuses on the southern Bay of Bengal where the wave energy reaches 

the deepest point in the IO, and examines its image and origin. The spatio-temporal 
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distribution of the energy flux reveals the different timing of the peak at the equator in the 

surface and intermediate layers. In the surface layer, the amplitude of the equatorial KWs 

maximizes in May, while in the intermediate layer, maximized in August. The southwesterly 

monsoon winds trigger the coastal KWs in the Arabian Sea, which wrap around the mid-

depth layer from the western IO coast to the equatorial layer. These mid-depth equatorial KW 

packets subsequently arrive at the eastern boundary of the IO and are diffracted poleward, 

carrying energy downwards in November and December in the southern Bay of Bengal. The 

vertical structure of equatorial and off-equatorial waves can be treated continuously is the 

advantage of this study.  

The objective of chapter 4 is to reinforce our understanding of interannual variability 

in the tropical IO through the perspective of the wave energy cycle. This study  has 

conducted a set of 61-year hindcast experiments to examine the mechanism of a remarkable 

positive IO dipole event that occurred in 1994. Two sets of westward transfer episodes in the 

energy flux associated with RWs are identified along the equator during 1994. This chapter 

focuses on the image and origin of these RWs. One set represents the same phase speed as 

the linear theory of equatorial RWs. This set of RWs originates from the reflection of the 

equatorial KWs on the eastern side of the IO. The second set of westward energy flux is 

slightly slower than the theoretical phase speed. The appearance of the slower group velocity 

of westward energy flux is found to be associated with off-equatorial RWs generated by 

southeasterly winds in the southeastern IO. This study considers an empirical orthogonal 

function (EOF) analysis to combine the time series of energy-flux streamfunction and 

potential. The first EOF mode reveals the intense westward signals of energy flux are 

attributed to off-equatorial RWs associated with predominant wind input in the southeastern 

IO. This kind of characteristic distribution can be viewed as the dominant dynamic factor in a 

positive IOD event. 
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This study has examined the seasonal and interannual variabilities in the tropical 

Indian Ocean through a new perspective of the wave energy cycle. The diagnostic procedures 

in this study can be used to improve our understanding of dynamical processes not only in the 

IO but also in the Pacific and Atlantic Oceans. 
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Chapter 1 General Introduction 

1.1 Background of the Indian Ocean 

Major oscillations in the Indian Ocean (IO) are attributed to seasonal monsoon 

(Schott and McCreary, 2001). During the boreal winter monsoon, northeasterly winds in the 

Arabian Sea and the Bay of Bengal induce the North Monsoon Current (NMC) which flows 

westward that feeds a southward flow, called the Somali Current (SC) along the African 

coasts. This southward flowing boundary current meets the northward flowing East African 

Coast Current (EACC) in equatorial regions around 2–4°S. These currents in both 

hemispheres converge and furnish the South Equatorial Counter Current (SECC) that flows 

eastward along the equator (Düing and Schott, 1978; Swallow et al., 1991; Schott and 

McCreary, 2001; Beal et al., 2013). During the boreal summer monsoon, southwesterly 

winds in the Arabian Sea induce a strong northward EACC that originated from the South 

Equatorial Current (SEC) along the African coasts. As the EACC crosses the equator, a 

portion of it turns offshore and starts to flow eastward at about 4°N towards the Bay of 

Bengal (Schott and McCreary, 2001; Nagura and Masumoto, 2015). At the equator, westerly 

winds in spring and fall cause semi-annual appearance of Wyrtki (1973) jet as well as 

equatorial KWs which propagate eastward.  

 An important coupled atmosphere-ocean phenomenon, the IO Dipole (IOD, Saji et 

al., 1999) plays a crucial role in the climate changes of countries that surrounding the IO by 

changing the temperature pattern loading on the western and eastern pole of the IO. During 

IOD positive phases, the warm water covers the western regions with thermocline deepening 

and the cool water dominates in the south-eastern regions with thermocline shallowing 

triggered by the southeasterly winds, leading to the heavy precipitation in African coasts and 

severe drought over Australia continents. IOD negative phases are excited by the westerly 
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winds along the equator, which show the opposite pattern of sea surface temperature than that 

of positive phases. This could result in the severe drought over western IO and heavy rainfall 

in eastern IO. The IOD is the unique inherent coupled atmosphere-ocean phenomenon in the 

IO. It is well known that the IO is adjacent to the Pacific Ocean, the transfer signals of 

Indonesian Throughflow along the Indonesian Archipelago travel poleward and radiate into 

the southern IO (Cai et al., 2005) associated with Rossby waves (RWs), referred to as 

interpretation for the energy transmission from the Pacific Ocean to the IO. The IOD also has 

a link with the El Niño-Southern Oscillation (ENSO) through Indonesian Throughflow. 

 The mechanism of tropical climate variations is closely linked to the characteristics of 

equatorial Kelvin waves (KWs) and RWs (Mark and Huang, 2004; Rahul et al., 2004; 

Yamagata et al., 2004; Nagura and McPhaden, 2010; Rao et al., 2010; Ishizaki et al., 2014; 

Delman et al., 2016). These synoptic-scale waves in the atmosphere-ocean system play an 

important role in the development, termination, and teleconnection of the phenomena, such as 

Madden-Julian Oscillation, ENSO, and IOD. In order to improve the climate prediction, it is 

relevant to investigate how these waves are linked to each other and where these waves 

originate from, without being bothered by the difference of tropical and subtropical 

dynamics.   

1.2 Schemes for tracing the transfer routes of wave energy 

There are at least three existing schemes for diagnosing the geographical transfer 

routes of wave energy. Here we explain three schemes, the pressure flux scheme (Cummins 

and Oey, 1997), the Orlanski and Sheldon (1993, hereafter OS93) scheme, and the Aiki et al. 

(2017, hereafter AGC17) scheme that have been proposed for diagnosing the group-velocity-

based transfer routes of wave energy.  

Wave energy 𝐸(#) for the n-th baroclinic mode may be defined as,  

𝐸(#) ≡ 𝜌AB𝑢(#)D + 𝑣(#)D + (𝑝(#)/𝑐(#))DG/2,                                    (1.1a) 
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where 𝑢(#) and 𝑣(#) indicate the zonal and meridional components of velocity, respectively, 

and 𝑝(#) is geopotential. The symbols 𝜌A and 𝑐(#)are constants for the reference density of 

seawater and nonrotating gravity wave speed, respectively. An equation for the development 

of wave energy may be derived using (1.1a)–(1.1c) to yield,         

𝜕5𝐸(#)JJJJJJ + 𝜌A	𝛻 ∙≪ 𝑢(#)𝑝(#)JJJJJJJJJJ, 𝑣(#)𝑝(#)JJJJJJJJJJ ≫= 𝑆1#   + 𝑆P1Q,                            (1.1b) 

where 𝛻 ∙≪ 𝐴,𝐵 ≫= 𝜕2𝐴 + 𝜕S𝐵 is the horizontal divergence operator (𝐴 and 𝐵 are arbitrary 

quantities). The overbar denotes a phase average. The horizontal coordinates 𝑥 and 𝑦 increase 

eastward and northward, respectively.   Energy input by wind forcing is written as 

𝑆1# =
T(U)

.VWXYVZ[\\[W
]𝑢(#)𝜏_`#P2JJJJJJJJJJJJ + 𝑣(#)𝜏_`#P

SJJJJJJJJJJJJa,                                     (1.1c) 

where wind stress vector (𝜏_1#P2 ,	𝜏_1#P
S ) is the seasonal anomaly component of monthly 

climatology between September 1957 and August 2002 used in chapters 2 and 3 and the 

interannual anomaly component of monthly winds from 1958–2018 used in chapter 4. Energy 

dissipation is written as  

𝑆P1Q = 𝜌Ab𝑢(#)𝑆𝐺𝑆2JJJJJJJJJJJJ + 𝑣(#)𝑆𝐺𝑆SJJJJJJJJJJJJd,                                        (1.1d) 

where the subgrid-scale (SGS) terms represent the effect of lateral eddy viscosity based on 

the Smagorinsky et al. (1965) scheme with a nondimensional coefficient of 0.1 after 

squaring. In our model, the SGS terms have been expressed as 

𝑆𝐺𝑆2 = 𝜕2eκ(2𝑢2
(#))g + 𝜕Seκ(𝑢S

(#) + 𝑣2
(#))g,                                 (1.1e) 

𝑆𝐺𝑆S = 𝜕2eκ(𝑢S
(#) + 𝑣2

(#))g + 𝜕Seκ(2𝑣S
(#))g,                                 (1.1f) 

where κ is the coefficient of lateral eddy viscosity. Substitution of (1.1e–f) to (1.1d) yields,  

𝑆P1Q = 𝑆P1Q:P1i + 𝑆P1Q:#P,                                                (1.1g) 

𝑆P1Q:P1i = 𝜌A𝜕2 e2κ𝑢(#)(𝑢2
(#)) + κ𝑣(#)(𝑢S

(#) + 𝑣2
(#))JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJg + 𝜌A𝜕S 	eκ𝑢(#)(𝑢S

(#) + 𝑣2
(#)) + 2κ𝑣(#)(𝑣S

(#))JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ	g,  (1.1h) 

𝑆P1Q:#P = −𝜌Aκe2(𝑢2
(#))D + (𝑢S

(#) + 𝑣2
(#))D + 2(𝑣S

(#))DgJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ,                  (1.1i) 
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where the dissipation term has been separated into the divergent and negative-definite parts.   

The expression of energy flux in (1.1b) may be referred to as pressure flux scheme, 

                ≪ 𝑢(#)𝑝(#)JJJJJJJJJJ, 𝑣(#)𝑝(#)JJJJJJJJJJ ≫.                                                            (1.2) 

If applied to the diagnosis of inertia-gravity waves, the pressure flux becomes identical to 

group velocity times wave energy (Cummins and Oey, 1997). The pressure flux scheme 

cannot represent the direction of group velocity for mid-latitude RWs.  

Without affecting the result of the divergence in the energy budget equation (1.1b), 

one may add a rotational flux to read,  

               ≪ 𝑢(#)𝑝(#)JJJJJJJJJJ + B	𝑝(#)DJJJJJJ/(2𝑓)GS, 𝑣
(#)𝑝(#)JJJJJJJJJJ − B	𝑝(#)DJJJJJJ/(2𝑓)G2 ≫,              (1.3) 

which becomes identical to group velocity times wave energy for mid-latitude RWs. 

The expression of the energy flux in (1.3) is referred to as OS93 scheme. The OS93 scheme 

becomes singular at the equator owing to the Coriolis parameter in the denominator.  

AGC17 have derived a seamless expression for the energy flux that can represent the 

direction of group velocity for both gravity and planetary waves at all latitudes. What they 

call the level-0 (i.e. exact) version of the AGC energy flux may be written as,  

≪ 𝑢(#)𝑝(#)JJJJJJJJJJJ + (𝑝(#)𝜑(#)JJJJJJJJJJJ/2+ 𝑢55
(#)𝜑(#)JJJJJJJJJJJ/𝛽)S, 𝑣(#)𝑝(#)JJJJJJJJJJJ − (𝑝(#)𝜑(#)JJJJJJJJJJJ/2 + 𝑢55

(#)𝜑(#)JJJJJJJJJJJ/𝛽)2 ≫,     (1.4a) 

where 𝛽 is the meridional gradient of the Coriolis parameter. The scalar quantity 𝜑(#) is 

given by solving an inversion equation associated with Ertel’s potential vorticity (PV) to 

read, 

𝛻D𝜑(#) − (𝑓/𝑐(#))D𝜑(#) − (3/𝑐(#)D)𝜑55
(#) = 𝑞(#),                                      (1.4b) 

𝑞(#) ≡ 𝑣2
(#) − 𝑢S

(#) − (𝑓/𝑐(#)D)𝑝(#),                                              (1.4c) 

where 𝛻D = 𝜕22 +	𝜕SS  .  
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Inversion equation (1.4b) contains a second-order time derivative term associated 

with 𝜑55
(#), which makes it difficult to get the solution of 𝜑(#). AGC17 have presented an 

approximated version of the energy flux to read,  

                ≪ 𝑢(#)𝑝(#)JJJJJJJJJJ + (𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)S, 𝑣(#)𝑝(#)JJJJJJJJJJ − (𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)2 ≫,               (1.5a) 

                       𝛻D𝜑pqq − (𝑓/𝑐(#))D𝜑pqq = 𝑞(#),                                      (1.5b) 

which has been referred to as level-2 expression. AGC17 have suggested that the quantity 

𝜑pqqreduces to geostrophic streamfunction in off-equatorial regions. This new scheme is a 

powerful tool for understanding the life-cycle (generation, propagation, dissipation process) 

of disturbance energy in the atmosphere and ocean without limitation of latitudes. 

  We consider the Helmholtz decomposition of the AGC17 level-2 flux to read,  

−𝑅S − 𝐷2 = 𝜌A𝑢(#)𝑝(#)JJJJJJJJJJ + 𝜌A(𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)S,                               (1.6a) 

+𝑅2 − 𝐷S = 𝜌A𝑣(#)𝑝(#)JJJJJJJJJJ − 𝜌A(𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)2,                              (1.6b) 

where the scalar quantities 𝑅 and 𝐷 are associated with the rotational and divergent 

components of the energy flux, respectively, and have a unit of W/m. Taking the curl of 

(1.6a)–(1.6b) yields  

𝛻D𝑅 = 𝜌Ab𝑣(#)𝑝(#)JJJJJJJJJJd
2 − 𝜌Ab𝑢

(#)𝑝(#)JJJJJJJJJJd
S − 𝜌A𝛻

D(𝑝(#)𝜑pqqJJJJJJJJJJJJ/2),                  (1.6c) 

which has been numerically solved to obtain the distribution of 𝑅. Taking the convergence of 

(1.6a)–(1.6b) yields  

𝛻D𝐷 = −𝜌Ab𝑢(#)𝑝(#)JJJJJJJJJJd
2 − 𝜌Ab𝑣

(#)𝑝(#)JJJJJJJJJJd
S,                              (1.6d) 

which has been numerically solved to obtain the distribution of 𝐷. The scalar quantities 𝑅 

and 𝐷 may be referred to as energy-flux streamfunction and energy-flux potential, 

respectively.  

1.3 Extension of the formulation of diagnostic scheme 
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AGC17 employed a single-layer system based on the shallow-water equations to 

derive depth-independent expressions for the energy flux. As it has the advantage of a smooth 

tropical-subtropical transition, the AGC17 scheme can effectively determine the horizontal 

distribution of the energy flux pointing in the group-velocity direction of the waves.  The 

AGC17 scheme allowed Ogata and Aiki (2019), Li and Aiki (2020, 2022), Li et al. (2021), 

Song and Aiki (2020), and Toyoda et al. (2021) to obtain wholly new perspectives on the 

horizontal transfer routes of waves in the tropical oceans. Aiki et al. (2021) have extended the 

formulation of AGC17 to cover the case of a baroclinic system in the atmosphere. Their 

essential contribution is the derivation of an exact expression for the vertical component of 

the energy flux (this is not described in the present manuscript). The expressions given below 

for the horizontal component of the depth-dependent energy flux represent a straightforward 

extension of the content of AGC17 and are summarized in what follows by the adoption of an 

oceanic framework that the general reader should find convenient. 

In order to investigate the vertical structure of energy transfers, we aim to derive 

depth-dependent expressions for the energy flux. We use the primitive equations for a 

Boussinesq fluid on an equatorial 𝛽-plane (Gill, 1982) appropriate for linear waves 

propagating in a rotating frame of reference and with zero mean flow. The 

subscripts,	𝑥,	𝑦,	𝑧,	and 𝑡, define independent variables in a Cartesian co-ordinate system in 

which  𝑥,	𝑦 and	𝑧 increase eastward, northward, and vertically upward respectively. The 

parameters  𝑢,	𝑣 and	𝑤 represent the corresponding three-dimensional components of 

velocity. The governing equations (1.7a)–(1.7f) in the main text may then be written as 

𝜕𝑢
𝜕𝑡 − 𝑓𝑣 +

𝜕Φ
𝜕𝑥 = 0,																																																														(1.7a) 

𝜕𝑣
𝜕𝑡 + 𝑓𝑢 +

𝜕Φ
𝜕𝑦 = 0,																																																														(1.7b) 

𝜕Φ
𝜕𝑧 = −𝑔

𝜌
𝜌A
,																																																																									(1.7c) 



 7 

𝑤 =
−1
𝑁D

𝜕D

𝜕𝑧𝜕𝑡 ,																																																																							(1.7d) 

𝑁D = −
𝑔
𝜌A
𝑑�̅�
𝑑𝑧 ,																																																																						(1.7e) 

𝜕𝑢
𝜕𝑥 +

𝜕𝑣
𝜕𝑦 +

𝜕𝑤
𝜕𝑧 = 0,																																																															(1.7f) 

where 𝑓 = 𝑓A + 𝛽𝑦 is the Coriolis parameter, Φ = Φ(𝑥, 𝑦, 𝑧, 𝑡) corresponds to geopotential, 

𝜌 = 𝜌(𝑥, 𝑦, 𝑧, 𝑡) is the perturbation of potential density. The symbols 𝑁 = 𝑁(𝑍) and 𝑔 are 

the buoyancy frequency and the acceleration owing to gravity. The symbols 𝜌A and	�̅�(𝑧) 

represent the reference density and the background density, respectively. Manipulation of 

(1.7a)–(1.7f) yields a prognostic equation for potential vorticity (symbolized as 𝑞) to read  

𝜕
𝜕𝑡 |

𝜕𝑣
𝜕𝑥 −

𝜕𝑢
𝜕𝑦 +

𝜕
𝜕𝑧 }

𝑓
𝑁D

𝜕Φ
𝜕𝑧 ~������������������

≡�

+ 𝑣𝛽 = 0.																																						(1.8) 

This relation is generally applicable for waves at all latitudes, such as midlatitude RWs, 

midlatitude inertia-gravity waves (IGWs), and equatorial waves (i.e. equatorial RWs and 

IGWs), equatorial Rossby-gravity waves (RGWs, i.e., Yanai waves) and equatorial KWs 

(Matsuno, 1966; Yanai and Maruyama, 1966), on the understanding that  𝑓A = 0 for an 

equatorial 𝛽-plane. We let 𝐴 represent an arbitrary variable (and its associated physical 

dimension). Equatorial KWs (i.e., 𝑣 = 0) are characterized by 𝑞 = 0. From (1.7a)–(1.7c), the 

wave energy density may be represented in prognostic fashion by 

𝜕
𝜕𝑡
1
2
�𝑢D + 𝑣D +

1
𝑁D }

𝜕Φ
𝜕𝑧 ~

DJJJJJJJJJJJJJJJJJJJJJJJJJJ
� + 

           ∇ ∙ 〈〈𝑢ΦJJJJ, 𝑣ΦJJJJ, 𝑤ΦJJJJJ〉〉 = 0,																																																						(1.9a)                                    

where ∇≡ 〈〈 �
�2
, �
�S
, �
��
〉〉 and the overbar signifies phase-averaging (i.e., for a sinusoidal wave, 

�̅� = 0 for 𝐴= 𝑢, 𝑣, 𝑤	and Φ), or low-pass time filtering. Thus we retain the local time 
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derivative in (1.9a), thereby permitting slow time variations in the general case. The energy 

flux vector in (1.9a) 

UΦJJJJJ = 〈〈𝑢ΦJJJJ, 𝑣ΦJJJJ,𝑤ΦJJJJJ〉〉,																																																		(1.9b) 

is codirectional with the group velocity for midlatitude IGWs in the atmosphere and ocean 

(Gill, 1982).  

However, for midlatitude RWs, the energy flux of (1.9b) is not aligned with wave 

group velocity (Longuet-Higgins, 1964). In order to obtain an expression for the energy flux 

that is codirectional with group velocity for all wave types, we now revisit the equations 

defining the energy flux transmitted by equatorial waves. As before, we assume linear waves 

on an equatorial 𝛽-plane and zero mean flow. Following Matsuno (1966) and Gill (1982), we 

use a horizontal length scale .𝑁𝐻/𝛽, a vertical length scale 𝐻, and a time scale 1/.𝑁𝐻𝛽 in 

order to non-dimensionalize equations (1.9a)–(1.9f) giving 

𝑥 = b.𝑁𝐻𝛽d𝑥�, 𝑦 = b.𝑁𝐻𝛽d𝑦�, 𝑧 = 𝐻�̃�, 𝑡 = (1/.𝑁𝐻𝛽)�̃�, 

𝑢 = (𝑁𝐻)𝑢�, 𝑣 = (𝑁𝐻)𝑣�,𝑤 = (.𝑁𝐻�𝛽)𝑤�,Φ = (𝑁𝐻)DΦ�,																								(1.10) 

and  

𝑢�5 − 𝑦�𝑣� + Φ�2 = 0,																																																															(1.11a)                                                          

𝑣�5 + 𝑦�𝑢� + Φ�S = 0,																																																															(1.11b) 

			𝑢� = −Φ�5�,																																																																														(1.11c) 

𝑢�2 + 𝑣�S + 𝑤�� = 0.																																																																(1.11d) 

where subscripts x, y, z, and t indicate partial differentials in terms of 𝑥�, 𝑦�, �̃�, and �̃�, 

respectively. Hereafter symbols with a tilde indicate non-dimensionalized quantities. 

Equations (1.11a)–(1.11c) can then be manipulated to give the following prognostic 

equations for potential vorticity (PV: symbolized as 𝑞) and wave energy in de-

dimensionalized form: 
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𝜕
𝜕�̃�
b𝑣�2 − 𝑢�S + 𝑦�Φ���d�������������

≡��

+ 𝑣� = 0,																																																	(1.12)	

𝜕
𝜕�̃�
�
𝑢�D + 𝑢�D + Φ��DJJJJJJJJJJJJJJJJJ

2
� +	∇ ∙ 〈〈𝑢�Φ�JJJJ, 𝑣�Φ�JJJJ,𝑤�Φ�JJJJJ〉〉 = 0,																											(1.13) 

where ∇≡ 〈〈 �
�2�
, �
�S�
, �
���
〉〉. 

In the following we take 𝑣� ≢ 0, as is appropriate for waves other than equatorial KWs 

such as equatorial RWs, RGWs, and IGWs. We then assume zonally and vertically 

propagating free waves varying as 𝑣� ∝ cos𝜇, 𝑢� ∝ sin 𝜇 and Φ� ∝ sin 𝜇 where 𝜇 = 𝑘𝑥� +

𝑚�̃� − 𝜔�̃� is wave phase and 𝑘, 𝑚 and 𝜔 are the zonal and vertical wavenumbers, and wave 

frequency, respectively. Substituting into equations (1.11a)–(1.11d), and with further 

manipulation, we obtain an equation characterizing the meridional structure of 𝑣�	as,  

𝑣�SS + (𝑤D𝑚D − 𝑘D − 𝑘/𝜔 −𝑚D𝑦D)𝑣� = 0.																																							(1.14) 

Let the Hermite polynomial for j-th meridional mode be defined as 

𝑑𝐻( ,0)

𝑑𝑦� = 2𝑚
¡
D𝑗𝐻( £¡,0),																																																									(1.15a) 

𝐻( ¤¡,0) = 2𝑚
¡
D𝑦�𝐻( ,0) − 2𝑗𝐻( £¡,0),																																	(1.15b) 

which yields 

𝐻(A,0) = 1,																																																																										(1.15c) 

	𝐻(¡,0) = 2𝑚
¡
D𝑦�,																																																																		(1.15c) 

	𝐻(D,0) = 4𝑚𝑦�� − 2,																																																									(1.15d) 

𝐻(�,0) = 8𝑚
�
D𝑦�� − 12𝑚

¡
D𝑦�,																																												(1.15e) 

	𝐻(§,0) = 16𝑚D𝑦�§ − 48𝑚𝑦�D + 1,																																	(1.15f ) 

and 

𝑑𝐺D

𝑑𝑦�D + 𝑚
(2𝑗 + 1)𝐺 − 𝑚D𝑦�D𝐺 = 0,																																									(1.15g) 
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for 𝐺 = exp	(−𝑚𝑦�D)𝐻(#,0). A solution for the system of equations (1.11a)–(1.11d) and 

(1.14) was obtained by Matsuno (1966) as 

𝑣� = 𝒜 cos 𝜇 exp−
𝑚𝑦�D

2 ®𝐻( ,0),																																										(1.16a) 

𝑢� =
𝜔𝑚D𝑦�𝑣�̄ − 𝑘𝑣�S¯
(𝜔D𝑚D − 𝑘D) ,																																																															(1.16b) 

Φ� =
𝑘𝑦�𝑣�̄ − 𝜔𝑣�S¯
𝜔D𝑚D − 𝑘D ,																																																																					(1.16c) 

𝑤� = −	Φ�5� = 𝜔Φ�¯� = −𝜔𝑚Φ�,																																														(1.16d) 

where 𝒜 is wave amplitude. The subscript 𝜇 signifies the partial derivative with respect to 

wave phase [i.e., 𝑣�̄ ≡ 𝜕𝑣�/𝜕𝜇= −𝒜 sin 𝜇 exp	(−𝑚𝑦�D/2)𝐻( ,0)]. 

Substitution of (1.16a) into (1.14) yields,  

𝜔�𝑚� − (𝑘D + 2𝑚𝑗 +𝑚)𝜔 − 𝑘 = 0.																																													(1.17) 

This latter dispersion relation provides a unified description for equatorial RWs, RGWs, and 

IGWs. A unified expression for the group velocity of equatorial waves can then be obtained 

through partial differentiation of (1.17) with respect to wavenumber 𝑘 yielding 

𝜕𝜔
𝜕𝑘 =

2𝑘𝜔 + 1
3𝜔D𝑚D − (𝑘D + 2𝑚𝑗 +𝑚) =

2𝜔D + 𝜔/𝑘
2𝜔�𝑚D/𝑘 + 1 ,																					(1.18) 

where the term 2𝜔�𝑚D/𝑘 in the denominator has generally been ignored in earlier studies 

which focus on low-frequency equatorial waves (e.g. equatorial RWs; Gill, 1982).  

In order to identify the additional rotational flux associated with the horizontal energy 

flux, we investigate the zonal component of the energy flux associated with (1.11a)–(1.11d). 

For equatorial waves, the meridional integral of 𝑢�Φ�JJJJ equals the product of the group velocity 

and the meridional integral of the wave energy density (Philander, 1989):  

° 𝑢�Φ�JJJJ
¤±

£±
𝑑𝑦� = ° (𝜕𝜔/𝜕𝑘)(𝑢�D + 𝑣�D + Φ��DJJJJJJJJJJJJJJJJJ)/2	

¤±

£±
𝑑𝑦�.																								(1.19a) 

Note that identity (1.19a) only holds after the meridional integration i.e. 
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𝑢�Φ�JJJJ ≠ (𝜕𝜔/𝜕𝑘)(𝑢�D + 𝑣�D + Φ��DJJJJJJJJJJJJJJJJJ)/2.																																																		(1.19b) 

However, for our purposes, the derivation of an analytical expression for the 

difference between the two sides of (1.19b) provides a useful basis for discussion. As a first 

step towards specifying this difference, the geopotential flux 𝑢�Φ�JJJJ can be divided into two 

parts, the first of which determines the meridional integral itself while the second part makes 

zero contribution to it:  

𝑢�Φ�JJJJ																																																																																																																			 

												=
𝑦�D𝑣�𝑣�JJJJ(𝜔𝑘𝑚D) − 𝑦�𝑣�S𝑣�JJJJJ(𝜔D𝑚D + 𝑘D) + 𝑣�S𝑣�SJJJJJJ(𝜔𝑘)

(𝜔D𝑚D − 𝑘D)D 																											

=
𝑣�𝑣�JJJJ(2𝜔𝑘 + 1)
2(𝜔D𝑚D − 𝑘D) −

b𝜔𝑢�𝑣�̄JJJJJ + 𝑘Φ�𝑣�̄JJJJJd
S

2(𝜔D𝑚D − 𝑘D) .																																					(1.19c) 

Thus the meridional integral of the second of these two terms is zero (as 𝑣� and 𝑦�𝑣� tend to 

zero with increasing distance from the equator).  

The wave energy density can be similarly decomposed into two parts on the basis of 

whether there is a meridional-integral contribution or not [the factor 𝜕𝜔/𝜕𝑘 required to 

calculate the energy density flux is inserted in (1.19e)]. We then have  

(𝑢�D + 𝑣�D + Φ��DJJJJJJJJJJJJJJJJJ)/2																																																																																				 

=
𝑣�𝑣�JJJJ(2𝜔D𝑚D + 𝑘/𝜔)
2(𝜔D𝑚D − 𝑘D) −

b𝜔𝑚DΦ�𝑣�̄JJJJJ + 𝑘𝑢�𝑣�̄JJJJJd
S

2(𝜔D𝑚D − 𝑘D) .																			(1.19d) 

As before, the second of these two terms makes zero contribution to the meridional integral. 

Using (1.19c)–(1.19d), the required analytical expression for the difference between the right 

and left hand sides of (1.19b) can be derived as,  

𝜕𝜔
𝜕𝑘

�
𝑢�D + 𝑣�D + Φ��DJJJJJJJJJJJJJJJJJ

2
� − 𝑢�Φ�JJJJ																																																																								 

=
−(Φ�𝑣�̄JJJJJ)S − (2𝑢�55𝑣�̄JJJJJJJJJ)S
2𝑘(1 + 2𝜔�𝑚D/𝑘) ,																																																											(1.19e)	
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where the right-hand side has been written as the meridional gradient of scalar quantities. In 

the case of equatorial waves with decaying meridional structures, the meridional integral of 

(1.19e) vanishes, consistent with (1.19a).  

On the basis of (1.19e), the product of the zonal component of group velocity and the 

wave energy density can be rewritten as,  

𝜕𝜔
𝜕𝑘

�
𝑢�D + 𝑣�D + Φ��DJJJJJJJJJJJJJJJJJ

2
� = 𝑢�Φ�JJJJ + �

Φ�𝜑�JJJJJ

2 + 𝑢�55𝜑�JJJJJJ�
S

,																																			(1.20a) 

𝜑� ≡ −
𝑣�̄

𝑘 + 2𝜔�𝑚D ,																																																														(1.20b) 

where we have introduced the scalar quantity 𝜑, as in AGC17. We note that, for any type of 

equatorial wave, there is a precise identity between the meridional profile of the zonal energy 

flux on the right hand side of (1.20a) and the quantity (𝜕𝜔/𝜕𝑘)(𝑢�D + 𝑣�D + Φ��DJJJJJJJJJJJJJJJJJ)/2. The 

depth-independent framework of AGC17 has here been extended to a depth-dependent 

framework. 

The definition of 𝜑 in (1.20b) makes use of a Fourier expansion. AGC17 have shown 

in a depth-independent form that (1.20b) can be reformulated such that the parameters 𝜇, 𝑘, 

𝑚 and 𝜔 are absent, thereby yielding an inversion equation for PV. The latter inversion 

equation is here extended to a depth-dependent form to read, 

                                               𝑞� = −𝑣�̄ /𝜔 

= (𝑘/𝜔 + 2𝜔�𝑚D)𝜑�  

                                                 = 𝜑�SS + (3𝜔D𝑚D − 𝑘D − 𝑚D𝑦D)𝜑�   

                                                  = (𝜕22 + 𝜕SS)𝜑� −𝑚D𝑦�D𝜑� − 3𝑚D𝜑�55  

     = (𝜕22 + 𝜕SS)𝜑� + (𝑦�D𝜑� + 3𝜑�55)��,																																			(1.21a)               

where the first and second lines have been derived using equations (1.12) and (1.20b), 

respectively [i.e., 𝑞�5 = −𝜔𝑞�¯ = −𝑣� and thus −𝜔𝑞�¯¯ = 𝜔𝑞� = −𝑣�̄ ]. The depth-dependent 
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inversion equation (1.21a) for PV forms the foundation of this present work since it suggests 

the possibility that the scalar quantity 𝜑 can be estimated via an iterative numerical method. 

The inversion equation (1.21a) can be presented in dimensional form as, 


𝜕D

𝜕𝑥D +
𝜕D

𝜕𝑦D®𝜑 +
𝜕
𝜕𝑧
³}
1
𝑁D~

𝜕
𝜕𝑧 𝑓

D𝜑 + 3
𝜕D

𝜕𝑡D 𝜑®
´ = 𝑞,																					(1.21b) 

where 𝑞 has been defined at (1.5b). The depth-dependent inversion equations (1.21a)–(1.21b) 

of PV correspond to the depth-independent inversion equations (1.12) and (1.13), 

respectively, of AGC17 and are referred to as level-0 (i.e. exact) expression.  

AGC17 considered eliminating the term representing the second order time derivative 

in their exact inversion equation for PV [this corresponds to (1.21b) in the present study]. Let 

𝜑pqq  be the solution of the approximated PV inversion equation to read, 


𝜕D

𝜕𝑥D +
𝜕D

𝜕𝑦D®𝜑
pqq +

𝜕
𝜕𝑧 

𝑓D

𝑁D
𝜕
𝜕𝑧𝜑

pqq® = 𝑞,																													(1.22a) 

which may be solved using the set of a Dirichlet boundary condition (𝜑pqq = 0) at coastlines 

and bottom topography and a Neumann boundary condition (𝜕𝜑pqq/𝜕𝑧 = 0) at the sea 

surface. What AGC17 have called level-2 (i.e. approximate) expression for the energy flux 

may be extended here to a depth-dependent form as,  

UΦJJJJJ + 〈〈
𝜕
𝜕𝑦

𝜑pqqΦJJJJJJJJJ
2 ® , −

𝜕
𝜕𝑥 

𝜑pqqΦJJJJJJJJJ
2 ® , 0〉〉 ,																																		(1.22b) 

which has been used in the overall model analyses of the present study.  

The energy flux of equatorial KWs has not so far been investigated. As the latter are 

gravity waves, UΦJJJJJ becomes identical to the product of group velocity and wave energy. In 

particular, no term for additional rotational flux is present. Since a characteristic of KWs is 

that the term 𝑞 = 0, the expression for the KW energy flux given in (1.22b) reduces to UΦJJJJJ. 

This result is consistent with the nature of gravity waves.  

1.4 Research objectives and thesis structure 
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 The main objective of this study is to clarify the mechanism of tropical climate 

variations in the IO based on the transfer routes of wave energy. The development of wave 

energy is poorly understood owing to the lack of an appropriate diagnostic scheme for tracing 

group velocity vectors. The pressure flux scheme is suitable for IGWs but is not applicable 

for mid-latitude RWs. This shortcoming is filled up by OS93 scheme, which is successful to 

trace the transfer episodes of westward energy flux. A recently proposed seamless diagnostic 

scheme described in AGC17 has the advantage for tracing the all waves without the 

limitation of latitudes (Ogata and Aiki, 2019; Li and Aiki, 2020; Song and Aiki, 2020; Li et 

al., 2021; Song and Aiki, 2021; Toyoda et al., 2021; Li and Aiki, 2022). The AGC17 allow 

us to have a better understanding of the development process (generation, propagation, 

reflection and diffraction) of wave energy. 

 This dissertation consists of 5 chapters which are organized as follows. Chapter 1 

gives a general introduction of the seasonal and interannual variations in the tropical IO and 

describes the diagnostic scheme for tracing transfer routes of wave energy in horizontal and 

vertical planes, respectively. In chapter 2, we compared the performance of three diagnostic 

schemes described in section 1.2 and examine the life-cycle of wave energy in the tropical IO 

in response to the climatological monsoon winds. Chapter 3 is an extension of chapter 2, 

which focuses on the vertical distribution of wave energy in the tropical IO and analyses the 

development process in vertical plane using AGC17 scheme. Chapter 4 looks insight into the 

interannual timescales in the tropical IO. The evolution of wave energy during a pure positive 

IOD in 1994 has been examined by tracing the transfer episodes of wave energy in chapter 4. 

Chapter 5 presents a general discussion based on the finding of above chapters. Chapter 6 

summarizes the results of this dissertation and give some suggestions for future researches 

about wave energy. 
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Table 1.1 List of symbols used in the present study, where 𝐴 is arbitrary quantities written 

dimensionally. The coordinate axes	𝑥, 𝑦, 𝑧 increase eastward, northward, and vertically 

upward, respectively. 

𝑓 = 𝑓A + 𝛽𝑦 Coriolis parameter 

𝑁 = .−(𝑔/𝜌A)(𝑑�̅�/𝑑𝑧) buoyancy frequency 

𝐻 vertical scale of the ocean (constant) 

𝑥, 𝑦, 𝑧, 𝑡 Cartesian coordinates 

〈〈𝑎, 𝑏, 𝑐〉〉 vector with 𝑥, 𝑦 and 𝑧-axis components 𝑎, 𝑏 and 𝑐 

U ≡ 〈〈𝑢, 𝑣,𝑤〉〉 velocity vector 

∇≡ 〈〈𝜕2, 𝜕S, 𝜕�〉〉 gradient operator 

Φ geopotential 

𝑞 potential vorticity 𝑞 ≡ 𝑣2 − 𝑢S + [(𝑓/𝑁D)Φ�]� 

𝜑 solution of (1.21b) 

𝜑pqq  solution of (1.22a) 

𝜇 wave phase 

𝑘 zonal wavenumber 

𝑚 vertical wavenumber 

𝜔 wave frequency 

𝐻( ,0) Hermite polynomial 

𝑗 meridional mode number of free equatorial waves 

�̅� phase-average of 𝐴 
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Chapter 2  

The life-cycle of annual waves in the Indian Ocean as 

identified by seamless diagnosis of the energy flux 

2.1 Introduction 

Significant annual and semi-annual variations in currents and large-scale waves take 

place in the IO.  At the equator, westerly winds in spring and autumn cause the semi-annual 

appearance of a Wyrtki (1973) jet as well as equatorial KWs, which propagate eastward 

(Schott and McCreary, 2001, hereafter SM01). The strong westerly winds have a decisive 

effect on the development and termination of IO Dipole events (Saji et al., 1999; Rao and 

Yamagata, 2004). Further south, trade winds are persistent in regions around 10°S, while 

transient signals of heat content associated with westward propagating RWs are often found 

in the southern IO (at latitudes of 8–15°S), which may be partly attributed to wind-forcing in 

the Pacific Ocean during ENSO events (Huang and Kinter, 2002; Ummenhofer et al., 2017).  

In the IO, annual and semi-annual oscillations and also climate variations are closely 

linked to the propagation of KWs and RWs (Mark and Huang, 2004; Rahul et al., 2004; Rao 

et al., 2010). As a packet of oceanic equatorial KWs strikes the eastern boundary, it is 

refracted backwards and is also deflected polewards and becomes the source of both 

equatorial and mid-latitude RWs which then propagate westward along the flanks of the 

equator (Schopf et al., 1981; McPhaden and Ripa, 1990; Yu et al., 1991; Ogata et al., 2017). 

Wave reflection and diffraction at the zonal boundaries of the IO induce interactions between 

tropical and subtropical regions. It is therefore important to investigate how these waves are 

linked to each other and where they originate from, without subdividing the description in 

order to reflect the differences in dynamics between the tropical and subtropical regions 

(Fukutomi et al., 2002). This issue is explained in the next paragraph. 
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The aim of the present study is to clarify the mechanical links between the various 

wave constituents of the IO. At least three existing schemes based on group-velocity analysis 

are in use for diagnosing the geographical routes along which wave energy is transferred 

(note that these schemes do not rely on Fourier analysis or on ray theory, explained later in 

the manuscript). The pressure-flux scheme can be used for inertia-gravity waves (Cummins 

and Oey, 1997), the quasi-geostrophic scheme can be used for mid-latitude RWs (Orlanski 

and Sheldon, 1993, hereafter OS93) though not for equatorial waves or for coastal regions, 

while Aiki et al. (2017, hereafter abbreviated as AGC17) have developed a diagnostic 

scheme that tracks the movement of wave energy at all latitudes while satisfying coastal 

boundary conditions. The latter represents a powerful new tool for understanding the life-

cycle (generation, propagation, dissipation process) of disturbance energy in the atmosphere 

and ocean and is applicable generally rather than to a specific range of latitudes (Ogata and 

Aiki, 2019).  

This study represents the first application of the seamless AGC17 scheme and forms 

part of a comprehensive investigation of the transfer routes of wave energy in the IO. This 

initial paper will focus primarily on the seasonal variations. Results from an investigation of 

interannual variations will be presented in a future study. This manuscript is organized as 

follows. In section 2.2, we carry out a set of numerical experiments using a shallow-water 

equation model associated with the fundamental baroclinic modes that are forced by 

climatological monsoon winds in the IO. We analyze the transfer routes of wave energy in 

the IO in section 2.3 and summarize our results in section 2.4.  

2.2 Materials and Method 
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2.2.1 Preliminary analysis 

Using the vertical profiles of annual mean salinity and temperature given in the World 

Ocean Atlas, we have estimated the gravity wave speed 𝑐(#) for the n-th baroclinic mode in 

the tropical IO (20°S–20°N, 40°E–110°E) based on the bottom-pressure decoupling theory of 

Tailleux and McWilliams (2001). This eigenvalue problem yields 2.99, 1.69, and 1.03 m/s for 

the first, second, and third baroclinic modes, respectively (see Table 2.1 for the 

corresponding values of equatorial deformation radius and equatorial inertial period). To 

travel back and forth through a zonal distance 𝐿 of the IO at the equator (from 45°E to 100°E) 

takes 0.26, 0.46 and 0.75 years (hereafter referred to as basin-mode periods) for the first, 

second, and third baroclinic mode, respectively. These periods have been estimated as 

𝐿/𝑐(#) + 3𝐿/𝑐(#), on the understanding that the phase speeds of equatorial KWs and long 

equatorial RWs are written as 𝑐(#)(eastward) and 𝑐(#)/3 (westward), respectively. It is well 

known that, given the basin-mode period of about half a year, the second baroclinic mode is 

best suited to show the response of the tropical IO to semi-annual wind-forcing. 

2.2.2 Model setup   

We have performed a set of 20-year climatological experiments associated with the 

three fundamental baroclinic modes. The model has been discretized in a spherical coordinate 

system with a grid spacing of 1/4 degree in both zonal and meridional directions. The model 

domain extends from 35°E–120°E and from 25°S–20°N, and adopts realistic coastlines 

except for the lack of connection to the Southern Ocean and the Pacific Ocean. For 

simplicity, all equations in the present manuscript are written in Cartesian coordinates with 

positive x and y representing the eastward and northward directions. We have used a shallow-

water equation model that has been written for the development of zonal velocity 𝑢(#), 

meridional velocity 𝑣(#), and geopotential 𝑝(#) for the n-th baroclinic mode as   
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𝑢5
(#) − 𝑓𝑣(#) + 𝑝2

(#) = 𝛼(#) 𝜏𝑤𝑖𝑛𝑑
𝑥

»¼.VWXYVZ[\\[W
  + 𝑆𝐺𝑆2,                       (2.1a) 

𝑣5
(#) + 𝑓𝑢(#) + 𝑝S

(#) = 𝛼(#) 𝜏𝑤𝑖𝑛𝑑
𝑦

»¼.VWXYVZ[\\[W
	+ 𝑆𝐺𝑆S,                       (2.1b) 

𝑝5
(#) + (𝑐(#))D(𝑢2

(#) + 𝑣S
(#)) = 0,                                    (2.1c) 

where subscripts x, y and t represent partial derivatives associated with the horizontal 

coordinates and time. Wind stress vector has been calculated by two steps as follows. First 

we have applied the bulk formula of Large and Pond (1981) to 10-m wind velocity in the 

European Centre for Medium-Range Weather Forecasts Re-analysis (ECMWF ERA-40) data 

on 2.5×2.5 degree grids. Here we have used the absolute wind velocity rather than the 

relative wind velocity (i.e. the difference of the wind velocity and oceanic surface velocity) to 

calculate the wind stress vector for simplicity. Then we have computed the monthly 

climatology of wind stress vector and subtracted a climatological annual mean component 

over the long-term from 1957 to 2002. Thus, the wind stress (𝜏𝑤𝑖𝑛𝑑𝑥 , 𝜏𝑤𝑖𝑛𝑑
𝑦 ) in the present study 

represents the seasonal anomaly component of monthly climatology between 1957 and 2002. 

Use of the seasonal anomaly while excluding the annual mean enables us to focus on the 

climatological annual and semi-annual variations of waves related to the monsoon in the IO. 

Further important influences from both wave-mean flow interactions and interannual 

variability will be addressed in a later study. 

Wind-induced momentum input to the mixed-layer is partitioned into each baroclinic 

mode and has been estimated here by a non-dimensional parameter 𝛼(#) = 0.35, 0.44, and 

0.27 in (2.1a)-(2.1b) for the first, second and third baroclinic modes, respectively. 𝜌A =

1027 kg/m3 in (2.1a)-(2.1b) is the reference density of seawater, 𝐻012= 35.0 m is the annual 

mean value of the mixed-layer depth based on a temperature difference of 0.2℃ (as estimated 

from Argo data gathered in the tropical IO), and 𝐻345540= 5500 m is the reference value of 

water depth in the tropical IO. The subgrid-scale (SGS) terms in (2.1a)-(2.1b) represent the 
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effect of lateral eddy viscosity based on the Smagorinsky et al. (1965) scheme and use a non-

dimensional coefficient of 0.1 after squaring. We have performed a total of three experiments 

for the three fundamental baroclinic modes, each of which has been integrated for 20 years, 

including spin-up from the state of no motion. We have confirmed that a climatologically 

equilibrium state has been reached (not shown) in the course of the model integration of each 

experiment, for which all 100 snapshots (with an output interval of 3.65 days) during the last 

year are used in the following overall analysis. 

The nondimensional parameter 𝛼(#) in (2.1a)-(2.1b) in the main manuscript represents 

the ratio of wind-induced momentum input to the n-th baroclinic mode.  For simplicity, here 

we assume a horizontally uniform ocean and let 𝑢 = 𝑢(𝑧, 𝑡)	and	𝑣 = 𝑣(𝑧, 𝑡) be the zonal and 

meridional components of velocity, respectively. The tendency term and the turbulent mixing 

term in the horizontal component of momentum equations may be written as,  

𝜌A𝜕5𝑢 +⋯ = ⋯+ 𝜕�(𝜏5ÂÃ32 ),                                                        (2.2a) 

𝜌A𝜕5𝑣 +⋯ = ⋯+ 𝜕�(𝜏5ÂÃ3
S ),                                                        (2.2b) 

where 𝜌A is the reference density of seawater. The symbols 𝜏5ÂÃ32 = 𝜏5ÂÃ32 (𝑧, 𝑡) and 𝜏5ÂÃ3
S =

𝜏5ÂÃ3
S (𝑧, 𝑡)	represent vertical stress for the horizontal components of momentum associated 

with wind-induced turbulence in the surface mixed-layer. The present study assumes that the 

turbulent stress has a linear vertical profile at depths in the surface mixed-layer and vanishes 

underneath (Fig. 2.1), 

 𝜏5ÂÃ32 = 𝜏_1#P2 𝑆,                                                                        (2.3a) 

𝜏5ÂÃ3
S = 𝜏_1#P

S 𝑆,                                                                        (2.3b) 

𝑆 = 𝑆(𝑧) 	= 	 Ä𝑧/𝐻012 	+ 1					for	 − 𝐻012 ≤ 	𝑧	 ≤ 0,															
	0																								for − 𝐻345540 ≤ 	𝑧	 < −𝐻012,

            (2.3c) 

where the sea surface is located at 𝑧 = 0. The symbols 𝜏_1#P2 = 𝜏_1#P2 (𝑡) in (2.3a) and 

𝜏_1#P
S = 𝜏_1#P

S (𝑡) in (2.3b) represent the zonal and meridional components of wind stress 
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applied at the sea surface, respectively. The vertical divergence of the turbulent stress acts as 

a body force in the momentum equations (2.2a)–(2.2b), which has a stepped vertical profile 

in the present study (Fig. 2.1b). Namely, both the zonal and meridional components of the 

wind-induced force are vertically constant (𝜏_1#P2 /𝐻012   and 𝜏_1#P
S /𝐻012 , respectively) at 

depths in the surface mixed-layer and vanish underneath. To be useful later in this section, we 

take the depth integral of the zonal and meridional components of the wind-induced force 

(i.e., the vertical divergence of the turbulent stress) to yield 

∫ 𝜕�(𝜏5ÂÃ32 )A
£VZ[\\[W

𝑑𝑧 = (𝜏_1#P2 /𝐻012	)𝐻012 = 𝜏_1#P2 ,                            (2.4a) 

∫ 𝜕�(𝜏5ÂÃ3
S )A

£VZ[\\[W
𝑑𝑧 = (𝜏_1#P

S /𝐻012)	𝐻012 = 𝜏_1#P
S .                            (2.4b) 

Likewise, we take the depth integral of the square of each of the zonal and meridional 

components of the wind-induced force to yield 

∫ (𝜕�(𝜏5ÂÃ32 ))DA
£VZ[\\[W

𝑑𝑧 = (𝜏_1#P2 /𝐻012)D𝐻012 = (𝜏_1#P2 )D/𝐻012,             (2.5a) 

∫ (𝜕�(𝜏5ÂÃ3
S ))DA

£VZ[\\[W
𝑑𝑧 = (𝜏_1#P

S /𝐻012)D𝐻012 = (𝜏_1#P
S )D/𝐻012.            (2.5b)  

We shall decompose the wind-induced force, mentioned above, to baroclinic normal 

modes. Let 𝐹(#) = 𝐹(#)(𝑧)	and 𝑛 be the eigenfunction and its order of the Sturm-Liouville 

problem associated with the vertical profile of buoyancy frequency 𝑁 = 	𝑁(𝑧) in the ocean to 

read,    

𝜕�((𝜕�𝐹(#))/𝑁D) = −𝐹(#)/(𝑐(#))D,                                 (2.6a) 

∫ (𝐹(#))DA
£VZ[\\[W

𝑑𝑧 = 𝐻345540 ,                                    (2.6b) 

𝜕�𝐹(#) =0 and 𝐹(#) 	> 	0  at 𝑧	 = 0,                                  (2.6c) 

𝐹(#) =0 at 𝑧	 = −𝐻345540,                                         (2.6d) 
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where 𝑐(#) is the speed of nonrotating gravity waves for the n-th baroclinic mode. The wind-

induced force (i.e., the vertical divergence of the turbulent stress) may be decomposed using 

a set of nondimensional coefficients 𝛼(#) associated with the n-th baroclinic mode to read,   

𝜕�(𝜏5ÂÃ32 ) = 𝐴2 ∑ 𝛼(#)𝐹(#)# ,                                             (2.7a) 

𝜕�(𝜏5ÂÃ3
S ) = 𝐴S ∑ 𝛼(#)𝐹(#)# ,                                             (2.7b) 

∑ 𝛼(#)D# = 1,                                                         (2.7c) 

where the symbols 𝐴2 = 𝐴2(𝑡) and 𝐴S = 𝐴S(𝑡)  represent mode-independent amplitudes 

associated with the zonal and meridional directions.  Using (2.6a)–(2.6d) and (2.7a)–(2.7c), 

we revisit the depth integral of the square of each of the zonal and meridional components of 

the wind-induced force to yield,  

∫ (𝜕�(𝜏5ÂÃ32 ))DA
£VZ[\\[W

𝑑𝑧 = (𝐴2)D𝐻345540 ]∑ 𝛼(#)D# a = (𝐴2)D𝐻345540 ,        (2.8a) 

∫ (𝜕�(𝜏5ÂÃ3
S ))DA

£VZ[\\[W
𝑑𝑧 = (𝐴S)D𝐻345540 ]∑ 𝛼(#)D# a = (𝐴S)D𝐻345540 .        (2.8b) 

The set of (2.5a)–(2.5b) and (2.8a)–(2.8b) determines an analytical expression for the mode-

independent amplitudes as follows, 

𝐴2 = 	 𝜏_1#P2 /.𝐻012𝐻345540 ,                                                             (2.9a) 

	𝐴S = 	 𝜏_1#P
S /.𝐻012𝐻345540 .                                                             (2.9b) 

We now project the vertical profile of the wind-induced force based on (2.7a)–(2.7b) to the 

eigenfunction of each baroclinic mode to read,  

∫ (𝜕�(𝜏5ÂÃ32 ))𝐹(#)A
£VZ[\\[W

𝑑𝑧 = 𝐴2𝐻345540𝛼(#) = 𝜏_1#P2 .𝐻345540/𝐻012	𝛼(#),      (2.10a) 

∫ (𝜕�(𝜏5ÂÃ3
S ))𝐹(#)A

£VZ[\\[W
𝑑𝑧 = 𝐴S𝐻345540𝛼(#) = 𝜏_1#P2 .𝐻345540/𝐻012	𝛼(#),     (2.10b) 

where (2.6b) and (2.9a)–(2.9b) have been used. Substitution of (2.3a)–(2.3c) to (2.10a)–

(2.10b) yields an analytical expression for the nondimensional coefficient 𝛼(#)to read,  

𝛼(#) = ∫ 𝐹(#)A
£VWXY

𝑑𝑧/.𝐻345540𝐻012 ,                                       (2.11)   
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which has been estimated in the present study using the set of eigenfunctions associated with 

the climatological annual-mean stratification of the tropical IO (see Fig. 2.3c) to yield 0.35, 

0.44, and 0.27 for the first, second, third baroclinic modes, respectively, as listed in Table 

2.1. 

2.2.3 Definition of nondimensional parameter 𝜶(𝒏)  

The nondimensional parameter 𝛼(#) in (2.1a)-(2.1b) in the main manuscript represents 

the ratio of wind-induced momentum input to the n-th baroclinic mode.  For simplicity, here 

we assume a horizontally uniform ocean and let 𝑢 = 𝑢(𝑧, 𝑡)	and	𝑣 = 𝑣(𝑧, 𝑡) be the zonal and 

meridional components of velocity, respectively. The tendency term and the turbulent mixing 

term in the horizontal component of momentum equations may be written as,  

𝜌A𝜕5𝑢 +⋯ = ⋯+ 𝜕�(𝜏5ÂÃ32 ),                                                        (2.12a) 

𝜌A𝜕5𝑣 +⋯ = ⋯+ 𝜕�(𝜏5ÂÃ3
S ),                                                        (2.12b) 

where 𝜌A is the reference density of seawater. The symbols 𝜏5ÂÃ32 = 𝜏5ÂÃ32 (𝑧, 𝑡) and 𝜏5ÂÃ3
S =

𝜏5ÂÃ3
S (𝑧, 𝑡)	represent vertical stress for the horizontal components of momentum associated 

with wind-induced turbulence in the surface mixed-layer. The present study assumes that the 

turbulent stress has a linear vertical profile at depths in the surface mixed-layer and vanishes 

underneath (Fig. A1a in Supporting Information), 

 𝜏5ÂÃ32 = 𝜏_1#P2 𝑆,                                                                        (2.13a) 

𝜏5ÂÃ3
S = 𝜏_1#P

S 𝑆,                                                                        (2.13b) 

𝑆 = 𝑆(𝑧) 	= 	 Ä𝑧/𝐻012 	+ 1					for	 − 𝐻012 ≤ 	𝑧	 ≤ 0,															
	0																								for − 𝐻345540 ≤ 	𝑧	 < −𝐻012,

            (2.13c) 

where the sea surface is located at 𝑧 = 0. The symbols 𝜏_1#P2 = 𝜏_1#P2 (𝑡) in (2.13a) and 

𝜏_1#P
S = 𝜏_1#P

S (𝑡) in (2.13b) represent the zonal and meridional components of wind stress 

applied at the sea surface, respectively. The vertical divergence of the turbulent stress acts as 

a body force in the momentum equations (2.2a)-(2.2b), which has a stepped vertical profile in 
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the present study (Fig. 2.1b). Namely, both the zonal and meridional components of the 

wind-induced force are vertically constant (𝜏_1#P2 /𝐻012   and 𝜏_1#P
S /𝐻012 , respectively) at 

depths in the surface mixed-layer and vanish underneath. To be useful later in this section, we 

take the depth integral of the zonal and meridional components of the wind-induced force 

(i.e., the vertical divergence of the turbulent stress) to yield 

∫ 𝜕�(𝜏5ÂÃ32 )A
£VZ[\\[W

𝑑𝑧 = (𝜏_1#P2 /𝐻012	)𝐻012 = 𝜏_1#P2 ,                                        (2.14a) 

∫ 𝜕�(𝜏5ÂÃ3
S )A

£VZ[\\[W
𝑑𝑧 = (𝜏_1#P

S /𝐻012)	𝐻012 = 𝜏_1#P
S .                                        (2.14b) 

Likewise, we take the depth integral of the square of each of the zonal and meridional 

components of the wind-induced force to yield 

∫ (𝜕�(𝜏5ÂÃ32 ))DA
£VZ[\\[W

𝑑𝑧 = (𝜏_1#P2 /𝐻012)D𝐻012 = (𝜏_1#P2 )D/𝐻012,                (2.15a) 

∫ (𝜕�(𝜏5ÂÃ3
S ))DA

£VZ[\\[W
𝑑𝑧 = (𝜏_1#P

S /𝐻012)D𝐻012 = (𝜏_1#P
S )D/𝐻012.                (2.15b)  

We shall decompose the wind-induced force, mentioned above, to baroclinic normal 

modes. Let 𝐹(#) = 𝐹(#)(𝑧)	and 𝑛 be the eigenfunction and its order of the Sturm-Liouville 

problem associated with the vertical profile of buoyancy frequency 𝑁 = 	𝑁(𝑧) in the ocean to 

read,    

𝜕�((𝜕�𝐹(#))/𝑁D) = −𝐹(#)/(𝑐(#))D,                                                       (2.16a) 

∫ (𝐹(#))DA
£VZ[\\[W

𝑑𝑧 = 𝐻345540 ,                                                             (2.16b) 

𝜕�𝐹(#) =0 and 𝐹(#) 	> 	0  at 𝑧	 = 0,                                                       (2.16c) 

𝐹(#) =0 at 𝑧	 = −𝐻345540,                                                                     (2.16d) 

where 𝑐(#) is the speed of nonrotating gravity waves for the n-th baroclinic mode. The wind-

induced force (i.e., the vertical divergence of the turbulent stress) may be decomposed using 

a set of nondimensional coefficients 𝛼(#) associated with the n-th baroclinic mode to read,   

𝜕�(𝜏5ÂÃ32 ) = 𝐴2 ∑ 𝛼(#)𝐹(#)# ,                                                               (2.17a) 
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𝜕�(𝜏5ÂÃ3
S ) = 𝐴S ∑ 𝛼(#)𝐹(#)# ,                                                               (2.17b) 

∑ 𝛼(#)D# = 1,                                                                                  (2.17c) 

where the symbols 𝐴2 = 𝐴2(𝑡) and 𝐴S = 𝐴S(𝑡)  represent mode-independent amplitudes 

associated with the zonal and meridional directions.  Using (2.16a)-(2.16d) and (2.17a)-

(2.17c), we revisit the depth integral of the square of each of the zonal and meridional 

components of the wind-induced force to yield,  

∫ (𝜕�(𝜏5ÂÃ32 ))DA
£VZ[\\[W

𝑑𝑧 = (𝐴2)D𝐻345540 ]∑ 𝛼(#)D# a = (𝐴2)D𝐻345540 ,        (2.18a) 

∫ (𝜕�(𝜏5ÂÃ3
S ))DA

£VZ[\\[W
𝑑𝑧 = (𝐴S)D𝐻345540 ]∑ 𝛼(#)D# a = (𝐴S)D𝐻345540 .        (2.18b) 

The set of (2.15a)-(2.15b) and (2.18a)-(2.18b) determines an analytical expression for the 

mode-independent amplitudes as follows, 

𝐴2 = 	 𝜏_1#P2 /.𝐻012𝐻345540 ,                                                             (2.19a) 

	𝐴S = 	 𝜏_1#P
S /.𝐻012𝐻345540 .                                                             (2.19b) 

We now project the vertical profile of the wind-induced force based on (2.17a)-(2.17b) to the 

eigenfunction of each baroclinic mode to read,  

∫ (𝜕�(𝜏5ÂÃ32 ))𝐹(#)A
£VZ[\\[W

𝑑𝑧 = 𝐴2𝐻345540𝛼(#) = 𝜏_1#P2 .𝐻345540/𝐻012	𝛼(#),      (2.20a) 

∫ (𝜕�(𝜏5ÂÃ3
S ))𝐹(#)A

£VZ[\\[W
𝑑𝑧 = 𝐴S𝐻345540𝛼(#) = 𝜏_1#P2 .𝐻345540/𝐻012	𝛼(#),     (2.20b) 

where (2.16b) and (2.19a)-(2.19b) have been used. Substitution of (2.13a)-(2.13c) to (2.20a)-

(2.20b) yields an analytical expression for the nondimensional coefficient 𝛼(#)to read,  

𝛼(#) = ∫ 𝐹(#)A
£VWXY

𝑑𝑧/.𝐻345540𝐻012 ,                                                    (2.21)   

which has been estimated in the present study using the set of eigenfunctions associated with 

the climatological annual-mean stratification of the tropical IO (see Fig. 2.1c) to yield 0.35, 

0.44, and 0.27 for the first, second, third baroclinic modes, respectively, as listed in Table 

2.1. 
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2.3 Results and Discussion 

2.3.1 Simulated results 

We first present a brief overview of the results of our numerical experiments in order 

to understand how they reproduce or differ from the actual variations taking place in the IO. 

Figure 2.2 shows a set of Hovmöller diagrams at the equator for all three baroclinic modes. 

The Wyrtki jets are simulated in the second baroclinic mode (Fig. 2.2c, g) as shown by the 

time evolution of zonal velocity, with eastward wind-forcing peaks present in both April–

June and October–December (contours in the left panels of Fig. 2.3) (Gent et al., 1983, 

Nagura and McPhaden, 2010). The second baroclinic mode has a basin-mode period of 0.46 

years (Table 2.1) and so is able to respond to the semi-annual wind-forcing at the equator. 

While the time evolution of zonal velocity shows more westward propagating signals at the 

equator (color shading in the left panels of Fig. 2.3), the time evolution of the geopotential 

anomaly shows some of eastward propagating signals at the equator (color shading in the 

right panels of Fig. 2.3). The significance of simulated Yanai waves (also known as mixed 

RGWs) (Yanai and Maruyama, 1966) may be verified by looking at the time evolution of the 

meridional velocity (contours in the right panels of Fig. 2.3) in which these waves are shown 

to be less relevant than RWs and KWs in the equatorial region of our model experiments. 

Hereafter our explanation focuses on either KWs or RWs.  

The horizontal distributions of experimental results for the second baroclinic mode 

(Fig. 2.1) illustrate the annual variations taking place in the IO. The model results reproduce 

the SC along the African coasts. The variations of the SC are related to the interactions in the 

tropical-extratropical IO.  The results also illustrate how a large-scale monsoon leads to the 

formation of the SC. In boreal winter along the African coasts (Fig. 2.1a), the southward 

signals of the SC originate from the NMC while the northward signals of the EACC originate 

from the SEC (SM01; Schott, 1986; Nagura and Masumoto, 2015). These equatorward 
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boundary currents meet each other around the equator to turn eastward as the SECC (Düing 

and Schott, 1978; Swallow et al., 1991), in such a way as to relax negative geopotential 

anomaly in the western equatorial region (Fig. 2.1b). With the onset of the boreal summer 

monsoon, southwesterly winds induce a strong northward EACC flowing along the African 

coasts (Fig. 2.1e). As this crosses the equator, it turns offshore and starts to flow eastward 

towards the Arabian Sea. The southwesterly winds give rise to coastal upwelling near the 

African coasts, as shown by negative geopotential anomaly in Fig. 2.1f. These results 

demonstrate that several of the basic features of the climatological circulation and wave 

evolution in the IO have been captured by our model experiments. 

2.3.2 Transfer routes of wave energy 

We have analyzed the directionality of wave group velocity vectors in order to 

understand the transfer routes of wave energy throughout the IO. Figure 2.4 shows energy 

flux vectors associated with the second baroclinic mode (left panels), and the third baroclinic 

mode (right panels), all of which have been calculated by applying an annual average to all 

100 snapshots during the 20th year of model integrations. This figure allows us to compare 

the performance of the pressure-flux scheme, the OS93 scheme, and the AGC17 scheme. The 

pressure-flux scheme (Fig. 2.4a, b) does not show the westward transfers of wave energy 

associated with mid-latitude RWs, while the OS93 scheme (Fig. 2.4c, d) cannot reveal energy 

fluxes in the vicinities of the equator or coastlines. In contrast, the AGC17 scheme (Fig. 2.4e, 

f) is able to show both westward energy fluxes associated with mid-latitude RWs and 

eastward energy fluxes associated with equatorial KWs. The AGC17 scheme is also able to 

identify the equatorward energy fluxes along the coastlines of the African continent. 

Contours in Fig. 2.4 show an annual-mean input of wave energy by wind-forcing. The wind 

input has a positive peak north of the equator at around 85°E in both second and third 

baroclinic modes (see contours in Fig. 2.4). This result indicates that mid-latitude RWs in this 



 28 

region are revived by local wind-forcing. The wind input shows alternating signals in the 

other regions, owing to the phase relationship between waves and annual forcing. Further 

details of the wind input are provided later in the manuscript.  

Based on this annual-mean analysis (Fig. 2.5a, b), our results suggest the presence of 

two sets of cyclonic circulations of wave energy in each hemisphere (green arrows in Fig. 

2.5c). These are listed as:  

• Localized cyclonic circulation close to the African coasts. 

• Large-scale cyclonic circulation in the eastern side of the basin. 

Near the western boundary of the IO, the seasonal variations of both the SC and the EACC 

generate equatorward energy fluxes along the African coasts, forming a localized cyclonic 

energy circulation in each hemisphere. Identification of this energy circulation has been 

facilitated by the fact that the AGC17 scheme has the advantage of satisfying the coastal 

boundary conditions. Thus the AGC17 scheme generates no energy flux in the direction 

normal to model coastlines, which stands in contrast to the OS93 scheme. The net 

equatorward transports of wave energy at the western boundary of the IO in the northern and 

southern hemispheres have been estimated as –3.59 and 2.07 GW (giga watts), respectively. 

As equatorial KWs arrive at the eastern boundary, they bifurcate polewards along the coasts 

of the Indonesian Peninsula and Islands and then radiate mid-latitude RWs to form a basin-

scale cyclonic circulation of wave energy in each hemisphere (Fig. 2.5a–c). The net 

transports of wave energy bifurcating northward and southward at the eastern boundary of the 

IO have been estimated as –0.87 and 0.96 GW, respectively. These values indicate that about 

1/3 (≈ (0.87+0.96)/(3.59+2.07)) of the wave power from the western boundary continues 

eastward across the zonal extent of the IO at the equator. The northward branch at the eastern 

boundary reaches the Andaman Sea, and then turns westward into the Bay of Bengal, while 

the southward branch at the eastern boundary reaches the coasts of Australia, and then turns 
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northwestwards into the southern IO. The distribution of the energy-flux divergence (color 

shading in Fig. 2.5d) shows meridionally alternating signals that correspond to the 

distribution of wave energy input by wind forcing (Fig. 2.5e). The energy-flux divergence is 

nearly zero in the eastern equatorial regions (Fig. 2.5d), indicating that KW energy is 

transferred polewards rather than dissipated locally. Indeed, energy dissipation is significant 

near the western boundaries where the horizontal scale of the disturbances is relatively small, 

owing to the presence of coastal currents (Fig. 2.5f). The details of these issues will be 

investigated in a future study based on both regional statistics and model intercomparisons.  

The eastward energy fluxes along the equator in Fig. 2.4 are attributed to equatorial 

KWs. These warrant further investigation because eastward propagating signals are less 

pronounced in both the Hovmöller diagrams of zonal velocity and geopotential anomaly (i.e. 

raw quantities from the model output) in Fig. 2.3. We have computed the energy quantities 

without a time average to analyze the time evolution of energy flux at the equator and at 5°N, 

as shown in Fig. 2.6. The AGC17 scheme can identify the eastward transfers of wave energy 

that are consistent with the group velocity of equatorial KWs (see solid blue lines in Fig. 2.6). 

In relation to the seasonal evolution in the second baroclinic mode (Fig. 2.6c), eastward 

signals are found to culminate (four times per year with a maximum in April–May) when 

zonal velocity exhibits eastward and westward peaks as dictated by the monsoon winds. The 

timings of wind input at the equators (see contours in Fig. 2.6c) are such as to intensify the 

eastward energy fluxes associated with equatorial KWs in the central basin. Signals 

indicating eastward energy fluxes are found to span the full zonal extent of the tropical IO, 

which may be traced back to the reflection of RWs at the western boundary. For the first and 

third baroclinic modes, eastward signals can be recognized in the eastern and western regions 

of the basin, respectively. In the western basin, all three baroclinic modes indicate wave 

energy input by wind forcing, with semi-annual peaks that are attributed to the influence of 



 30 

the monsoon. This wind forcing near the African coast modulates strengths among four KW 

beams in a year. 

Likewise, when used without a time average, the AGC17 scheme can identify the 

westward transfers of wave energy that are consistent with the group velocity of both long 

equatorial RWs (see solid blue lines in the left panels of Fig. 2.6) and mid-latitude/off-

equatorial RWs (the right panels of Fig. 2.6). Overall, the westward energy fluxes (appearing 

four times per year) are less powerful than the eastward energy fluxes. Equatorial RWs in the 

western basin originate from wind input in the central basin. Namely wind input at the 

equator induces both KWs and RWs at the same time. The fact is that KWs reflected from the 

western boundary arrive at the central basin at times of wind input is explained by the basin 

mode period of about half a year in the second baroclinic mode. Figure 2.6 clearly resolves 

both wave reflection at the western boundary and wave diffraction at the eastern boundary. 

The wind input at 5°N (contours in Fig. 2.6d) is more significant than at the equator (contours 

in Fig. 2.6c) in the central basin, the former of which corresponds to the wind input peak 

surrounding the Maldives (from 60°E to 80°E) in the horizontal distribution based on an 

annual average (color shading in Fig. 2.5e). The presence of wind input in this region may be 

confirmed by positive signals in the energy-flux potential (contours in Fig. 2.5d). These 

results illustrate how oceanic waves are linked to each other and where these waves originate 

from. Reflection and diffraction at the zonal boundaries yield the cyclonic circulations of 

wave energy in each hemisphere, and in turn these lead to tropical-extratropical exchanges of 

wave energy.  

2.4 Conclusion 

The exchange of wave energy in tropical-extratropical regions has so far remained 

poorly understood owing to the lack of appropriate diagnostic techniques. The present study 

has compared three diagnostic schemes to identify the transfer routes of wave energy that 
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theoretically follow group velocity vectors. The pressure-flux scheme cannot represent the 

westward energy flux of mid-latitude RWs, the quasi-geostrophic scheme can be used for 

mid-latitude RWs though not for equatorial KWs or coastal regions. Only the AGC17 scheme 

has enabled a unified treatment of RWs and KWs, and thus allowed us to determine the 

horizontal transfer routes of wave energy with a smooth transition between tropical and 

subtropical regions. We conclude that the AGC17 scheme is the most appropriate for tracing 

the processes of reflection and diffraction of all waves and at all latitudes, while also 

satisfying the coastal boundary conditions. 

This is the first time that the new seamless diagnostic scheme for tracing wave-energy 

fluxes has been used to investigate realistic circulations and waves in the IO. We have 

focused here on the well-defined seasonal variations associated with the monsoon, and 

performed a set of shallow-water model experiments using climatological wind-forcing. In 

the Hovmöller diagrams of both zonal velocity and geopotential anomaly at the equator (Fig. 

2.3), eastward signals related to KWs are less pronounced while westward signals related to 

RWs are clearly revealed. Near the western boundary of the IO, the seasonal variations of 

both the SC and EACC are found to generate equatorward energy fluxes along the African 

coasts, forming a previously undetermined localized cyclonic energy circulation in each 

hemisphere. About 1/3 of this western-boundary wave power continues eastward across the 

zonal extent of the IO at the equator. Near the eastern boundary of the IO, the incoming 

signals of equatorial KWs bifurcate polewards along the coasts of the Indonesian Peninsula 

and Islands and then transmit mid-latitude RWs, forming a basin-scale cyclonic energy 

circulation in each hemisphere. Application of the AGC17 scheme without a time average 

yields eastward transfers of wave energy associated with KWs that are consistent with the 

theoretical value of group velocity. Interestingly, the eastward energy fluxes of equatorial 

KWs appear when zonal current anomalies exhibit eastward and westward peaks (four times 
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per year in response to the cycle of the monsoon winds) with a maximum in April–May. The 

details of these issues will be investigated in a future study based on both regional statistics 

and model intercomparisons. For example, the impact of the Indonesian Throughflow on 

wave energetics presents an important challenge for the future. Our analysis of annual and 

semi-annual waves provides a basis for a future investigation of waves that vary on 

interannual timescales and so should lead to a better understanding of tropical-extratropical 

interactions during, for example, periods when the IO Dipole is active. Such research 

themes/topics have a direct relevance to the issue of climate variation. 
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Table 2.1 List of experiment parameters. The basin-mode period is defined as 4𝐿/𝑐(#) where 

𝐿= 6110 km is the zonal distance of the Indian Ocean at the equator (from 45°E–100°E). The 

wind-coupling thickness is defined as .𝐻012𝐻345540/𝛼(#). 

 

baroclinic mode 1st  2nd  3rd  

gravity wave speed (m/s) 2.99  1.69 1.03 

equatorial deformation radius (km)  362  272 212 

equatorial inertial period (day) 8.8  11.7 15.0 

basin-mode period (year)  0.26 0.46 0.75 

𝛼(#) (non-dimensional) 0.35 0.44 0.27 

wind-coupling thickness (m)  1264 991 1653 
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Figure 2.1 Schematic illustration for the vertical profiles of quantities associated with 

momentum input by wind forcing. (a) Idealized vertical stress caused by three-dimensional 

turbulence in the surface mixed-layer where 𝐻012  is the mixed-layer depth. (b) The vertical 

divergence of the turbulent stress that may be interpreted as a vertically stepped body force to 

the horizontal component of momentum. (c) Eigenfunctions associated with the first (red 

line), second (green line), and third (blue line) baroclinic modes in the tropical Indian Ocean, 

calculated by solving the Sturm-Liouville problem. 

z = 0

z = -Hmix

(a) stress (b) divergence of stress (c) eigenfunction
mode 1
mode 2
mode 3
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Figure 2.2 Snapshots in the middle of (a, b) January, (c, d) April, (e, f) July, and (g, h) October during 

the 20th year of the model experiment for the second baroclinic mode. Left panels: simulated velocity 

vectors with the magnitude being indicated by either the length of arrows (for ranges less than 

0.05

0.05
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0.05	m/s) or thick arrows with a constant length (for greater ranges) and the zonal component of 

simulated velocity (color shading with a unit of meter per second). Contours in the left panels show 

the zonal component of wind stress (solid and dotted contours for eastward and westward anomalies, 

respectively, with an interval of 0.02	N/m2). Right panels: simulated geopotential anomaly (color 

shading with a unit of meter per second, rescaled as 𝑝(#)/𝑐(#) to follow the definition of gravitational 

potential energy) and the PV-inverted function calculated from Eq. (16b) (solid and dotted contours 

represent positive and negative values, respectively, with an interval of 2,000 m2/s). The PV-inverted 

function may be interpreted as geostrophic stream function in off-equatorial regions. 
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Figure 2.3 Hovmöller diagrams at the equator for the results of model experiments 

associated with (a, b) the first baroclinic mode, (c, d) the second baroclinic mode, and (e, f) 

the third baroclinic mode. Left panels (a, c, e): the zonal component of simulated velocity 

(color shading with a unit of m/s) and the zonal component of wind stress (solid- and dotted-

contours for positive and negative values, respectively, with an interval of 0.01 N/m2) as the 

part of the model forcing. Right panels (b, d, f): simulated geopotential anomaly (color 
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shading with a unit of m/s, rescaled as 𝑝(#)/𝑐(#) to follow the definition of gravitational 

potential energy) and the meridional component of simulated velocity (solid- and dotted-

contours represent positive and negative values, respectively, with an interval of 0.02 m/s). 

Blue-solid lines indicate the theoretical phase speeds of both KWs and equatorial long RWs 

for each baroclinic mode. 
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Figure 2.4 Arrows: energy flux vectors estimated using (a, b) the pressure flux scheme, (c, d) 

the Orlanski and Sheldon scheme, and (e, f) the Aiki, Greatbatch, and Claus scheme (level-2) 

with magnitude being indicated by either the length of arrows (for ranges less than 2000 

W/m) or thick arrows with a constant length (for greater than 2000 W/m). Left panels (a, c, 

e): the second baroclinic mode. Right panels (b, d, f): the third baroclinic mode. Color 

shading shows the zonal component of energy flux with a unit of W/m. Contours indicate 

wave energy input by wind-forcing (solid- and dotted-contours for positive and negative 

2000

2000

2000

2000
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values, respectively, with an interval of 0.002 W/m2). All quantities in all panels have been 

calculated using an annual average. 
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Figure 2.5 Energy quantities based on an annual average and the sum of fundamental three 

baroclinic modes. (a) Energy flux vectors with magnitude indicated by either the length of 

arrows (for ranges less than 2000 W/m) or thick arrows with a constant length (for greater 

ranges) and the zonal component of the energy flux (color shading with a unit of W/m) that 

have been estimated using the AGC17 scheme (level-2). (b) Same as (a) except for color 

shading showing the meridional component of the energy flux. (c) Energy-flux 

streamfunction 𝑅 (color shading with a unit of 109	W= giga watts), with four numbers 
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indicating locally peak values. Green arrows in (c) represent schematic illustrations for the 

cyclonic circulations of wave energy in each hemisphere. (d) Energy-flux divergence and 

energy-flux potential 𝐷 (solid- and dotted-contours for positive and negative values, 

respectively, with an interval of 108 W= 0.1 giga watts), (e) energy input rate by wind forcing 

calculated from Eq. (1.1c), and (f) energy dissipation rate calculated from Eq. (1.1d) (color 

shading with a unit of W/m2). Solid- and dotted-contours in (f) indicate dissipation rates of –

10-3and –10-4	W/m2, respectively. Spatially integrated values of the dissipation rate are noted 

for the boxed subdomains in (f). 
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Figure 2.6 Hovmöller diagrams at the equator (left panels) and at 5°N (right panels) for the 

results of model experiments associated with (a, b) the first baroclinic mode, (c, d) the second 

baroclinic mode, and (e, f) the third baroclinic mode. Color shading shows the zonal 

component of the energy flux (color shading with a unit of W/m) computed using the AGC17 

scheme (level-2) without a time average.  Solid blue lines in the left panels indicate the 



 44 

theoretical phase speeds of both KWs and equatorial long RWs for each baroclinic mode. 

Contours show energy input by wind-forcing (solid- and dotted-contours for positive and 

negative values, respectively, with an interval of 0.002 W/m2).  
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Chapter 3 

The vertical structure of annual wave energy flux in the 

tropical Indian Ocean 

3.1 Introduction 

In the tropical regions, the dynamics of the atmosphere-ocean interactions dictating 

the growth and morphology of large-scale surface currents strongly depend on subsurface 

oceanic structure. In turn, variability in the surface currents themselves can induce deep and 

persistent flows which remain trapped along the equator (Luyten and Swallow, 1976; Hayes 

and Milburn, 1979; McCreary, 1984; Rothstein et al., 1985; Kessler and McCreary, 1993; 

Dewitte and Reverdin, 2000). In the central equatorial IO, wind forcing develops on a 

semiannual timescale. Further to the west and in the regions off equator, the monsoonal phase 

transition produces a seasonal cycle in wind forcing (Reppin et al., 1999; Schott and 

McCreary, 2001). The former semiannual wind forcing induces equatorial KWs with a 

downwelling phase in the surface layer in both boreal spring and autumn and a corresponding 

upwelling phase in both boreal winter and summer, leading to an eastward transfer of wave 

energy four times per year (Li and Aiki, 2020, hereafter LA20). Striking the eastern boundary 

of the tropical IO, KWs are first retro-reflected, then diffracted poleward and subsequently 

radiate westward-propagating equatorial and midlatitude RWs (Mark and Huang, 2004; Han, 

2005; Fu, 2007). 

Previous studies have investigated the vertical propagation of equatorial KWs and 

RWs in the Pacific and Atlantic Oceans on intraseasonal to interannual time scales 

(McPhaden, 1982; Lucas and Firing, 1985; McPhaden and Ripa, 1990; Kessler and 

McCreary, 1993; Brandt and Eden, 2005; Thierry et al., 2006; Ishizaki et al., 2014). 

Vertically propagating waves are also observed in the tropical IO. Owing to the dominance of 
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semiannual wind forcing, variability in mid-depth of the equatorial IO below the main 

pycnocline is characterized by semiannual variability (Luyten and Roemmich, 1982; Nagura 

and McPhaden, 2016; Huang et al., 2018a, 2018b; Zanowski and Johnson, 2019; Chen et al., 

2020). They consist of equatorial KWs and long RWs, which carry energy to the east and to 

the depth, and to the west and to the depth, respectively. Waves are reflected at the eastern 

and western boundaries of the IO, and boundary generated waves further propagate 

downward (Nagura and McPhaden, 2016; Huang et al., 2020). In particular, mooring 

observations in the southern Bay of Bengal (SBoB) at 5°N, 90.5°E show a robust half-year 

cycle between 200 and 1200 m depth (Huang et al., 2019). The subsurface mooring at the 

same location used in Chen et al. (2017) reveals remarkable intraseasonal meridional currents 

across SBoB that are attributed to westward-propagating RWs. In the off-equatorial region, 

variability below the pycnocline has annual periodicity, owing to the predominance of annual 

wind forcing related to monsoon (Johnson, 2011; Nagura, 2018; Huang et al., 2020).  

These previous studies examined vertical propagation of waves using ray tracing 

technique and/or vertical mode decomposition. Ray tracing technique requires the assumption 

that the WKB approximation is valid, i.e., the vertical scale of variation in buoyancy 

frequency is larger than vertical wavelength of waves. This assumption is generally satisfied 

below the pycnocline, but not in and above the pycnocline. Owing to this, energy propagation 

cannot be traced from the surface, where winds excite wave energy, to the depth below the 

pycnocline using ray tracing technique. This raises an essential difficulty in interpreting the 

generation mechanism of mid-depth waves. Vertical mode decomposition does not require 

such an assumption, but vertically propagating waves consist of multiple baroclinic modes, 

and examination of each baroclinic mode is not informative about vertical propagation. An 

alternative is sensitivity experiments using a numerical model, but this method is relatively 

expensive computationally. 
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These problems can be solved by the use of energy flux newly defined by Aiki et al. 

(2017; hereafter AGC17) and Aiki et al. (2021; hereafter JAS21). Their scheme does not use 

the WKB approximation and is applicable seamlessly to depths above, in and below the 

pycnocline. It does not require quasi-geostrophy and covers variability both in the equatorial 

and subtropical regions. It does not require Fourier transform either and thus can be used in 

coastal regions. The scheme is diagnostic and provides a computationally cheaper way 

compared to sensitivity experiments using an elaborated numerical model. The AGC17 

scheme allowed Ogata and Aiki (2019), LA20, Song and Aiki (2020), and Toyoda et al. 

(2021) to obtain wholly new perspectives on the horizontal transfer routes of waves in the 

tropical oceans. We extend their work to a three-dimensional system and describe vertical 

wave propagation.  

The depth-dependent version of the seamless AGC17 scheme has not been applied to 

the analysis of oceanic waves before the present study. Our initial focus will mainly be on 

seasonal variability in the IO, while interannual variations will be investigated in future work. 

The manuscript is laid out in the following fashion: section 3.2 describes the formulation of 

an adopted model, method for energy flux computation and temporal and spatial 

characteristics of simulated fields. Section 3.3 provides an analysis of the vertical structure of 

energy fluxes associated with KWs and RWs, while section 3.4 gives a summary of the main 

results.  

3.2 Materials and methods 

AGC17 employed a single-layer system based on the shallow-water equations to 

derive depth-independent expressions of the energy flux. As it has the advantage of a smooth 

tropical-subtropical transition, the AGC17 scheme can effectively determine the horizontal 

distribution of energy flux pointing in the direction of group velocity of waves. JAS2021 

have extended the formulation of AGC17 to cover the case of a baroclinic system in the 
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atmosphere. Their essential contribution is the derivation of the exact expression of the 

vertical component of energy flux (this is not described in the present manuscript). The 

expressions given below for the horizontal component of depth-dependent energy flux 

represent a straightforward extension of the content of AGC17 and are summarized below by 

the adoption of an oceanic framework that the general reader should find convenient. 

3.2.1 Model set-up 

We simulated climatological variability in the IO using a linear ocean model (LOM).  

The model has been discretized in a spherical coordinate system with a grid spacing of (1/4)° 

in both zonal and meridional directions. The model domain extends from 35°–120°E and 

from 25°S–20°N and adopts realistic coastlines except for the lack of connection to the 

Southern Ocean and the Pacific Ocean. The LOM is written for the development of zonal 

velocity 𝑢(#)(𝑥, 𝑦, 𝑡), meridional velocity 𝑣(#)(𝑥, 𝑦, 𝑡), and geopotential Φ(#)(𝑥, 𝑦, 𝑡) 

associated with the generic n-th baroclinic mode. For each baroclinic mode these are related 

through  

𝑢5
(#) − 𝑓𝑣(#) + Φ2

(#) = 𝛼(#) ÏY

»¼.VWXYVZ[\\[W
+ SGS2,                        (3.1a) 

𝑣5
(#) + 𝑓𝑢(#) + ΦS

(#) = 𝛼(#) ÏÒ

»¼.VWXYVZ[\\[W
+ SGSS,                       (3.2b) 

Φ5
(#) + (𝑐(#))D(𝑢2

(#) + 𝑣S
(#)) = 0,                                     (3.3c) 

where horizontal and temporal partial derivatives are denoted by subscripts x, y and t 

respectively. f denotes the Coriolis coefficient. 𝜌A = 1027 kg/m3 is the reference value of 

water density. The vector (𝜏2, 𝜏S) represents wind stress. The mode-dependent parameters 

𝛼(#) and 𝑐(#) have been calculated in the present study using the climatological annual-mean 

stratification of the tropical IO (explained later in this section). The definition of 𝛼(#) is 

described in detail in section 2.2.3. The values of 𝛼(#) and 𝑐(#) used in the present study are 
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given in Table 3.1. The present study defines the mixed layer depth as the depth where 

temperature is lower than the surface by 0.2°C and calculated it using Argo float data. From 

the resulting annual mean of mixed layer depth in the tropical IO, we set 𝐻012 = 35	𝑚. 

𝐻345540= 5500 m represents the reference depth of the bottom of the ocean in the tropical IO. 

The subgrid-scale terms, which are labelled as SGS in (3.1a) and (3.1b), indicate the effect of 

lateral eddy viscosity applying the Smagorinsky et al. (1965) scheme with a nondimensional 

coefficient of 0.1 after squaring. 

Reconstruction of vertical profile based on the output of LOM is done by using the 

eigen vectors, as in previous studies. While LA20 executed a series of numerical experiments 

focusing on the first three baroclinic modes which assumed no motion at the bottom, the 

present study has investigated the first six baroclinic modes under the assumption of a free-

slip bottom boundary (Chelton and Schlax, 1996; see below). The first six modes explain 

about 80% of baroclinic kinetic energy fraction in the equatorial regions of a global ocean 

reanalysis, as shown by Fig. 1 in Toyoda et al. (2021). The Sturm-Liouville equation for the 

baroclinic normal-mode decomposition associated with a stratified ocean may be written as  

	(𝐹�
(#)/𝑁D)� =

£¡
(Ó(U))Ô

𝐹(#),                                              (3.2) 

where 𝐹(#) = 𝐹(#)(𝑧) and 𝑐(#)are the eigenfunction and non-rotating gravity wave speed, 

respectively, of the n-th baroclinic mode. The symbol 𝑁 = 𝑁(𝑧) in (3.2) is the buoyancy 

frequency which we have given based on the vertical profiles of climatological annual mean 

salinity and temperature in the tropical IO (20°S–20°N, 40°E–110°E) from the World Ocean 

Atlas. We have solved (3.2) using a Neumann boundary condition, 𝐹�
(#) = 0, at both the 

surface and bottom of the ocean and obtained 𝑐(#) =2.63 m/s, 1.57 m/s, 0.956 m/s, 0.706 

m/s, 0.557 m/s, 0.467 m/s for the first six baroclinic modes. The vertical profiles of the 

eigenfunctions are shown in Fig. 3.1 where ∫ (𝐹(#))DA
£VZ[\\[W

𝑑𝑧 = 𝐻345540 and bottom depth 
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𝐻345540 = 5500 m. The parameter 𝛼(#) of wind forcing partition in (3.1a)–(3.1b) has been 

determined in the same manner as that in LA20. 

McCreary (1984) demonstrated that the vertical propagation related to equatorial 

waves can be described by the sum of baroclinic modes. The present study has reconstructed 

the vertical structure of the tropical IO by using the results of model experiment associated 

with fundamental six baroclinic modes. Quantities in the depth coordinate, such as 

geopotential Φ(𝑥, 𝑦, 𝑧, 𝑡), zonal velocity 𝑢(𝑥, 𝑦, 𝑧, 𝑡), meridional velocity 𝑣(𝑥, 𝑦, 𝑧, 𝑡), and 

vertical velocity 𝑤(𝑥, 𝑦, 𝑧, 𝑡), are obtained as,  

Φ(𝑥, 𝑦, 𝑧, 𝑡) = ∑ Φ(#)(𝑥, 𝑦, 𝑡)𝐹(#)(𝑧)# ,                                   (3.3a) 

𝑢(𝑥, 𝑦, 𝑧, 𝑡) = ∑ 𝑢(#)(𝑥, 𝑦, 𝑡)𝐹(#)(𝑧)# ,                                   (3.3b) 

𝑣(𝑥, 𝑦, 𝑧, 𝑡) = ∑ 𝑣(#)(𝑥, 𝑦, 𝑡)𝐹(#)(𝑧)# ,                                   (3.3c) 

𝑤(𝑥, 𝑦, 𝑧, 𝑡) = ∑ £¡
ÕÔ
[ �
�5
Φ(#)(𝑥, 𝑦, 𝑡)][ �

��
𝐹(#)(𝑧)]# ,                        (3.3d) 

and have been applied to each of the 100 snapshots obtained from the final year of model 

output. 

The LOM model yields both the three-dimensional and baroclinic-mode profiles of 

velocity vector and geopotential, that is aimed at facilitating our analysis of simulated wave 

dynamics. This kind of model has been used by previous studies to examine vertical 

propagation of waves (Huang et al., 2018a, 2019, 2020; Chen et al., 2020) and is dynamically 

consistent with our formulation of energy flux that is derived from linear equations. The wind 

forcing for the model is derived from the 10-m wind data of the European Centre for 

Medium-Range Weather Forecasts Re-analysis (ECMWF ERA-40) by applying the Large 

and Pond (1981) bulk formula to wind data from September 1957 to August 2002. While the 

experiments described in LA20 assumed no motion near the ocean bottom and examined the 

first three baroclinic modes, here we assume a free-slip bottom boundary condition (Chelton 

and Schlax, 1996) as in traditional studies and focus on the first six baroclinic modes. This 
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change of model setup is required in order to investigate the vertical propagation of waves in 

the present study. Each of our six numerical experiments involved integration over a period 

of 20 years (inclusive of the spin-up phase from a state of no motion). Investigation of the 

fundamental baroclinic modes begins when the system reaches a confirmed climatological 

equilibrium. The subsequent analysis is then based on the final 100 “snapshots” of model 

output. Since these are separated by 3.65 days, we make use of data from the last year of each 

run. Below, all results are shown in the depth coordinate, which are reconstructed from the 

model outputs of the first six baroclinic modes. The result of the LOM experiment is justified 

in the next subsection by comparing with the output from a high-resolution climatological 

Ocean General Circulation Model (OGCM) simulation for the semi-global ocean. We have 

used monthly current and wind stress data derived from the OGCM For the Earth Simulator 

(OFES) forced by National Centers for Environmental Prediction winds (Masumoto et al., 

2004). OFES is on the basis of Modular Ocean Model version 3. The output is monthly mean 

during the last six years (from 45yr to 50yr) of 50-year climatological integration with a 

horizontal resolution of 0.1° × 0.1°	and 54 vertical levels. 

3.2.2 Diagnostic scheme of wave energy flux 

In order to investigate the vertical structure of energy transfers, we aim to derive 

depth-dependent expressions of energy flux. We use the primitive equations for a Boussinesq 

fluid on an equatorial 𝛽-plane (Gill, 1982) appropriate for linear waves propagating in a 

rotating frame of reference and with zero mean flow. Let 𝑥,	𝑦,	𝑧,	and 𝑡 define independent 

variables in a Cartesian co-ordinate system and increase eastward, northward, and vertically 

upward respectively. The quantities 𝑢,	𝑣 and	𝑤 represent the corresponding three-

dimensional components of velocity (a full list of variables is given in Table 2). The 

equations may then be written as, 
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𝜕𝑢
𝜕𝑡 − 𝑓𝑣 +

𝜕Φ
𝜕𝑥 = 0,																																																														(3.4a) 

𝜕𝑣
𝜕𝑡 + 𝑓𝑢 +

𝜕Φ
𝜕𝑦 = 0,																																																														(3.4b) 

𝜕Φ
𝜕𝑧 = −𝑔

𝜌
𝜌A
,																																																																									(3.4c) 

𝑤 =
−1
𝑁D

𝜕DΦ
𝜕𝑧𝜕𝑡 ,																																																																							(3.4d) 

𝑁D = −
𝑔
𝜌A
𝑑�̅�
𝑑𝑧 ,																																																																						(3.4e) 

𝜕𝑢
𝜕𝑥 +

𝜕𝑣
𝜕𝑦 +

𝜕𝑤
𝜕𝑧 = 0,																																																														(3.4f) 

where 𝑓 = 𝑓A + 𝛽𝑦 is the Coriolis parameter, Φ = Φ(𝑥, 𝑦, 𝑧, 𝑡) corresponds to geopotential, 

and 𝜌 = 𝜌(𝑥, 𝑦, 𝑧, 𝑡) is the perturbation of potential density. The symbols 𝑁 = 𝑁(𝑧) and 𝑔 

are the buoyancy frequency and the acceleration owing to gravity, respectively. The symbols 

𝜌A and �̅�(𝑧) represent the reference density and the background density, respectively. 

Manipulation of (3.4a)–(3.4f) yields a prognostic equation for potential vorticity (PV: 

symbolized as 𝑞) to read  

𝜕
𝜕𝑡 |

𝜕𝑣
𝜕𝑥 −

𝜕𝑢
𝜕𝑦 +

𝜕
𝜕𝑧 }

𝑓
𝑁D

𝜕Φ
𝜕𝑧 ~������������������

≡�

+ 𝑣𝛽 = 0.																																						(3.5) 

This relation is generally applicable for waves at all latitudes, such as midlatitude RWs, 

midlatitude IGWs, and equatorial waves [i.e. equatorial RWs and IGWs, equatorial RGWs 

(i.e., Yanai waves) and equatorial KWs (Matsuno, 1966; Yanai and Maruyama, 1966), if we 

applied it to an equatorial 𝛽-plane (𝑓A =	0)]. Equatorial KWs (i.e., 𝑣 = 0) are characterized 

by 𝑞 = 0. From (3.4a)–(3.4c), the wave energy density may be represented in prognostic 

fashion by 

𝜕
𝜕𝑡
1
2
�𝑢D + 𝑣D +

1
𝑁D }

𝜕Φ
𝜕𝑧 ~

DJJJJJJJJJJJJJJJJJJJJJJJJJJ
� + 
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           ∇ ∙ 〈〈𝑢ΦJJJJ, 𝑣ΦJJJJ, 𝑤ΦJJJJJ〉〉 = 0,																																																						(3.6a) 

where ∇≡ 〈〈 �
�2
, �
�S
, �
��
〉〉 and the overbar signifies phase-averaging (i.e., for a sinusoidal wave, 

�̅� = 0 for 𝐴= 𝑢, 𝑣, 𝑤	and Φ), or low-pass time filtering (considering this case we retain the 

local time derivative in (3.6a), thereby permitting slow time variations in the general case). 

The energy flux vector in (3.6a) 

UΦJJJJJ = 〈〈𝑢ΦJJJJ, 𝑣ΦJJJJ,𝑤ΦJJJJJ〉〉,																																																									(3.6b) 

is codirectional with the group velocity of midlatitude IGWs in the atmosphere and ocean 

(Gill, 1982). However, the energy flux of (3.6b) is not aligned with the group velocity of 

midlatitude RWs (Longuet-Higgins, 1964).  

In order to obtain an expression of the energy flux that is codirectional with group 

velocity of all wave types, AGC17 (and also JAS2021) have revisited the equations to define 

energy flux of both equatorial and midlatitude waves. The derivation is briefly described 

below using linear waves on an equatorial 𝛽-plane and zero mean flow. Let 𝑘, 𝑚 and 𝜔 be 

zonal and vertical wavenumbers and wave frequency. The zonal component of group velocity 

of equatorial waves may be written as  

𝜕𝜔
𝜕𝑘 =

2𝜔D + 𝜔/𝑘
2𝜔�𝑚D/(𝑘𝑁D) + 1 ,																																																							(3.7) 

which has been written in a dimensional form and m denotes vertical wavenumber.  

The group velocity times wave energy density is rewritten in a depth-dependent 

framework as,  

𝜕𝜔
𝜕𝑘

1
2
�𝑢D + 𝑣D +

1
𝑁D }

𝜕Φ
𝜕𝑧 ~

DJJJJJJJJJJJJJJJJJJJJJJJJJJ
� = 𝑢ΦJJJJ +

𝜕
𝜕𝑦 

Φ𝜑JJJJJ
2 +

1
𝛽
𝜕D𝑢
𝜕𝑡D 𝜑
JJJJJJJJ

® ,																																			(3.8a) 

𝜑 ≡
−𝑣

𝑘 + 2𝜔�𝑚D/(𝛽𝑁D) ,																																																				(3.8b) 

where the scalar quantity 𝜑 may be referred to as pseudo-streamfunction and the subscript 𝜇 

signifies partial derivative with respect to wave phase. We note that, for any type of 
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equatorial waves, there is a precise identity between the meridional profile of zonal energy 

flux on the right hand side of (3.8a) and the quantity (𝜕𝜔/𝜕𝑘)(𝑢D + 𝑣D + Φ�
D/𝑁DJJJJJJJJJJJJJJJJJJJJJJJ)/2, which 

is illustrated in JAS2021. The definition of 𝜑 in (3.8b) makes use of a Fourier expansion. In a 

depth-dependent form, (3.8b) can be reformulated such that the parameters 𝑘, 𝑚 and 𝜔 are 

absent, which yields an inversion equation for PV to read 


𝜕D

𝜕𝑥D +
𝜕D

𝜕𝑦D®𝜑 +
𝜕
𝜕𝑧
³}
1
𝑁D~

𝜕
𝜕𝑧 𝑓

D𝜑 + 3
𝜕D

𝜕𝑡D 𝜑®
´ = 𝑞,																							(3.9a) 

where 𝑞 has been defined in (3.5). The three-dimensional components of wave energy flux 

are written in a vector form as,  

UΦJJJJJ + 〈〈
𝜕
𝜕𝑦 

Φ𝜑JJJJJ
2 +

1
𝛽
𝜕D𝑢
𝜕𝑡D 𝜑
JJJJJJJJ

® , −
𝜕
𝜕𝑥 

Φ𝜑JJJJJ
2 +

1
𝛽
𝜕D𝑢
𝜕𝑡D 𝜑
JJJJJJJJ

® , 0〉〉 ,																																	(3.9b) 

whose horizontal component is referred to as the level-0 (i.e. exact) expression for waves at 

all latitudes. The vertical component of (3.9b) represents rough approximation and exact 

expression for the vertical group velocity times equatorial and midlatitude wave energy, 

respectively. See JAS2021 for the details of (3.9a)–(3.9b). 

AGC17 considered eliminating the term representing the second order time derivative 

from their exact inversion equation for PV. This corresponds to (3.9a) in the present study. 

Let 𝜑pqq  be the solution of the approximated PV inversion equation to read, 


𝜕D

𝜕𝑥D +
𝜕D

𝜕𝑦D®𝜑
pqq +

𝜕
𝜕𝑧 

𝑓D

𝑁D
𝜕
𝜕𝑧 𝜑

pqq® = 𝑞,																																			(3.10a) 

which may be solved using the set of a Dirichlet boundary condition (𝜑pqq = 0) at coastlines 

and bottom topography and a Neumann boundary condition (𝜕𝜑pqq/𝜕𝑧 = 0) at the sea 

surface. What AGC17 have called the level-2 (i.e. approximate) expression for energy flux is 

extended here to a depth-dependent form as,  

UΦJJJJJ + 〈〈
𝜕
𝜕𝑦

𝜑pqqΦJJJJJJJJJ
2 ® , −

𝜕
𝜕𝑥 

𝜑pqqΦJJJJJJJJJ
2 ® , 0〉〉 ,																																		(3.10b) 
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which has been used in the overall model analyses of the present study.  

Equation (3.10b) may be applied also to equatorial KWs for which UΦJJJJJ becomes 

identical to the product of group velocity and wave energy density. Namely, no term for 

additional rotational flux is present. A characteristic of KWs is 𝑣 = 0, which yields 𝑞 = 0 

following (3.5). Since the right hand side of (3.10a) vanishes, the expression of energy flux 

for KWs given in (3.10b) reduces to UΦJJJJJ. This result is consistent with the nature of gravity 

waves.  

We consider the Helmholtz decomposition of the level-2 wave energy flux to read,  

− �
�S
𝑅 − �

�2
𝐷 = 𝜌A𝑢ΦJJJJ + 𝜌A

�
�S
(𝜑pqqΦJJJJJJJJJ/2),                               (3.11a) 

+ �
�2
𝑅 − �

�S
𝐷 = 𝜌A𝑣ΦJJJJ − 𝜌A

�
�2
(𝜑pqqΦJJJJJJJJJ/2),                               (3.11b) 

where the scalar quantities 𝑅 corresponds to the rotational component of energy flux and is 

referred to as energy-flux streamfunction. The quantity 𝐷 in (3.11a)–(3.11b) is associated 

with the divergent components of energy flux and is referred to as energy-flux potential. The 

energy-flux potential becomes positive in regions where winds supply wave energy. The 

energy-flux potential becomes negative in regions where wave energy is dissipated. As 

shown by LA20, the distribution of potential is smooth and nicely shows large-scale 

characteristics, in contrast to the distributions of the wind-input and dissipation terms that 

manifest small-scale and locally sign-indefinite signals. This is the reason why the present 

study recommends to use the distribution of the energy-flux potential, instead of its pre-

inversion terms. We shall show the distribution of the energy-flux potential and 

streamfunction, as given by (3.11a)–(3.11b), in the IO later in the manuscript. 

Wave energy equation (3.6a) should include wind-forcing and dissipation terms. 

These terms yield the energy-flux potential defined in (3.11a)–(3.11b) in a climatologically 

equilibrium state of wave energy. The depth-integral of the wind forcing term is written as  
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𝑢(𝑥, 𝑦, 0, 𝑡)𝜏2 + 𝑣(𝑥, 𝑦, 0, 𝑡)𝜏S = ∑ T(U)

.ÖWXYVZ[\\[W
[𝑢(#)(𝑥, 𝑦, 𝑡)𝜏2 + 𝑣(#)(𝑥, 𝑦, 𝑡)𝜏S]# ,  (3.12) 

which is referred to as wind-input (see contours in Figs. 3.8a, b and color shading in Fig. 3.9). 

3.3 Result and discussion 

3.3.1 Simulated results 

We first briefly outline some key features from the LOM experiment. The model 

reproduces the SC, which flows along the East African coast and is driven by large-scale 

seasonal monsoonal winds, and the Wyrtki (1973) jet (e.g., Nagura and McPhaden, 2010a), 

which represents an along-equator response to semi-annual westerly winds during the 

monsoon transition period (Fig. 3.2). To investigate how the monsoon circulation affects 

velocity variability, we have constructed the longitude-depth sections of zonal velocity along 

the equator (left panels in Fig. 3.3) and the latitude-depth sections of zonal velocity at 70°E 

(right panels in Fig. 3.3). Semiannual winds induce east-upward tilt in the phase line of zonal 

velocity (yellow line in Figs. 3.3a and 3.3e), which can explain the formation of the Wyrtki 

jet in the following monsoon transition period. A semi-annual variation of baroclinic flow is 

dominant below about 200 m depth along the equator in response to the surface-layer Wyrtki 

jets. An eastward undercurrent near 150 m depth along the equator in February (Fig. 3.3a), 

referred to as Equatorial Undercurrent, is generated by equatorial KWs and long RWs, as 

investigated by Chen et al. (2015a, 2019). Simulated zonal velocity along 70°E is trapped at 

the equator with a vertical phase propagation, which coincides with the latitude-depth plots of 

climatological zonal currents along 80°E using ocean reanalysis data in Huang et al. (2018b). 

They pointed out that vertically propagating RWs generated by the reflection of wind-forced 

KWs at the eastern boundary of IO are responsible for the vertical phase propagation of mid-

depth zonal currents on the basis of mooring and reanalysis data and this conclusion was 



 57 

further confirmed by Zanowski and Johnson (2019) using velocity and isotherm displacement 

obtained from Argo floats.  

We compare the seasonal anomalies of current and wind stress derived from OFES 

(Figs. 3.5a, b) and our climatological model experiments (Figs. 3.5c, d). The Hovmöller 

longitude-time diagrams along the equator at the sea surface indicate that the eastward-

propagating KW signals are less pronounced in surface zonal velocity and more pronounced 

in geopotential anomaly (Figs. 3.5a, c, e). Semiannual winds cause velocity reversals four 

times per year. This is consistent with Yu and McPhaden (1999), Ding et al. (2009) and 

Nagura and McPhaden (2010a, 2010b), who pointed out that variability in surface zonal 

velocity along the equator is dominated by RWs, and that in SSH by equatorial KWs. 

Geopotential anomalies are positive near the surface during boreal spring and fall, which are 

associated with wind-forced downwelling KWs. Both the horizontal section at the surface 

(Figs. 3.5a, c) and the vertical section in the upper 2000 m (Figs. 3.5b, d) of zonal velocity 

derived from OGCM (Figs. 3.5a, b) and simulated by LOM (Figs. 3.5c, d) show upward 

phase signals and reversals of zonal currents four times per year with a noticeable semiannual 

cycle. These results agree with Huang et al. (2018a) and Chen et al. (2020), who 

demonstrated that the semiannual cycle is the predominant feature of mid-depth zonal 

currents in the equatorial IO. Geopotential anomalies (colors in Fig. 3.5f) are also 

characterized by the semiannual cycle with an upward phase propagation, which is 

attributable to wind-generated upwelling (during the monsoon seasons) and downwelling 

(during the monsoon transition period) KWs. The propagation of waves has a deterministic 

role on the vertical profile of geopotential anomalies (Figure 3.1). The semiannual signals of 

geopotential anomalies are weaker than that of zonal velocity, which are attributed to the 

interaction between KWs and RWs in the central IO (Yuan and Han, 2006). The upward 

phase signals of both zonal velocity and geopotential anomaly shift gradually in depth, and 
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variability in the deeper layer leads to that in the upper layer. This is regarded as the 

indication of downward energy transfers by oceanic waves (McCreary, 1984; Miyama et al., 

2006; Pujiana and McPhaden, 2020).  

3.3.2 Transfer routes of wave energy 

This chapter presents results from the first oceanic application of the depth-dependent 

version of the AGC17 scheme. In the following, all results associated with the AGC17 

scheme were obtained using this extended version. We use the pressure flux (hereafter PF) 

scheme, as given by 𝜌AUΦJJJJJ, for comparison with AGC17 scheme, which is identical to flux 

defined by Eq. (3.5b) except for 𝜌A. While the PF scheme yields meridionally alternating 

energy flux vectors (Fig. 3.6a), the AGC17 scheme is able to show basin-wide cyclonic 

patterns, which represent the depth-integrated transfer routes of KW and RW energy (Fig. 

3.6b). These waves are driven by wind energy input in the vicinity of the Maldives (from 

60°E to 80°E), the Arabian Sea and the southern Bay of Bengal (SBoB), as shown by the 

positive values of energy-flux potential (indicated by the contours of Fig. 3.6b). Near the 

African coasts, energy-flux streamfunction derived from the AGC17 scheme (color shadings 

in Fig. 3.6b) reveals cyclonic circulation that is localized in nature, whereas on the east side 

of the basin, the cyclonic circulation develops on significantly larger spatial scales in each 

hemisphere, as identified by LA20. 

In terms of model performance at the key depths of 550 m and 1100 m, the PF 

scheme fails to reveal important energy fluxes with distinct eastward KW signatures and 

similarly misses a series of westward signals associated with midlatitude RWs (Figs. 3.6c, e). 

In contrast, the AGC17 scheme is able to show the eastward transfer of wave energy along 

the equator associated with equatorial KWs and also the westward transfer of wave energy in 

off-equatorial regions associated with midlatitude RWs (Figs. 3.6d, f). Note that pressure 

variability along the equator represents KWs and zonal velocity variability along the equator 
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are caused by RWs (Yu and McPhaden, 1999; Ding et al., 2009; Nagura and McPhaden, 

2010a, 2010b). The AGC17 scheme is appropriate when tracking the group velocity of 

baroclinic waves at all latitudes, particularly as it incorporates a realistic smooth transitioning 

between the tropical and subtropical regions. The contours in Figs. 4d and 4f show the 

vertical component of energy flux. Note that downward energy propagation is large in 

magnitude in the SBoB, the south Arabian Sea and the region between the equator and 5°S in 

55°–75°E. In particular, the downward transfer of wave energy reaches its greatest depth in 

SBoB, as is described below.  

Along the latitude-depth plane at 70°E, the westward flux of RW energy is 

symmetrically distributed across the equator (color shading in Fig. 3.7a). The vertical flux of 

wave energy at 90°E (contours in Fig. 3.7b) reaches a deep level at around 3°–5°N, 

corresponding to the downward flux of RW energy in the SBoB (Figs. 3.6d, f). The 

characteristics of this downward flux1 are investigated by comparing time-depth diagrams at 

70°E and 90°E along 3°N (Figs. 3.7c, d). The zonal component of energy flux based on the 

AGC17 scheme shows negative peaks four times per year, which is more distinct at 90°E 

than at 70°E (color shadings in Figs. 3.7c and 3.7d). The vertical component of energy flux at 

90°E (contours in Fig. 3.7d) also shows negative peaks four times per year that become 

deepest in November–December. These features can be generated by either wind forcing in 

the SBoB or by the reflection and diffraction of equatorial KWs as they encounter the eastern 

boundary, as will be discussed in the next paragraph. The time-depth diagrams of the energy 

                                                
1 The vertical energy flux at 103°E, 6°S shows a similar deepest reaching pattern in November-December 

(not shown), which indicates that the reflection and diffraction of equatorial KWs affects both Northern and 

Southern Hemispheres. 
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flux at 70°E and 90°E on the equator (Figs. 3.7e, f) show peaks of eastward energy flux when 

zonal velocity exhibits upward phase propagation (Fig. 3.5d).  

The Hovmöller longitude-time plots at the equator (panels on the left in Fig. 3.8) and 

at 3°N (panels on the right) shows zonal energy flux derived from the AGC17 scheme (color 

shadings). Zonal energy flux along the equator shows four beams per year at both the surface 

and at 550 m depth, which suggests a group velocity consistent with the second baroclinic 

mode KWs (blue solid lines). In contrast, the westward transfers of wave energy at the 

equator and at 3°N indicate group velocities consistent with both reflected equatorial RWs 

and diffracted midlatitude RWs. The surface eastward flux along the equator, which is 

intense in both February and May, is associated with upwelling and downwelling KWs, 

respectively (Fig. 3.8a). Energy input rate by wind forcing (Fig. 3.9) is predominant along the 

African coast during the northeast monsoon and southwest monsoon than that of during 

boreal spring and fall. Monsoonal winds excite the upwelling KWs along the African coast 

and bring the divergence towards the equator. It is consistent with the remarkable energy 

input by wind forcing at the African coast during boreal winter and summer at the equator 

and 3°N at the surface. In contrast, the eastward flux at 550 m depth along the equator is 

intense in both May and August (Fig. 3.8c) and reaches 1100 m depth in November (Fig. 

3.8e), as shown by the time-depth diagram of Fig. 3.7e.  

The poleward diffraction of equatorial KWs at the eastern boundary of the IO, 

followed by the radiation of off-equatorial RWs four times per year, is clearer at 550 m depth 

(Fig. 3.8d) than at the surface (Fig. 3.8b). This is because energy fluxes at the surface are 

forced by winds (contours in Fig. 3.8a and 3.8b) and represent the superposition of forced 

and freely propagating waves. Energy input by winds is more significant at 3°N than at the 

equator, which may be confirmed by the distribution of energy flux potential (contours in 

Fig. 3.6b). Returning to the issue of the SBoB downward energy flux that peaks in 
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November–December, we note that energy input by winds peaks in February and June 

between 80–90°E (Fig. 3.8b). It is less likely that wind forcing is the primary factor to 

generate SBoB downward flux in November–December. We note that the SBoB downward 

flux is induced by the boundary diffraction of mid-depth equatorial KW beam which peaks in 

August (Fig. 3.8c). As explained in the previous paragraph, eastward energy fluxes along the 

equator at 550 m depth lag behind those at the surface by 3 months. 

This is further investigated using snapshots of energy fluxes in the longitude-depth 

sections along the equator (Fig. 3.10, left) and along 3°N (Fig. 3.10, right). Zonal energy flux 

at the equator propagates eastward at depths between 300 m and 1000 m in August (colours 

in Fig. 3.10e). This eastward peak in the western basin is followed by the development of an 

eastward energy flux in the central basin at around 900 m depth in November (Fig. 3.10g). 

These results indicate that the southwest monsoon over the African coast directly causes the 

August maximum in eastward energy flux at 550 m depth in Fig. 3.8c. Southwesterly winds 

over the Arabian Sea drive a strong northward EACC along the continental coasts. The 

current crosses the equator and is accelerated by winds in July, while the divergence of the 

surface flow excites upwelling KWs along the equator. The eastward transfer of KW energy 

is amplified by the southwest monsoon and appears not only at the sea surface but also at 

mid-depth. The boundary-diffracted RWs associated with these equatorial KWs dominate the 

downward penetration of wave energy in the SBoB, with signals reaching the greatest depths 

in November–December. Contours in Fig. 3.10 show the vertical component of energy flux. 

At 3°N (right panels), energy flux is downward all the year and represents an intense 

westward energy flux associated with off-equatorial RWs around 75°–90°E. Both westward 

and downward energy fluxes reach greatest depths in November (Fig. 3.10h). The above 

results highlight propagation and reflection of oceanic waves and clearly determine their 

origins. Thus the depth-dependent version of the AGC17 scheme is able to reveal the 
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properties of waves at subsurface and provides a better understanding of the processes 

governing the transfer of wave energy.  

3.4 Conclusions 

In order to study the effect of annual and semi-annual wind forcing on wave 

propagations in mid-depth in the tropical IO, we have estimated wave energy flux using 

output from a linear model driven by climatological wind-forcing. We have compared the 

performance of the PF scheme to that of the depth-dependent version of the AGC17 scheme 

summarized herein. The PF scheme represents meridionally alternating signals through the 

basin at the surface and shows neither eastward KW energy flux along the equator nor the 

westward transfer of energy flux related to off-equatorial RWs. The AGC17 scheme provides 

a better treatment of energy flux of both equatorial KWs and RWs and smoothly links the 

tropical and subtropical regimes.  

Eastward energy flux shows distinct semiannual variations along the equator at 

subsurface, peaking four times per year, which indicate that energy given by surface 

monsoonal winds reaches below the pycnocline. The eastward flux at the surface on the 

equator is intense in both February and May associated with upwelling and downwelling 

KWs forced by semiannual winds, respectively. Eastward flux at 550 m depth at the equator 

is intense in both May and August and reaches down to 1100 m depth in November. In off-

equatorial regions, westward energy flux associated with RWs exhibits four clearly-defined 

peaks.   

The SBoB is the region where wave energy penetrates deepest. This downward 

energy flux is clearest at around 3°–5°N, 90°E that we attributed to the downward flux of 

RW energy. The energy input due to wind forcing at 3°N peaks between 80–90°E in 

February and June and cannot account for downward energy flux in November–December. 

An alternative explanation is that the boundary diffraction of mid-depth equatorial KWs is 
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responsible for the downward penetration of energy in the SBoB. The AGC17 scheme has 

shown that eastward energy flux at 550 m depth at the equator peaks in August, which 

induces boundary-diffracted RWs at this depth at 3°N in November–December. The peak in 

August may in part be due to the maximum of eastward energy flux in May at the surface on 

the equator. The maximum mid-depth eastward flux lags behind that of the surface eastward 

flux by 3 months, suggesting a downward propagation of wave energy.  

A further important contribution is made by winds of the southwest monsoon in the 

Arabian Sea, which generates the divergence of energy at the surface near the equator along 

the African coastline and excites upwelling equatorial KWs in July. This process can have a 

direct impact on the formation of the peak in eastward energy flux associated with KWs in 

August below 300 m depth. These equatorial KW packets are diffracted poleward along the 

eastern boundary and become the source of off-equatorial RWs. The latter is responsible for 

the downward flux of wave energy which reaches greatest depth in November–December in 

the SBoB.  

The advanced analytical and numerical techniques developed in this study can be 

extended to interannual timescales. Horii et al. (2008) found that the subsurface signals 

preceded the surface signals by 3 months during the initial stage of the positive IO dipole 

event (Saji et al., 1999) in 2006, which hints a vertical propagation. The subsurface 

upwelling phase of wind-forced KWs potentially affects the development of the IO dipole by 

altering sea surface temperature (Chen et al., 2016). The propagation and reflection process 

of these wave energy is also responsible for the significant intraseasonal oscillation in the 

equatorial eastern IO (Chen et al., 2015b) and within the Bay of Bengal (Chen et al., 2018). 

Future work in this direction will enhance our knowledge of the highly influential 

interactions and exchanges between the tropical and extratropical regions (particularly during 
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active phases of the IO dipole) and will therefore contribute to a better understanding of 

climate variation. 
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Table 3.1 List of experiment parameters. The basin-mode period is defined as 4𝐿/𝑐(#) where 
𝐿= 6110 km is the zonal distance of the Indian Ocean at the equator (from 45°E–100°E). The 
wind-coupling thickness is defined as .𝐻012𝐻345540/𝛼(#), where 𝐻012 =35 m and 
𝐻345540 =5500 m. 
 
baroclinic mode 1st  2nd  3rd  4th  5th  6th 

gravity wave speed (m/s) 2.63  1.57 0.956 0.706 0.557 0.467 

equatorial deformation radius (km)  339 262 205 176 156 143 

equatorial inertial period (day) 9.4  12.1 15.6 18.1 20.4 22.3 

basin-mode period (year)  0.29 0.49 0.81 1.1 1.39 1.66 

𝛼(#) (non-dimensional) 0.39 0.41 0.27 0.29 0.23 0.22 

wind-coupling thickness (m)  1123 1062 1644 1505 1933 1955 
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Figure 3.1 The vertical profiles of eigenfunctions 𝐹(#) associated with fundamental six 

baroclinic modes in the tropical Indian Ocean, calculated by solving the Sturm-Liouville 

problem.  
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Figure 3.2 Left panels: the zonal component of simulated velocity at the sea surface (color 

shading with a unit of m/s), the zonal component of wind stress in the model (solid and 

dotted contours for eastward and westward anomalies, respectively, with an interval of 0.02 

N m2⁄ ), and the velocity vector (arrows in units of m/s) in the middle of (a) February, (c) 

0.2

0.2
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May, (e) August, and (g) November from “Year 20” of our climatological model 

experiments. When under 0.2 m/s, the magnitude of simulated velocity vectors in left panels 

is indicated either by arrow length or, for greater values, by heavy arrows of uniform length. 

Right panels (b, d, f, and h): same as left panels except for simulated sea surface geopotential 

anomaly (color shading with a unit of m2 s2⁄ ) and PV-inverted function at the sea surface 

(solid and dotted contours represent positive and negative values, respectively, with an 

interval of 20,000 m2 s⁄ ). The PV-inverted function may be interpreted as geostrophic 

streamfunction in off-equatorial regions. The sea surface quantities have been reconstructed 

from the model results of fundamental six baroclinic modes. 
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Figure 3.3 The zonal component of simulated velocity (color shading with a unit of m/s) and 

the vertical component of simulated velocity (solid- and dotted-contours indicate positive and 

negative values, respectively, at magnitude levels of 0.1, 0.4, 0.8, 1.2, 2 ×10-10 m/s) shown by 
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snapshots in the middle of (a, b) February, (c, d) May, (e, f) August, and (g, h) November 

from “Year 20” of our climatological model experiments. Zonal-vertical section at the 

equator (left panels) and meridional-vertical section at 70°E (right panels).  

  



 71 

 

Figure 3.4 Simulated geopotential anomaly (color shading with a unit of  m2 s2⁄ ) in  

zonal-vertical sections at the equator (left) and at 3°N (right) from “Year 20” of our 

climatological model experiments: (a, b) mid-February, (c, d) mid-May, (e, f) mid-August, 

and (g, h) mid-November.  
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Figure 3.5 Hovmöller zonal-time diagrams at the sea surface of the equator (left panels) and 

depth-time diagrams at 70°E of the equator (right panels) from OGCM OFES (a, b) and 

“Year 20” of our climatological model experiments (c–f), respectively. Color shading in the 

panels (a-d) shows the output of zonal component of velocity based on OGCM (a, b) and 

LOM (c, d) with a unit of m/s. Color shading in the panels (e–f) shows simulated 
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geopotential anomaly with a unit of m2 s2⁄ . Panel (a, c) includes the zonal component of wind 

stress (solid- and dotted-contours for positive and negative values, respectively, with an 

interval of 0.1 N m2⁄ ) from OGCM and LOM, respectively. Panel (b, d) includes the 

meridional component of velocity based on OGCM and LOM (solid- and dotted-line 

contours for positive and negative values, respectively, with an interval of 0.02 m/s). Panels 

(f) includes the vertical component of simulated velocity (solid- and dotted-contours for 

positive and negative values, respectively, with an interval of 0.05 m/s). Solid blue lines in 

the panels (c, e) indicate the theoretical phase speeds of both KWs and equatorial long RWs 

in the second baroclinic mode. 
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Figure 3.6 (a, b) Depth-integrated energy-flux streamfunctions (color shaded in units of 109 

W=GW), depth-integrated energy-flux potentials (solid contours for positive values and 

dotted-contours for negative values; contour interval = 0.05 GW), and depth-integrated 

energy-flux vectors (arrows in units of W m⁄ ). (c, d) The zonal component of the energy-flux 

(color shaded in units of W m2⁄ ) and the energy-flux vector (arrows in units of W m2⁄ ) at 550 

m depth. (e, f) Same as (c, d) except that depth is now 1100 m. All quantities represent 

annual mean values taken from “Year 20” of the model experiments, and estimated by the 

2 2

1000

1000

1000

1000

22
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pressure-flux scheme (left panels) and the depth-dependent version of the Aiki, Greatbatch, 

and Claus Level-2 scheme (right panels). Panel (b) includes two groups of cyclonic 

circulations of wave energy shown by green arrows that are demonstrated in LA20. Panels 

(d) and (f) include the vertical component of the energy flux, shown by contours (solid for 

positive and dotted for negative values) at intervals of  3×10-10 W m2⁄  at 550 m depth and 

 0.5×10-10 W m2⁄  at 1100 m depth. When under 1000 W m⁄ , the magnitude of the depth-

integrated energy-flux vectors in (a, b) is indicated either by arrow length or, for greater 

values, by heavy arrows of uniform length. Arrows in the series (c), (d), (e) and (f) are 

displayed in a similar fashion to (a) and (b), with the magnitude of the energy flux indicated 

either by arrow length (when under 2 W m2⁄ ) or by heavy arrows of uniform length for 

greater values. 

  



 76 

 

Figure 3.7 The zonal component of the energy flux (color shaded in units of W m2⁄ ) and the 

vertical component of the energy flux (solid contours for positive values and dotted-

contours for negative values) at magnitude levels of 1, 2, 5, 10, 20, 50 ×10-8 W m2⁄ ) as 

estimated from the depth-dependent version of the Aiki, Greatbatch, and Claus Level-2 
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scheme, as given by (3.10b). Annual means in the meridional-vertical sections are shown in 

(a) at 70°E and (b) at 90°E. Hovmöller time-depth diagrams at 3°N for (c) 70°E and (d) 90°E 

and on the equator for (e) 70°E and (f) 90°E. All quantities are derived from “Year 20” of the 

climatological model experiments associated with first six fundamental baroclinic modes.  
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Figure 3.8 Hovmöller zonal-time diagrams for the zonal component of energy flux (color 

shaded in units of W m2⁄ ) at (a, b) sea surface, (c, d) 550 m depth, and (e, f) 1100 m depth. 

Left panels show the equatorial behavior while right panels are for 3°N. Energy flux has been 

estimated using the depth-dependent version of the Aiki, Greatbatch, and Claus Level-2 

scheme, as given by (3.10b). Panels (a, b) include wind-forced wave energy input (solid 
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contours for positive values, dotted contours for negative values; contour interval = 

0.002 W m2⁄ ) following (3.12). All quantities are from “Year 20” of the model experiments 

associated with first six fundamental baroclinic modes. In the left-hand panels, theoretical 

phase speeds calculated for both KWs and equatorial long RWs are shown as solid blue lines. 
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Figure 3.9 Energy input rate by wind forcing (W m2⁄ ) near the African coast from “Year 20” 

of our climatological model experiments associated with sum of six baroclinic modes: (a) 

mid-February, (b) mid-May, (c) mid-August, and (d) mid-November. Spatially integrated 

values (35°E–60°E, 10°S–10°N) of the wind input rate are shown in the title (109 W = GW). 
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Figure 3.10 Zonal-vertical sections at the equator (left) and at 3°N (right) from “Year 20” of 

our climatological model experiments: (a, b) mid-February, (c, d) mid-May, (e, f) mid-

August, and (g, h) mid-November. The zonal component of the energy flux (color shaded in 

10-10

10
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units of W m2⁄ ),  the vertical component of the energy flux (solid contours for positive 

values, dotted contours for negative values; contour magnitudes = 0.05, 0.1, 0.5, 2, 5, 10 

×10-8 W m2⁄ ) and the energy-flux vector (arrows in units of W m2⁄ ) estimated from the 

depth-dependent version of the Aiki, Greatbatch, and Claus Level-2 scheme, as given by 

(3.10b). When under 10 W m2⁄ , the magnitude of energy flux is indicated either by arrow 

length or, for greater values, by heavy arrows of uniform length.  
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Chapter 4 

The 1994 positive Indian Ocean Dipole event as 

investigated by the transfer routes of oceanic wave energy 

4.1 Introduction 

The IOD is an important factor for explaining interannual variability of sea surface 

temperature (SST) in the tropical IO (Saji et al., 1999; Webster et al., 1999). The most 

dominant interannual variation in the IO is one originating from the ENSO in the Pacific 

Ocean as manifested by empirical orthogonal function (EOF) analyses of SST anomalies in 

previous studies. The IOD appears as the second EOF mode representing the zonal dipole 

structure of SST anomalies with opposite loading on the western and southeastern parts of the 

IO. The positive phase of IOD is associated with significant upwelling in the large parts of 

the southeastern basin and downwelling near the western basin. The IOD acts as a major 

driver for modulating the climate of countries surrounding the IO. For example, the East 

African regions suffered severe flood in 1994 (Behera et al., 1999), in 1997 (Webster et al., 

1999) owing to these two positive IOD events. In Guan and Yamagata (2003), they 

mentioned that the East Asian countries experienced abnormal hot summer in response to the 

1994 positive IOD. In 2010–2011, two severe floods occurred in Australia that are attributed 

to the 2010–2011 negative IOD event (Brigadier et al., 2016). Another extreme negative IOD 

event in 2016 contributed to the abnormal precipitation with below average rainfall in the 

East African and above average rainfall over the eastern IO (Lu et al., 2018). Recently, one 

of the strongest IOD events in records occurred in 2019. During 2019, a severe drought and 

catastrophic bushfire occurred in Australia. This extreme climate event is attributed to the 

two-year consecutive positive IOD and El Niño occurrence (Wang and Cai, 2020).  
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The IOD is an inherent air-sea coupled mode in the tropical IO, not a part of ENSO 

(Vinayachandran et al., 1999; Saji and Yamagata, 2003; Ashok et al., 2003; Hong et al., 

2008). During the 1994 pure positive IOD event, the southeastern tropical IO experienced the 

unusual atmospheric and oceanic conditions with cold SST and strong southeasterly surface 

winds (Behera et al., 1999).  Halkides and Lee (2009) and Tanizaki et al. (2017) examined 

the development of cooling SST in the southeastern tropical IO through mixed layer heat 

budget analyses in 1994. Vinayachandran et al. (1999) pointed out that these anomalous 

easterly winds in 1994 contributed to the weak Wyrtki (1973) jet during boreal spring. The 

1994 positive IOD event initiated in May which is earlier than another positive IOD event 

owing to the intraseasonal disturbances in 1994 (Rao and Yamagata, 2004).  

 The IOD is associated with thermocline depth anomalies that propagate as large-scale 

waves. Previous studies have adopted various methods to investigate the characteristics of 

equatorial KWs and RWs in the IO at interannual timescales. The dynamics of KWs and 

RWs has a crucial impact on the development and termination of IOD which in turn alters 

SST (Yamagata et al., 2004; McPhaden and Nagura, 2014; Delman et al., 2016). During the 

positive phase of IOD, easterly wind anomalies excite an upwelling equatorial KWs 

propagating eastward, leading to the upwelling off Java and Sumatra coasts (Vinayachandran 

et al., 2001; Delman et al., 2016; Chen et al., 2016). Huang and Kinter (2002) analyzed heat 

content to demonstrate the western boundary reflection from RWs to KWs is a pivot in 

relaxing the SST anomaly in the eastern basin. Rao et al. (2002) demonstrated that the 

subsurface dipole corresponding to the IOD may help reverse the surface dipole through 

westward propagating RWs. Yuan and Liu (2008) found the western boundary reflection 

from RWs to KWs provides important negative feedback to the evolution of upwelling 

currents off the Java coast during the IOD events by analyzing sea level anomaly. Nagura and 

McPhaden (2010) examined interannual variability in the equatorial IO based on the zonal 
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velocity and sea surface height (SSH). They demonstrated that the velocity anomalies reverse 

before the wind anomalies reverse during the decay of IOD events owing to reflected RWs 

from the eastern boundary. Yan et al. (2012) pointed out that the thermocline variation forced 

by eastward propagation of KWs is crucially important for the development and decay of 

IOD events. Another important issue is the influence of ENSO during IOD-ENSO concurrent 

years. It has been demonstrated that El Niño forcing is necessary to strengthen and maintain 

the westward propagating off-equatorial RWs in the southern tropical IO even after the IOD 

has demised (Chakravorty et al., 2013, 2014). Du et al. (2020) illustrated that the 

downwelling RWs in the southern tropical IO have a decisive effect on the 2019 extreme 

positive IOD event. Based on the significance of wave dynamics, it is necessary to analyze 

the propagation of waves through the view of wave energy which may offer a better 

understanding of the development of IOD.  

The prime objective of the present study is to provide a new perspective for the 

interannual variability in the tropical IO based on the transfer routes of wave energy using a 

new scheme of Aiki et al. (2017, hereafter AGC17). This scheme has been successfully 

applied to trace the transfer episodes of wave energy in the IO at intraseasonal timescales 

(Ogata and Aiki, 2019) and at seasonal timescales (Li and Aiki, 2020, hereafter LA20), in the 

Atlantic Ocean at annual timescales (Song and Aiki, 2020) and at intraseasonal timescales 

(Song and Aiki. 2021), and in the Pacific Ocean at interannual timescales (Toyoda et al., 

2021). This study represents the first application of the AGC17 scheme in the IO at 

interannual timescales and may be regarded as a counterpart of Toyoda et al. (2021). 

The present manuscript is organized as follows. Section 4.2 provides the details of the 

model, data used, numerical experiments and diagnostic scheme used for the study. Section 

4.3 highlights the 1994 pure positive IOD event to illustrate the general features of model 

output in the IO at interannual timescales. In section 4.4, we analyze the transfer episodes of 
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wave energy in 1994–1995 and examine the evolution of wave energy by comparing with 

1990 as an IOD neutral year. Section 4.5 presents a summary of our major results.  

4.2 Materials and Method 

4.2.1 Linear Ocean Model 

We have performed a set of 61-year hindcast experiments for interannual variability 

in the IO using a linear ocean model (LOM). The governing equations of the model are 

shown in (2.1a)-(2.1c). We have applied the same model to simulate the monsoonal variation 

of wave energy in the IO (LA20) and examine the vertical propagation of waves at seasonal 

timescales in the IO (Li et al., 2021). The model is forced by monthly wind stress from 1958 

to 2018 derived from the Japanese 55-year Reanalysis (JRA-55) 10 m wind velocity with the 

bulk formula of Large and Pond (1981). The model domain spans from 25ºS to 20ºN, and 

from 30ºE to 120ºE with realistic coastlines. The model coastlines are derived from 100-m 

isobath in the General Bathymetric Chart of the Oceans (GEBCO) dataset. The Indonesian 

Archipelago has been closed. No side friction has been applied at the coastal boundaries of 

the model domain. Eddy viscosity is as in LA20. The model yields three-dimensional output 

with a ¼ grid spacing in both zonal and meridional directions. The vertical profile of density 

in the tropical IO is averaged over 20ºS–20ºN and 40ºE–110ºE extended to 5500 m depth and 

computed from annual mean salinity and temperature in the World Ocean Atlas 2013. As 

done by LA20, we have assumed no motion near the ocean bottom and estimated the gravity 

wave speed of the n-th vertical mode 𝑐(#)	following the bottom-pressure decoupling theory of 

Tailleux and McWilliams (2001). The vertical mode decomposition indicates gravity wave 

speeds of 2.99, 1.69, and 1.03 m/s for the first three baroclinic modes, respectively. The 

model output is separated into 6100 snapshots with an interval of 3.65 days over 61 years. 
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4.2.2. Diagnostic scheme for wave energy 

In the present study, we use a newly proposed diagnostic scheme described by 

AGC17 to trace the transfer episodes of wave energy by analyzing the directionality of wave 

group velocity vectors. As compared to previous diagnostic schemes, such as pressure flux 

schemes (Cummins and Oey, 1997) and the Orlanski and Sheldon (1993) scheme, the 

AGC17 scheme has the advantage of smooth tropical and subtropical transition for all waves 

and at all latitudes (Ogata and Aiki, 2019; Song and Aiki, 2020; LA20; Toyoda et al., 2021; 

Song and Aiki, 2021; Li et al., 2021).   

AGC17 have presented an approximated version of the energy flux, which has been 

referred to as level-2 expression to read,  

                      ≪ 𝑢(#)𝑝(#)JJJJJJJJJJ + (𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)S, 𝑣(#)𝑝(#)JJJJJJJJJJ − (𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)2 ≫,                  (4.1a) 

                       𝛻D𝜑pqq − (𝑓/𝑐(#))D𝜑pqq = 𝑞(#),                                          (4.1b) 

where 𝛻D = 𝜕22 +	𝜕SS . The quantity 𝜑pqq  is the solution of potential vorticity inversion 

equation (4.1b).  

4.3 Results and Discussion 

4.3.1 simulated results 

a. Comparison between reanalysis and simulated results 

 The dipole mode index (DMI) is defined as the difference in sea surface temperature 

anomalies between the western (10ºS–10ºN, 50ºE–70ºE) and southeastern (10ºS–0º, 90ºE–

110ºE) parts of the tropical IO, which has turned out to be useful for identifying the 

occurrence of IOD (Saji et al., 1999). We have validated simulated sea surface geopotential 

anomalies against 20°C isotherm depth anomalies in the European Centre for Medium-Range 

Weather Forecasts (ECMWF) ocean reanalysis (ORAS3). Figure 4.1a shows the time series 

of DMI between model output and reanalysis results during 1959–2009. The depth of 20°C 
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isotherm manifests the variability of thermocline. When the IOD is under the positive phase, 

the thermocline becomes anomalous shallow in the eastern IO corresponding to the upwelling 

near the Sumatra coast. In contrast, the thermocline deepens anomalously in the western IO 

corresponding to anomalous downwelling near the African coast. The simulated index (red 

line in Fig. 4.1a) is based on the model output of sea surface geopotential associated with the 

sum of three baroclinic modes in our hindcast experiments. Classification of IOD years in the 

present study is based on Saji et al. (1999). The IOD was under the positive phase during 

1961, 1966, 1967, 1972, 1982, 1994, 1997–98, and 2006. Following the definition of ENSO 

events in Trenberth, (1997), the 1961, 1966, 1967, and 1994 positive IOD events develop 

independent of ENSO, which are referred to as the pure IOD events (yellow shaded columns 

in Fig. 4.1a). The 1972, 1982, 1997–98 and 2006 positive IOD events co-occur with strong El 

Niño in the Pacific (green shaded columns in Fig. 4.1a). We have calculated lead-lag 

correlation coefficients between model output and reanalysis results (Fig. 4.1b) and obtained 

the highest correlation coefficient of 0.825 at no lag in the period of 1959–2009 and 

particularly up to 0.95 during 1994 (figure not shown). While the positive lags signify that 

LOM leads ORAS3. These results suggest that our model has done reasonable work in 

simulating the interannual variability associated with the IOD.  

b. General features of simulated results during 1994 positive IOD event 

We have investigated the energy transfer episodes during the 1994 pure positive 

event. The results in the following sections are during the period 1994–1995. First we 

examine how good the model simulation is able to reproduce or differs from the previous 

understanding of the development process of IOD events. Figures 4.2 and 4.3 show a set of 

Hovmöller diagrams at the equator for the first three baroclinic modes during 1990 and 

1994–95, respectively, the former of which represents a neutral year in terms of IOD.  The 

magnitude of the second baroclinic mode is greater than that of the first and third baroclinic 
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modes in both periods (Tommy, 1993; Polito and Liu, 2003; Nagura and McPhaden, 2010; 

Iskandar et al., 2014; Ogata and Aiki, 2019; LA20; Chen et al., 2020). The result shows that 

during the neutral year of 1990, zonal velocity and geopotential anomaly are phase-locked to 

the seasonal cycle along the equator in the second baroclinic mode (Figs. 4.2c, d). The zonal 

velocity along the equator reverses direction four times per year (Fig. 4.2c). During boreal 

spring and fall, westerly winds induce eastward currents referred to as Wyrtki jet, while the 

northeast and southeast monsoon winds trigger the westward currents during boreal summer 

and winter. The geopotential anomaly shows positive signals (indicating thermocline 

deepening) during boreal spring and fall and negative signals (indicating thermocline 

shallowing) during boreal summer and winter (Fig. 4.2d). Along the equator, the westerly 

component of wind stress is dominant during boreal spring and fall, while the easterly 

component of wind stress appears during boreal summer and winter. 

In contrast, during 1994 along the equator, anomalous easterly winds appear first by 

May and intensify in the following months then attain a peak in August–September (Fig. 

4.3c). This feature along the equator weakens and terminates by March 1995. These easterly 

winds derived from southeastern IO are restricted to the central-eastern equatorial IO. During 

the fall of 1994, easterly winds along the equator induce westward currents, corresponding to 

the predominant energy input by wind forcing (negative contours in Fig. 4.4e). A slightly 

slower pulse of zonal currents appears in the western basin (November 1994–April 1995) as 

compared with that of normal months that are associated with westward propagating RWs. 

These easterly winds in the positive phase induce westward transport coincident with the 

negative signals off Sumatra during the positive IOD. These negative geopotential anomalies 

are associated with upwelling KWs and resulting anomalous thermocline shoaling (Fig. 

4.3d).  
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Figures 4.4 and 4.5 show the time evolution of geopotential anomaly during 1990 and 

1994, respectively.  Geopotential anomaly in 1990 is characterized by seasonal cycle in the 

tropical IO. Upwelling signals appear during boreal winter and summer, while downwelling 

signals appear during boreal spring and fall in the central eastern equatorial IO. Wind stress 

vectors in February and August coincide with northeast and southwest monsoon winds, 

respectively. As compared to the neutral year, southeasterly winds initiate from May and 

dominate over the southeastern IO in May–October during 1994. These anomalously strong 

winds induce upwelling in the central-eastern tropical IO from June–December. The 

southeasterly winds become weak from November and terminate in December.  

4.3.2 transfer routes of wave energy 

We now trace the transfer routes of wave energy through the directionality of wave 

group velocity vectors using the AGC17 scheme to examine the interannual variability in the 

IO based on the results of our hindcast experiments. In the following paragraphs, the results 

of energy-flux vectors are based on the second baroclinic mode and the results of energy-flux 

streamfunction and energy-flux potential are based on the sum of the first three baroclinic 

modes. 

a. 1994 positive IOD event 

Figure 4.6 shows a set of Hovmöller diagrams along 3°N, equator, and 3°S for the 

second baroclinic mode during 1990 and 1994–95. During the neutral IOD year of 1990, the 

equatorial KWs appear four times per year, which is consistent with the life-cycle of wave 

energy determined by LA20. The westerly winds during boreal spring and fall at the central 

equator generate downwelling KWs that propagate eastward toward Sumatra coast. 

Upwelling KWs along the equator during boreal summer and winter are triggered by the 

southwest monsoon and northeast monsoon, respectively. The energy flux at both 3°N and 

3°S during 1990 (Figs. 4.6a, c) is characterized by seasonal variation. During 1994, the 
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continuous easterly winds extending from the southeastern IO along the equator dominate 

from April 1994–March 1995 and induce upwelling KWs which propagate eastward, as 

manifested by the negative signals of geopotential anomaly (Fig. 4.3d) in the eastern basin of 

the equatorial IO. The absence of westerly winds at the central equator during the monsoon 

transition period (Fig. 4.3c) results in the absence of energy input by westerly wind at the 

central equator during boreal spring and fall (Fig. 4.6e). Considering the generation of wave 

energy, the absence of westerly winds at the central equator may account for the weak 

eastward signals of equatorial KWs at the central-eastern basin in April–May of 1994 

(Vinayachandran et al., 1999) and the absence of equatorial KWs at the central-eastern basin 

in October–November of 1994. The easterly winds were sustained until early 1995 along the 

equator.  Meanwhile, upwelling KWs during January–March of 1995 are basically in 

response to these easterly winds along the equator instead of being forced by the northeast 

monsoon. 

The traveling period of a packet of KWs propagating eastward and then back as 

boundary-reflected equatorial long RWs propagating westward across the equatorial IO (from 

45ºE to 100ºE) is referred to as basin mode period (Jensen, 1993; Han et al., 1999).  It takes 

0.26, 0.46, and 0.75 years for the first three baroclinic modes, respectively. Given that the 

basin mode period of the second baroclinic mode is about half a year and the theoretical 

phase speed of equatorial KWs is 3 times faster than that of equatorial long RWs. Equatorial 

KWs and long RWs take about 1.5 and 4.5 months, respectively, to cross the basin. During 

1994, it seems that the traveling period for one round trip of KWs and RWs across the 

equatorial IO extends roughly to 8 months (August 1994–March 1995) in the second 

baroclinic mode (Fig. 4.4e). Since the eastward transfer of energy flux associated with the 

equatorial KWs takes 1.5 months (July–August in 1994) to cross the zonal extent of the 

equatorial IO as usual, the longer traveling period is attributed to the propagation of westward 
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energy flux. At the central-eastern basin along the equator, the phase speed of RWs is 

consistent with the theoretical phase speed of equatorial long RWs (green solid line in Fig. 

4.6e, August–October in 1994). This set of westward energy flux is attributed to the reflected 

equatorial RWs at the eastern boundary. At the central-western basin, the group velocity of 

westward transfer of energy flux is slightly slower (pink line in Fig. 4.6e) than at the central-

eastern basin. For the formation of this slower set of westward energy flux, we first 

considered the possibility that the anomalous easterly winds at the equator may be 

responsible for this slower westward transfer of energy flux. Zonal currents from September 

1994 to March 1995 are accelerated by the easterly winds, indicating the predominant energy 

input by wind forcing (negative contour in Fig. 4.6e). This may generate and intensify the 

westward transfer of energy flux associated with RWs at the equator. The eastward transfer 

of energy flux associated with KWs forced by these easterly winds in February–March of 

1995 has the same phase as the theoretical second baroclinic mode of KWs. Thus these 

easterly winds could not generate the different group velocities of westward energy flux 

associated with RWs at the equator. We have then examined whether the off-equatorial RWs 

from the southeastern basin are the possible factor for the formation of this slower set of 

westward energy flux or not. Based on the Hovmöller diagrams of energy flux along 3ºS, 

equator, and 3ºN during 1994–95 based on the AGC17 scheme (Figs. 4.6d–f), we note that 

the eastward signals related to KWs at the equator during July–August of 1994 are attributed 

to these abnormal easterly winds. As these KWs arrive at the eastern boundary, they are 

reflected and diffracted to equatorial and off-equatorial RWs, respectively. Energy flux at 

3ºN is characterized by the seasonal cycle rather than interannual variation (Fig. 4.6d). The 

westward energy flux at 3ºN does not influence the group velocity of westward energy flux at 

the equator in the other periods. Meanwhile, since the westward transfer of energy flux at 3ºN 

forced by local wind forcing near 83ºE is in phase with the seasonal cycle, and may not be in 
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charge of the slower group velocity of westward energy flux at the equator. In the 

southeastern IO, the slightly slower phase signals of westward energy flux appear along 3ºS 

(pink line in Fig. 4.6f) as compared to the general group velocity of westward energy flux in 

the other seasons and neutral year (black line in Figs. 4.6c, f). These are off-equatorial RWs 

forced by the southeasterly winds in the southeastern IO with the predominant energy input 

by wind forcing at the central-eastern region of 3ºS (contour in Fig. 4.6f). This packet of 

westward RWs shifts towards the equator from the southeastern IO (Schopf et al., 1981) in 

response to the influence of southeasterly winds and is intensified by easterly winds at the 

equator. This could account for the appearance of a slightly slower phase speed of RWs at the 

central-western equatorial IO. There exists another slower group velocity of westward energy 

flux during November 1994–June 1995 also induced by the extended southeasterly winds. 

However, energy input by wind forcing weakens from November and disappears in 

December at 3ºS, indicating the demise of southeasterly winds in the southeastern IO. This 

packet of off-equatorial RWs propagates westward along 3ºS towards the African coasts. In 

brief, the results illustrate the different group velocities of westward transfer of energy flux 

associated with RWs co-occurs with the anomalous southeasterly winds in the southeastern 

IO. Namely, the southeasterly winds trigger the slightly slower group velocity of westward 

transfer of energy flux associated with RWs that is connected to the equator and to the 

western IO. 

To examine the development process of wave energy during the 1994 IOD event, we 

use the Helmholtz decomposition of the AGC17 level-2 energy flux: 

−𝑅S − 𝐷2 = 𝜌A𝑢(#)𝑝(#)JJJJJJJJJJ + 𝜌A(𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)S,                              (4.2a) 

+𝑅2 − 𝐷S = 𝜌A𝑣(#)𝑝(#)JJJJJJJJJJ − 𝜌A(𝑝(#)𝜑pqqJJJJJJJJJJJJ/2)2,                              (4.2b) 

where the scalar quantities 𝑅 and 𝐷 correspond to the rotational and divergent components of 

the energy flux, respectively (with a unit of W/m). The distributions of 𝑅 (referred to as 
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energy-flux streamfunction) and 𝐷 (referred to as energy-flux potential) are shown in Figs. 7 

and 8, respectively. The positive contours and negative contours indicate wind input and 

energy dissipation in the corresponding region, respectively.  

We have investigated evolution in 1990 (Fig. 4.7) and 1994 (Fig. 4.8) by analyzing 

the energy-flux streamfunction and potential based on a monthly mean. Both the northwest 

monsoon in February 1990 (Fig. 4.7a) and the southwest monsoon in August 1990 (Fig. 4.7c) 

generate the upwelling KWs near the African coasts propagating eastward. Westerly winds at 

the central equator induce downwelling KWs propagating toward the Sumatra coast (Figs. 

4.7b, d). After these KWs arrive at the eastern boundary, they will bifurcate poleward. This is 

consistent with two sets of cyclonic circulations of wave energy in each hemisphere during 

the normal monsoon year demonstrated by LA20. Figure 4.8 shows the developing process of 

the 1994 pure positive IOD event where the westward signals of energy-flux streamfunction 

together with the moderate signals of wind input first appear by May in the southeastern IO 

(Fig. 4.8a). These features, such as westward signals and predominant wind input, intensify 

and migrate westward to the equator along the Indonesian archipelago during June–July 

(Figs. 4.8b, c). These westward signals are associated with the off-equatorial RWs and 

positive contours are attributed to energy input by southeasterly winds. These features reach 

the peak in August and are restricted in the southeastern regions (Fig. 4.8d). The intense 

westward signals and predominant wind input maintain power until September (Fig. 4.8e). 

With the weakening of southeasterly winds in the southeastern IO, the westward signals 

associated with off-equatorial RWs and energy input by southeasterly winds become weaker 

from October (Fig. 4.8f) and are about to terminate in November (Fig. 4.8g). This dipole 

event has a rapid demise in December (Fig. 4.8h).  
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4.3.3 EOF analysis 

We have performed the combined EOF analysis for the anomalies of energy-flux 

streamfunction and potential. Here we have removed the climatological component of 

monthly data to examine the interannual variability of wave energy in the IO. The first 

combined EOF mode explains about 27% of the total variance of energy-flux streamfucntion 

and potential in the IO. The spatial pattern of the first EOF mode (Fig. 4.9a) shows that the 

westward signals related with the off-equatorial RWs appear in the southeastern IO. 

Simultaneously, the positive signals of energy-flux potential corresponding to the 

predominant wind input are dominated in the southeastern IO indicating the energy supplied 

by southeasterly winds. This kind of pattern appears as the most dominant mode and is 

consistent with the distinct features during a dipole event year, such as the well-developed 

pattern in August 1994 (Fig. 4.8d). Temporal projection of leading combined EOF mode 

represents interannual variations and is coincident with the results of 61-year hindcast 

experiments. The times series of the first combined EOF mode represents some positive 

peaks during 1961, 1982, 1994, 1997, and 2006 (yellow and green shaded columns in Fig. 

4.9c) that are consistent with the reproduced major positive IOD events as shown in Fig. 1a. 

The 1966, 1967, and 1972 positive IOD events described in Fig. 4.1a are less pronounced in 

temporal projection of the first EOF mode. Note that the 1964, 2010, and 2016 peaks are 

related to the negative IOD events. 

The second and third combined EOF modes explain about 21.8% (Figs. 4.9b, d) and 

10.63% (figure not shown) of the total energy-flux streamfunction and potential variance in 

the IO, respectively. The energy-flux streamfunction in the second mode shows the typical 

interannual behavior in the spatial pattern. The powerful westward transfer of wave energy 

related to the off-equatorial RWs is prevailing in the southeastern IO. The spatial pattern of 

energy-flux potential (Fig. 4.9b) in the second dominant mode shows positive loading in the 
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eastern equatorial IO and negative loading in the Arabian Sea. The positive value of energy-

flux potential indicates the wind input peak in the eastern equatorial IO. This intense energy 

input by anomalous winds in an IOD event plays a leading role in triggering the wave energy 

transfer. The energy-flux potential becomes negative in the Arabian Sea where wave energy 

is dissipated owing to eddy viscosity. The time evolution of combined EOF second mode 

(Fig. 4.9d) agrees with the 1994 and 2006 positive IOD events.  

4.4 Conclusions 

The present study has investigated the transfer routes of wave energy during the 1994 

positive IOD event, in an attempt to examine the applicability of the AGC17 scheme to 

phenomena at interannual timescales. We have conducted 61-year hindcast experiments in 

the IO to offer a good comparison with the reanalysis results of 20°C isotherm depth in 

ECMWF ORAS3. Analyzing the time evolution of energy flux along the equator during the 

1994 pure positive IOD event, we have found two sets of westward transfer signals 

associated with RWs. The first set has the phase speed in agreement with the linear theory of 

equatorial RWs. This set is attributed to the boundary-reflected equatorial RWs at the eastern 

basin of the IO from equatorial KWs. The second set is slightly slower than the theoretical 

phase speed of equatorial RWs. This set is found to be given by off-equatorial RWs 

originating from southeasterly winds initiated from the southeastern IO, which may be 

responsible for the appearance of a slightly slower group velocity of westward energy flux 

along the equator. The energy flux along 3ºN during 1994 is characterized by the seasonal 

cycle, while that along 3ºS exhibits interannual variations under the influence of extended 

southeasterly winds. 

We have examined the development process of wave energy during 1994 using the 

AGC17 scheme based on the monthly mean of 3.65-day snapshots. In the leading month, the 

positive signals of energy-flux streamfunction together with positive contours of energy-flux 
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potential appear in the southeastern IO. The positive curl in the southeastern IO is in response 

to energy input by southeasterly winds. These signals develop and shift westward toward the 

equator along the Indonesian archipelago. Westward transfer signals of energy-flux 

streamfunction are coincident with the westward off-equatorial RWs generated by 

southeasterly winds. It has a markedly rapid peaking of the powerful off-equatorial RWs and 

predominant wind input in August and is maintained until September. Whether or not this 

slower RW propagation is also identified from reanalysis data with realistic thermocline 

distribution and with atmospheric heat forcing is subject to investigation in a future study 

using the AGC17 scheme. Southeasterly winds become weak leading to the cut-off of 

westward propagation signals from October. This dipole event ceased at the end of 1994. 

Using the combined EOF analysis of energy-flux streamfunction and potential, we have 

shown that the features during a positive IOD event, such as the intense westward signals 

associated with wind-generated off-equatorial RWs and predominant wind input by 

southeasterly winds in the southeastern IO, appear as the most dominant mode. 
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Figure 4.1 (a) Comparisons of Dipole Model Index during 1959–2009. Blue line represents 

20°C isotherm depth (with a unit of m shown by the vertical axis tics on the right) from 

ECMWF ORAS3. Red line represents sea surface geopotential simulated by linear ocean 

model (LOM, with a unit of m2/s2 as shown by the vertical axis tics on the left).  Yellow 

shaded columns indicate pure positive IOD events and green shaded columns indicate IOD-

ENSO concurrent positive IOD events. (b) Lead-lag correlation between reanalysis results 

(blue line) and model output (red line). The simultaneous correlation coefficient of is 0.825. 

The positive lags signify that LOM leads ORAS3. 
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Figure 4.2 Hovmöller diagrams along the equator for the simulated results during 1990 of 

our hindcast experiments associated with the first (a, b), second (c, d), and third (e, f) 

baroclinic modes. Left panels (a, c, e) represent simulated zonal velocity (color shading, m/s) 

and wind stress (solid and dashed contours for westerly and easterly wind stress, respectively, 

with an interval of 0.005 N/m2). Right panels (b, d, f) represent simulated geopotential 

anomaly (color shading with a unit of m/s, rescaled as 𝑝(#)/𝑐(#) to follow the definition of 

gravitational potential energy) and meridional velocity (solid and dashed contours for 

northward and southward currents, respectively, with an interval of 0.01 m/s).  
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Figure 4.3 Same as Fig. 4.2, except for 1994–95. 
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Figure 4.4 Seasonal evolution of geopotential anomaly (color shading, m2/s2) and wind 

stress vector (arrows, N/m2) for the simulated results in February, May, August, and 

November of 1990 of our hindcast experiments associated with the second baroclinic mode.  

  

2
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Figure 4.5 Same as Fig. 4.4, except for 1-month interval from May 1994 to December 1994. 
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Figure 4.6 Hovmöller diagrams along 3°N (left panels), the equator (middle panels), and 3°S 

(right panels) for the results (a, b, c) during 1990 and (d, e, f) 1994–95 of our model 

experiment with the second baroclinic mode. Color shading shows the energy-flux (W/m) 

with positive and negative values indicating eastward and westward, respectively, as 

estimated by the AGC17 scheme. Contours show the energy input by wind forcing with an 

interval of 0.001 W/m with positive value indicating the westward currents accelerated and 

negative value indicating the eastward currents decelerated by easterly winds. Yellow and 

green lines indicate the theoretical phase speed of KWs and RWs, respectively. Light blue 

and magenta lines represent the slower phase speed of KWs and RWs, respectively. The solid 

and dashed lines correspond to the actual existence and nonexistence of KWs and RWs, 

respectively.  
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Figure 4.7 Monthly evolution of energy-flux streamfunction R (color shading, unit 109 W = 

giga watts) and energy-flux potential D (contour, unit 106 W) in February, May, August, and 

November of 1990 computed using the AGC17 scheme (4.2a)–(4.2b) based on the monthly 

mean. The results are associated with the sum of the first three baroclinic modes. 
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Figure 4.8 Same as Fig. 4.5, except for 1-month interval from May 1994 to December 1994. 
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Figure 4.9 Results of the combined EOF analysis for energy-flux streamfunction (upper 

panels: color shading for positive values in pink and negative values in dark blue, unit 109 W 

= giga watts) and energy-flux potential (middle panels: color shading for positive values in 

orange and negative values in green, unit 106 W) computed using the AGC17 scheme. (a), 

(b), and (c) horizontal patterns and (d), (e), and (f) temporal patterns associated with the first, 

second, and third modes, respectively. All results are associated with the sum of the first 

three baroclinic modes during 61-year hindcast model experiments. Yellow and green shaded 

columns are same as in Fig. 4.1a. 
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Chapter 5  

General Discussion 

There are several scientifically interesting phenomena, such as seasonal monsoons 

and IOD, that occur in the IO. The distribution and development process of wave energy 

excited by these phenomena are poorly understood owing to the lack of applicable 

approaches. The present study provides a new perspective on the variations in the IO by 

tracing the transfer routes of wave energy. This approach is an insight into the atmosphere-

ocean interactions. There have at least three diagnostic schemes for calculating group 

velocity vectors. Chapters 2 and 3 compare the capacity for tracing the transfer episodes of 

energy flux of three schemes, the pressure flux scheme, OS93 scheme, and the newly 

proposed AGC17 scheme at the horizontal and vertical structure, respectively. The pressure 

flux scheme (Cummins and Oey, 1997) is appropriate for the identification of inertia-gravity 

waves but fails to trace the off-equatorial RWs. The OS93 scheme makes up for the 

insufficient of mid-latitude RWs but is unable to show the direction of group velocity vectors 

near equatorial regions. AGC17 scheme is a seamless diagnostic scheme, which can offer a 

good expression of directional group velocity vectors for all waves with a smooth transition 

between equatorial and off-equatorial regions. The above results suggest that the AGC17 

scheme is a well-documented approach to investigate the generation, propagation, reflection, 

diffraction, and dissipation of wave energy at all latitudes in both horizontal and vertical 

sections. 

The simulated results, such as zonal velocity and geopotential in chapters 2–4 using 

linear ocean model based on the numerical experiments are in accordance with most basic 

features of the climatological and interannual circulations in response to the seasonal 

monsoonal winds and IOD, respectively. We validate the model by comparing the output 
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with the OGCM OFES data at seasonal timescales and ORAS3 at interannual timescales. The 

results, the similar distribution pattern and high lead-lag correlation coefficient of 0.806, 

suggest our model is an effective approach to reproduce the monsoonal variations and IOD 

events in the IO. Concerning the basin mode period is nearly half a year in the second 

baroclinic mode, it is suitable for analyzing the seasonal variations of equatorial IO (Nagura 

and McPhaden, 2010). The SC driven by the southwest and northeast monsoon flowing along 

the East African coast in charge of upwelling signals and the Wyrtki jet forced by westerly 

winds along the equator during the monsoon transition period associated with downwelling 

signals is well reproduced in the second baroclinic mode. The zonal velocity and geopotential 

anomaly change directions four times per year in the second baroclinic mode in both 

horizontal and vertical structures are the evidence for these phenomena. The zonal velocity 

shows the four sets of westward signals associated with equatorial RWs but KWs are 

slightness. The geopotential anomaly has the capacity to show the propagation of the 

equatorial KWs but fails to show RWs. These raw quantities can show the evident seasonal 

variations but have the disadvantage for show the transfer routes of wave energy. To fill the 

gap of insufficient understanding of the wave energy transfer, we use the AGC17 scheme to 

trace the horizontal and vertical transfer of wave energy driven by the monsoonal wind 

forcing. The propagation of wave energy in both surface and depth planes is characterized by 

the seasonal cycle. The equatorial KWs appear four times along the equator with powerful 

wind put signals in response to the southwest and northeast monsoon at both surface and 

depth plane. Considering the formation mechanism of the SC, the western basin forms a 

localized cyclonic circulation at the sea surface during boreal winter and summer. The beams 

of KWs sustain in May and August at 550 m depth and in November at 1100 m depth, 

indicating the 3 months lead-lag between surface and mid-depth. These sets of KWs reflect 

diffract both equatorial and off-equatorial RWs. This forms the symmetrical distribution of 
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westward energy flux of RWs in the latitude-depth plane and the basin-scale cyclonic 

circulation of wave energy considering the rotational and divergent components of wave 

energy at the eastern basin in the surface plane. The north branch of diffraction of equatorial 

KWs transfers westward off-equatorial RWs to BoB. The vertical component of this 

westward energy flux reaches the deepest depth in SBoB (3°–5N, 90°E) in November–

December. Concerning the generation of this set of RW, it is strongly associated with the 

downwardly propagating equatorial KWs instead of the wind forcing at the sea surface.  

The present study is the first application of the AGC17 scheme at interannual 

timescales in the IO described in chapter 4, we pick up a pure positive IOD event that 

occurred during 1994. By comparing with a neutral year like 1990, when IOD is in a positive 

phase in 1994, the abnormal easterly winds appear by May and sustain until the end of the 

year, which excites the persistent upwelling over central-eastern IO in July–December. These 

winds get a peak in August–September and weaken from November leading to the 

termination of IOD in December. Theoretically, the equatorial KWs are 3 times faster than 

equatorial RWs and take 6 months for one round trip to cross the zonal equatorial IO. In the 

second baroclinic mode of 1994 positive IOD, the period for equatorial KWs and reflected 

equatorial RWs takes 8 months. This is attributed to the existence of two sets of westward 

energy flux of RWs along the equator. At central-eastern IO, the general equatorial RWs is 

generated by the boundary reflection of equatorial KWs in August–October. It is worth 

noting that an extra set of westward transfer of energy flux appear near the central-western 

basin during positive IOD in November 1994–March 1995, which shows a slightly slower 

group velocity than the theoretical equatorial RWs. It is necessary to estimate the disturbance 

of abnormal wind forcing and interactions between the tropical and subtropical IO. The 

results suggest that off-equatorial RWs are the key factor for the appearance of the slower 

phase speed of RWs transfer rather than the abnormal southeasterly winds. 
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An EOF analysis for SST anomaly (Behera et al., 2006) in the tropical IO shows that 

the IOD is independent of ENSO the former and latter of which appears in the EOF second 

and first modes. We conduct a combined EOF analysis for energy-flux streamfunction and 

potential based on the monthly mean in the IO. The most dominant mode shows the pattern 

of westward transfer of wave energy excited by the wind forcing of southeasterly winds over 

the central-southeastern IO. This pattern is the unique distribution of interannual features of a 

positive IOD. 
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Chapter 6  

General Conclusion 

6.1 Concluding remarks 

There are several climate variability modes in the global atmosphere-ocean system, 

such as ENSO in the Pacific Ocean, the IOD, and the Madden-Julian Oscillation in the IO. 

This study focuses on investigating the seasonal and interannual variations in the IO through 

an energetic view. The mechanism of the variations in the IO is closely linked to the 

characteristics of equatorial KWs and RWs in the ocean. Based on the analysis of raw 

quantities, the westward propagation signals of RWs are visible in the seasonal pattern of 

zonal velocity whereas eastward propagation signals of KWs are unclear. The present study 

provides a new interpretation of the mechanism of oceanic dynamics in the tropical IO based 

on the linear ocean model driven by different components of wind forcing. To trace the 

transfer routes of wave energy, we apply a new diagnostic scheme recently proposed in 

AGC17. We have compared the performance of previous schemes and the new scheme in 

horizontal and vertical structures, respectively, to find suitable diagnostic techniques. The 

results show that the AGC17 scheme is more appropriate for tracing the processes of all 

waves, such as wave reflection at the boundaries and diffraction at the coastal regions 

through all latitudes. According to the results of group-velocity vectors calculated by 

applying the AGC17 scheme, the present study quantifies the significance of the transfer 

episodes of wave energy at seasonal and interannual timescales with a smooth transition 

between the tropical and subtropical regions in the IO. 

An important point is why the present study focuses on the IO. As compared to the 

Atlantic and Pacific Oceans, the IO has more seasonal variations than interannual variations. 

In response to the monsoonal winds, the wave circulations in the IO have been defined in a 
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horizontal structure. In boreal winter and summer, the localized cyclonic energy circulation is 

formed in each hemisphere near the western basin of the IO in relation to the southwesterly 

winds. While, near the eastern basin of the IO, it shows a basin-scale cyclonic energy 

circulation in the monsoon transition period is closely linked to the wave reflection and 

diffraction at the eastern boundary forced by the westerly winds along the equator. Eastward 

energy flux is in the phase of seasonal variations at the surface which has four peaks related 

to the upwelling KWs in boreal winter and summer and downwelling KWs in boreal spring 

and fall. In the view of vertical structure, these packets of wave energy generated by 

monsoonal winds along the equator at the surface will transfer energy downwardly and lead 3 

months before mid-depth. Particularly, the deepest penetration of wave energy appears in 

SBoB regions in November–December, which shows the most apparent signals at 3°–5°N, 

90°E associated with the downward energy flux of RWs derive from the boundary reflection 

and diffraction of mid-depth equatorial KWs in August.  

Based on the findings at seasonal timescales, we further apply the AGC17 scheme at the 

interannual timescales in the tropical IO. This study first focuses on the 1994 pure positive 

IOD event. Two sets of westward transfer signals of energy flux are found along the equator 

with different phase speeds during 1994 positive IOD. One set is reflected by equatorial KWs 

at the eastern boundary, which has the same phase speed as the theoretical equatorial RWs. 

The other set is transferred from the off-equatorial RWs, which propagates slower along the 

equator than the theoretical equatorial RWs. We analyzed the development process of 1994 

positive IOD by tracing the transfer routes of wave energy. The westward signals of wave 

energy with wind input by southeasterly winds start in May and develop in June–July. These 

features of a positive IOD get a peak in August and maintain power until September. From 

October, the southeasterly winds weaken, which will the strength of westward propagating 

wave energy. This contributes to the termination of the dipole event at the end of 1994.  
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The application of the approach of this study to the analysis of the variability’s 

teleconnection in the tropical IO can help general citizens have a better understanding of the 

forecast/nowcast/hindcast in the world’s climate centers, such as Europe Centre for  

Medium-Range Weather Forecasts, National Centers for Environmental Prediction 

in USA, and Japan Meteorological Agency. 

6.2 Suggestions for future research 

The present study pays attention to the seasonal and interannual variabilities of wave 

energy in the tropical IO by applying the AGC17 scheme. The preliminary application of the 

AGC17 scheme to analyze the dynamics of IO provides a set of unveiled views for the 

geographical distribution of wave energy transfer and is a new metric for looking at the 

interrelationship of waves and circulations in the IO.  

To examine the interannual variability of wave energy, the chapter 4 preliminarily 

focuses on a pure positive IOD event, the important of oceanic waves perturbations in 

negative phase is also a necessary consideration. It is well known that SSTa evolution pattern 

show opposite loading on western and eastern basin of IO during positive and negative IODs 

and the heat budget of tropical IO during IOD play an important role on the initiation and 

termination of an IOD event. The evolution of wave energy of negative IOD events should be 

further understood whether it has the opposite pattern of wave energy as SSTa or not.  

It is worth noting that the IO is unique in that it is connected to the Pacific Ocean 

through over Indonesian Archipelago. There exists a unique phenomenon, Indonesian 

Throughflow, which is an important process of exchange between the Pacific Ocean and the 

IO. Out of a set of constituents missed in our model setup, the present study reminds the 

possible importance of the Indonesian Archipelago. The KWs could transfer energy 

eastwardly into the Pacific Ocean by Indonesian Throughflow. This flow also includes the 

westward propagating wave energy related to the RWs from the Pacific Ocean. Future 
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detailed work is necessary to make clear the importance of Indonesian Throughflow. This 

may further enrich our understanding of the oceanic tunnel process as well as climate 

variation.  

In addition, energy dissipation is significant in the western basin of the tropical IO. 

The boundary currents along the African coasts should be considerable. The AGC17 scheme 

is presently applicable to linear ocean model without a mean flow which is the limitation of 

this study. Namely, we simulated the perturbation of waves, the model output is not improved 

with the existence of a mean flow. The details of this lack of baroclinic instability should be 

further examined in a future study based on regional statistics. 
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