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Chapter 1 

General Introduction 

  
 
The seasonal cycle and the North Indian Ocean waveguide: The Indian Ocean 

(hereafter, IO) experiences the strongest monsoon on Earth, owing to the elevated Asian 

landmass that bounds it to the north. The monsoonal winds are predominantly 

southwesterlies during boreal summer and northeasterlies during boreal winter. These 

seasonally reversing monsoon winds drive a strong basin-scale response in the north IO 

(north of 10o S; hereafter, NIO) that has drawn the attention of physical oceanographers 

for more than two decades. The framework that emerged to help understanding the 

observed seasonal variability of the sea level and surface currents [e.g., McCreary et al., 

1993; Potemra et al., 1991; Yu et al., 1991] revealed the importance of remote forcing 

(i.e. wind forcing over regions remote from the region of interest). More specifically, 

the remote equatorial wind forcing has been shown to significantly influence the sea 

level and surface currents along the NIO coast through equatorial and coastal Kelvin 

wave (hereafter, KW) propagation [e.g., McCreary et al., 1996; Schott and McCreary, 

2001]. The equatorial winds force KWs at the equator. When these eastward-

propagating waves reach the eastern boundary (Sumatra coast) of the equatorial basin, a 

part of their energy is reflected back as equatorial Rossby waves (hereafter, RWs). 

Some part of their energy also propagates into and around the Bay of Bengal (hereafter, 

BoB or simply, the Bay) rim, then around Sri Lanka, and further up the west coast of 

India (hereafter, WCI) [McCreary et al., 1993] as coastal KWs. These seasonal waves 

are thus responsible for establishing a strong dynamical link between the equatorial and 

the coastal waveguides, together called the NIO waveguide. 

 

The NIO interannual variability: A similar remote forcing by the equatorial winds on 

the NIO sea level variability has also been discussed [e.g., Han and Webster, 2002] at 

the interannual (refers to periodicities ranging from a few months to a few years) 

timescales. At these longer timescales, the NIO sea level and surface currents are 

significantly influenced by the Indian Ocean Dipole (hereafter, IOD) mode [Saji et al., 

1999; Schott et al., 2009], which is an intrinsic mode of IO interannual climate 

variability associated with strong zonal wind perturbations in the equatorial band during 
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boreal fall.  These wind anomalies can influence the interannual variability (hereafter, 

IAV) of the sea level and currents in the NIO through equatorial and coastal KW 

propagation [Clarke and Liu, 1994], as demonstrated by the earlier studies at the 

seasonal timescale. While most of the previous studies focussed mainly on the BoB 

[e.g., Aparna et al., 2012 and the references therein], the sea level IAV along the WCI, 

though weaker compared to that in the BoB, have important consequences for the 

biogeochemistry in this region. The WCI is home to the world’s largest naturally 

occurring hypoxic system.  During boreal summer, the upwelling brings poorly 

oxygenated subsurface waters from the open ocean Arabian Sea (hereafter, AS) Oxygen 

Minimum Zone to the continental shelf off the WCI. During some years, these waters 

turn totally depleted of oxygen, leading to coastal anoxia that have tremendous impacts 

on the regional ecosystem and fisheries [e.g., Naqvi et al., 2009; Parvathi et al., 2017].  

 

The NIO intraseasonal variability and the eddies: The IO is also home to significant 

upper ocean variability at timescales ranging from a few days to a few months that are 

usually referred to as the intraseasonal variability (hereafter ISV). One important source 

of this variability is meso-scale eddies, which owe their existence to internal instabilities 

(shear instabilities of the currents systems or baroclinic instabilities). There are 

energetic eddies both in the BoB and in the AS, as revealed by the altimeter 

measurements [Chelton et al., 2011], contributing significantly to the ISV of the sea 

level and currents along the NIO coast [Cheng et al., 2013; Durand et al., 2009]. This 

thesis will, however, not address the eddy-generated oceanic ISV, but will rather focus 

on the wind-generated ISV discussed below. 

 

The NIO response to atmospheric intraseasonal forcing: Besides seasonal and 

interannual forcing, the tropical IO is also subjected to strong atmospheric forcing at 

intraseasonal timescales. These variations are associated with the dominant sources of 

ISV over the tropical Indo-Pacific warm-pool, involving a coupling between deep 

convection and atmospheric equatorial dynamics (see Zhang [2005] for a review), 

known as the Madden-Julian Oscillation (hereafter, MJO) that dominates during winter, 

and partly-related active/break cycles (i.e. wet and dry spells) of the Indian monsoon 

during summer [Goswami, 2005]. These modes provide strong forcing variations to the 

upper ocean, both in terms of heat flux and wind perturbations. The heat flux 

perturbations and the resulting variations in SSTs have been addressed well in the 
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literature (see Jayakumar et al. [2011], Vialard et al. [2012] amongst many others]. This 

Ph.D. work will therefore focus on the dynamical response to the intraseasonal wind 

forcing.  

 

The wind-driven ISV in the NIO waveguide: The intraseasonal wind variations 

induced by MJO and active/break monsoon phases drive a significant sea level and 

surface currents response. While the dynamical response of the equatorial IO to those 

intraseasonal wind variations has been relatively well addressed [Masumoto et al., 2005; 

Sengupta et al., 2007; Iskandar and McPhaden, 2011; Nagura and McPhaden, 2012], 

studies focusing on the NIO, in general, and on the NIO coastal waveguide, in 

particular, are scarce. While recent observational studies emphasize the importance of 

remote forcing [e.g., Shetye et al., 2008; Amol et al., 2012] and propose a basin-scale 

link between the equatorial and coastal waveguides of the NIO [Vialard et al., 2009], 

the NIO dynamical response to intraseasonal wind forcing has so far not been 

characterized in detail. Consequently, many questions about the intraseasonal sea level 

variability in the NIO are yet to be answered. For example - What are the relative 

contributions of local and remote wind forcing to the sea level ISV along the coast of 

India? Are the pathways of those remotely-forced intraseasonal signals from the equator 

to the NIO similar to those previously described at seasonal and interannual timescales? 

More generally, how different is the sea level dynamics at intraseasonal timescales 

compared to that at seasonal and interannual timescales? 

 

The goal: This Ph.D. work aims at exploring the above questions both with 

observational analysis and through a rigorous modelling approach. The overall goal of 

this thesis is to understand the dynamics of the wind-driven, intraseasonal variability in 

the NIO waveguide, mainly focusing on the sea level, and to delineate the differences in 

the sea level dynamics at intraseasonal timescale from that at seasonal and interannual 

timescales. In doing so, the thesis will also revisit the sea level dynamics at seasonal and 

interannual timescales. The thesis is organized as follows. 

 

Thesis structure: Chapter 2 begins with the basic concepts from the theory of linear 

ocean waves and provides a review of literature on the NIO dynamics, first at the well-

documented seasonal timescale, then at the interannual timescales, and finally at the 
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intraseasonal timescales, which is the focus of this thesis. The chapter ends with the list 

of specific questions addressed in this thesis. 

 

Chapter 3 provides a thorough description of the linear ocean model used in this study, 

including the details of the governing equations, the method of solution, and the choice 

of parameters. In addition, this chapter presents a description of the observational 

datasets used for the analysis as well as for validating the model simulation. The chapter 

also describes briefly the statistical tool used for analysing the datasets. 

 

Chapter 4 answers the fundamental question – What is the relative importance of local 

and remote wind forcing for the intraseasonal sea level variability along the NIO 

waveguide? This part of the Ph.D. work quantifies the relative contributions from the 

equatorial, BoB, and AS wind forcing to the sea level ISV in the NIO waveguide using 

model sensitivity experiments.  

 

Chapter 5 investigates comprehensively the dynamics of sea level ISV in the NIO, 

particularly along the coastal waveguide, using model sensitivity experiments. The 

chapter first demonstrates the existence of a direct connection between the equatorial 

waveguide and the WCI, in addition to the one involving the coastal KW propagation 

around the rim of the BoB. The chapter then develops a method of process 

decomposition that helps evaluating the pathways of the intraseasonal signals and their 

respective contributions to the sea level ISV in the NIO waveguide. 

 

Chapter 6 revisits the dynamics of seasonal and interannual sea level variability in the 

NIO by exploiting the model experiments and the methodology developed in the 

previous chapter for studying the sea level ISV. This chapter refines the findings from 

the earlier literature and assesses the importance of the newly established direct 

connection between the equatorial waveguide and the WCI for the sea level variability 

at those timescales. Furthermore, this chapter provides deeper insights into the IOD 

influence on the NIO sea level IAV. Finally, the chapter examines the key differences in 

sea level variability at intraseasonal, seasonal, and interannual timescales. 

 

Chapter 7 summarizes the main conclusions of this Ph.D. work, discusses their 

implications, and outlines the future plan. 
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Chapter 2 

Background 

 
 

Overview: This chapter provides the necessary background for the thesis. The chapter 

begins with a brief introduction of the basic concepts from linear ocean-wave theory (in 

Section 2.1) and subsequently surveys the literature pertaining to this thesis. Studies 

dealing with the dynamics of sea level and currents in the NIO are reviewed first at the 

most-studied seasonal timescale (in Section 2.2), then at the interannual timescale 

(Section 2.3), and finally at the intraseasonal timescale (Section 2.4), which is the focus 

of this thesis. The chapter ends with a list of unresolved issues concerning NIO sea level 

ISV. 

 

2.1 Basic concepts from the linear ocean-wave theory 

 

The LCS system and the linear wave solutions: A variety of ocean models with 

varying dynamical complexity have been used to study the dynamics of sea level and 

circulation in the IO [e.g. McCreary, 1985]. While the models with high degree of 

dynamical complexity (e.g., nonlinear effects included) provide realistic solutions, 

simpler linear models prove to be extremely useful for isolating the processes and are 

computationally very efficient. The objectives of the present Ph.D. have been addressed 

with a simple linear, continuously stratified (LCS) model. A detailed description of the 

LCS model and its configuration are presented in the next chapter (Section 3.3). The 

LCS model basically solves the linearized shallow water equations in a rotating frame 

of reference for a set of orthogonal vertical modes (baroclinic modes) that collectively 

describe the ocean variability [McCreary, 1980; 1981; 1985]. These baroclinic modes 

differ by their vertical structure (with largest vertical scale for the gravest mode) and by 

their typical phase speeds for the horizontal propagation of signals (fastest for the 

gravest mode; typically ~2.5 m/s for the first with an oceanic stratification typical of the 

tropical oceans). Generally, the first few (two or three) gravest modes are sufficient to 

describe the oceanic response to wind variations reasonably well in the tropics, as 

demonstrated later in this thesis. The present section discusses briefly the basic 

properties of wave solutions of the linear shallow water equations, particularly the 
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equatorially trapped waves, the coastally trapped waves and the mid-latitude planetary 

waves. The vertical structure of these waves is described by the corresponding 

baroclinic mode, and hence the focus here will be on describing their horizontal 

structure. The presentation here basically follows that of Gill [1982] and Kantha and 

Clayson [2000].  

 

The coastal Kelvin waves: The coastal KW [Gill, 1982] solutions of the linearized 

shallow water equations are obtained with no normal flow condition at a lateral 

boundary (for e.g. v=0 for a zonal boundary), such as continental margins (in case of an 

oceanic KW) or mountain ranges (in case of an atmospheric KW). In the present 

context, the shelf geometry is ignored and the coast is considered as a vertical wall, a 

boundary that acts as a waveguide (where wave energy is trapped), with a trapping scale 

given by !! = !! ! (where cn is the typical phase speed of the nth baroclinic mode), 

which is called the Rossby radius of deformation. The coastal KWs lean against the 

coast and have an exponential structure (!!!!/!!, where y1 is the distance from the 

coast), for both the sea level and the alongshore current. That is, a coastal KW has 

maximum amplitude at the coast and decays away from it with an e-folding scale !!. 

The coastal KWs are associated with a zero current in the cross-shore direction. This 

implies that the width of the coastal waveguide varies with latitude, decreasing 

(increasing) poleward (equatoward). For example, the width of coastal waveguide at 

10oN is ~100 km, and that at 15 oN is ~65 km, as computed with a typical first baroclinic 

speed of 2.5 m/s. The coastal KWs travel with the coast on their right (left) in the 

northern (southern) hemisphere. These waves are non-dispersive (i.e. both phase and 

energy of the wave propagate at the same speed allowing the wave to retain its 

characteristics over long distances) and can be forced directly by the alongshore wind-

stress forcing or generated by the reflection of incident wave energy on a coast (this is 

what happens when the equatorial KWs reflect at the eastern boundary, as discussed 

later in this thesis). 
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Figure 2.1: The amplitudes of the (top panel) zonal current (U; cm/s) and (bottom panel) sea level (H; 
cm) as a function of latitude for the Kelvin (solid) and the first Rossby (dotted) modes calculated with a 
phase speed of 2.5 m/s, illustrating their meridional structures. Reproduced from Boulanger et al. [1997]. 
 

The Equatorial Kelvin waves: The wave trapping occurs not only at the coast, but also 

in the equatorial band (due to latitudinal variation of the Coriolis parameter) as 

illustrated by the equatorial KWs [Matsuno, 1966]. These waves can be viewed as a pair 

of coastal KWs on both hemispheres leaning against each other symmetrically around 

the equator that behaves like a virtual boundary (but with a different meridional 

structure that is discussed below). The equatorial KW [Gill, 1982] is a solution of the 

linearized shallow water equations in an equatorial !-plane approximation (i.e., ! =
!", where f is the Coriolis parameter, y is the meridional distance from the equator 

(positive northward), and ! is the latitudinal gradient of the Coriolis parameter at the 

equator, a constant given by 2.3 ×10-11 m-1s-1). The trapping scale of the equatorial KW 

is the equatorial radius of deformation given by Rn= !! 2!. The meridional structure 

(Figure 2.1) of the sea level !! (and hence the zonal current, !! = !
!!
!!) has a Gaussian 

shape (maximum at the equator) given by !!~!
!!!!
!!! , with an e-folding (decay) scale 
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given by 2Rn (i.e. 2!! !).  For a typical value 2.5 m/s of the first baroclinic mode (c1) 

in the IO, the trapping scale (or the equatorial radius of deformation) is ~230 km, and 

the typical width of equatorial waveguide is ~460 km. The equatorial KW, as the coastal 

one, is non-dispersive, with its dispersion relation (i.e. the equation that links the zonal 

wavenumber k and the frequency !) given by ! = !" (Figure 2.2), implying that it has 

positive (eastward) phase (i.e. velocity of the waves crest/trough) and group (i.e. 

velocity at which energy – or the envelope modulating the wave amplitude – 

propagates) velocities. 

 

 
 
Figure 2.2: Dispersion curves corresponding to the dispersion relation, given by !

!
! − !! − !"

! !(!!!!)!! 
(see, Gill [1982]), for waves in the equatorial waveguide. The value n=-1 gives the equatorial KWs and 
n=0, the Yanai (also called the mixed Rossby-gravity) waves. For n ≥ 1, the inertia-gravity (also called 
Poincaré; upper branch of curves) waves occur at high frequencies and the RWs (lower branch of 
curves), at low frequencies, with the gap in the frequency spectrum filled with KWs and Yanai waves. 
Yanai waves behave like RWs (inertia-gravity wave) for large negative (positive) k. Figure courtesy 
Debasis Sengupta, CAOS/IISc. 
 

The equatorial Rossby waves: Besides KWs, the linearized shallow water equations in 

an equatorial !-plane approximation also allow an infinite set of other equatorially 

trapped waves [Matsuno, 1966; Gill, 1982] as solutions, with the trapping scale given 
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by the equatorial radius of deformation, but with varying meridional structures, all 

together constituting a complete orthogonal set (i.e. any meridional structure can be 

described mathematically by a combination of those waves). These waves include 

equatorially trapped inertia-gravity waves, Yanai waves, and RWs. The dispersion 

relation of all those waves are shown on Figure 2.2 (see its caption), but only the 

properties of equatorial RWs that are frequently invoked in this thesis are described 

here. As can be seen from Figure 2.2, the gravity waves occur only at high frequencies 

(periods < 6 days). Similarly, large spatial scale (i.e. low k) Yanai waves also have short 

periods (~10 days). In contrast, at large spatial scales (low negative k), the equatorial 

RWs represent low frequency motions (periods longer than 30 days) and are quasi-non-

dispersive. The dispersion relation of the mth meridional mode equatorial RW (Figure 

2.2) is: 

    ! = !!"
!!!(!!!!) !!!

     ----------(2.1) 

The above expression indicates that the RWs have westward phase velocities. The short 

RWs (in the limit ! → ∞ in the above equation 2.1) have eastward group velocity, i.e. 

they are dispersive. These short-wavelength waves are not efficiently generated by the 

large-scale wind forcing considered in this thesis and are damped out quickly due to 

their fine horizontal scales. Hence these waves in general are not important for the 

dynamics studied in this thesis. For long RWs (in the limit of ! → 0 in equation 2.1, an 

appropriate approximation for the low-frequencies studied in the present Ph.D.; Figure 

2.2), the dispersion relation can be approximated by: 
!
! =

−!!
(2! + 1) 

This implies that long RWs are non-dispersive (the phase velocity ω/k and the group 

velocity ∂ω/∂k are both equal to –cn/(2m+1)). This also implies that, for a typical first 

baroclinic mode phase speed of c1 = 2.5 m/s, the first meridional mode RW phase speed 

is 0.8 m/s. Thus the first meridional mode (long) equatorial RW requires nearly 3 

months to cross the equatorial IO (from east to west) compared to a 1-month time as 

required by the equatorial KW (from west to east). The higher meridional modes require 

even longer time. The meridional shapes of odd (even) RWs meridional modes are 

symmetric (asymmetric) about the equator, with maxima located away from the equator. 

The sea level meridional structure, computed with c1 = 2.5 m/s, of the first Rossby mode 

has its maxima around 4o on either side of the equator (Figure 2.1; first three modes are 
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shown in Figure 5.1). The current anomaly associated with the first meridional mode 

RW has maximum at the equator (Figure 2.1). 

 

 
 
Figure 2.3: Dispersion diagram for mid-latitude RWs. Here, ! denotes the frequency, k, and l are the 
zonal and meridional wavenumbers, and Cg is the group velocity. Figure courtesy Debasis Sengupta, 
CAOS/IISc. 
 

Mid-latitude Rossby waves: While mid-latitudes signals can be described by using a 

large number of equatorial RW meridional modes, it is more straightforward to derive a 

mid-latitude RW solution from the mid-latitude !-plane approximation ! = !! + !", 

where fo is the value of the Coriolis parameter at a reference mid-latitude !!, and ! is 

the latitudinal gradient of the Coriolis parameter at !! given by ! = 2Ω ! !"#!!, 

where Ω and R are the angular velocity and radius of the Earth. The mid-latitude RWs 

can be derived as solutions of the linearized shallow water equations in Cartesian 

coordinates on a mid-latitute !-plane [Gill 1982; Kantha and Clayson, 2000]. The 

corresponding dispersion relation between the frequency !  and the zonal (k) and 

meridional (l) wave numbers is: 

! = −!"
!! + !! + !!!

!!!
 

which indicates that the RWs have westward phase speed, but their group velocities can 

be either eastward or westward. The above dispersion relation can be represented as 

circles of constant ω in the (k, l) plane, as shown on Figure 2.3. The group velocity, 

which is the gradient of ! in the wave-number plane, is represented by the normal 
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vector directed radially inward and hence has a westward component for long RWs 

(small k negative values) and eastward component for short RWs (large k negative 

values, Figure 2.3).  The dispersion relation of the long RWs can be approximated as 

! ! = −!!!! !!! = − !!!!"#!!
!!!!"#!!!

, which is non-dispersive and implies a strong inverse 

relation between the phase speed and the latitude of the form !
!!.  The estimated phase 

speeds of sea level from the satellite altimeter observations demonstrate the above 

strong inverse dependence on the latitude as shown in Figure 2.4, which indicates that 

the typical phase speed of the 1st baroclinic mode RWs in the southern BoB (~10°N) is 

~25 cm/s and that in the northern BoB (~23°N) is ~5 cm/s. 

 

 
 
Figure 2.4: Estimates of phase speeds of westward propagating sea level anomalies from 
TOPEX/POSEIDON altimeter data as a function of latitude (abscissa in oN). The solid (open) circles 
correspond to the estimates from Pacific (Atlantic and IO). The thick black lines on the top panel 
correspond to the phase speeds of the first baroclinic RW as predicted by linear theory. The two vertical 
lines on the top panel mark the latitudes of the southern and northern BoB. Adapted from Chelton and 
Schlax [1996]. 
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Critical latitude and period: The maximum frequency of RWs is given by !!"# =
!!! 2!! , or the minimum period is given by !!"# = 4!" !!  [Gill, 1982]. The 

latitudinal dependence of the minimum period of planetary waves can alternatively be 

interpreted as a latitudinal limit poleward of which RWs with certain periods cannot 

exist.  This latitude is called the critical latitude, yc. Or alternatively, Pmin is called the 

critical period [Gill, 1982]. For instance, RWs with semi-annual (180-day) period 

cannot exist poleward of ~28o latitude: this is the critical latitude for the semiannual 

RW. The critical period, Pmin, at 15oN (with c1=2.5 cm/s) is ~96 days. This implies that 

the coastal sea level signals with period < 96 days remain trapped at the coast as coastal 

KWs, whereas those with period > 96 days radiate offshore as westward RWs. This 

“leaking” of sea level signals associated with coastal KWs as RWs has important 

implications for the dynamics of NIO sea level variability [Shetye, 1998; Shankar et al., 

2002] as will be discussed in Section 2.2.  

 

 

2.2 Northern Indian Ocean seasonal variability  

 

The atmospheric forcing:  The most pronounced feature of the winds over the NIO is 

their seasonal reversal (Figures 2.5a and 2.5b) associated with the alternating southwest 

and northeast monsoons [Schott and McCreary, 2001].  The southwest monsoon (boreal 

summer; June-September; JJAS) winds are, in general, stronger than their northeasterly 

counterpart (boreal winter; December-March, DJFM), and they form an intense low-

level jet, called the Findlater Jet [Findlater, 1969], over the AS.  The maximum core of 

these summer monsoon winds is located over the central AS, with lateral wind-stress 

variations resulting in strong wind-stress curl forcing away from the core. This wind-

stress curl forcing drives Ekman pumping, leading to open-ocean upwelling 

(downwelling) north (south) of the maximum wind-stress core [Lee et al., 2000]. 

Furthermore, these southwesterly winds blow almost parallel to the coasts of Somalia, 

Oman, southern tip of India/Sri Lanka, and the northwestern rim of the BoB (Figure 

2.5a), leading to strong alongshore wind-stress forcing that favors coastal upwelling in 

those regions [Lee et al., 2000; Schott and McCreary, 2001]. During winter, the dry and 

cool northeasterly trade winds from the Asian landmass cool the ocean surface layer in 

the northern AS that enhances the convective mixing in the ocean [Prasanna Kumar and 

Prasad, 1996]. From a dynamical viewpoint, the winter monsoon winds provide a 
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weaker forcing of opposite polarity compared to their summer counterpart over the 

above-mentioned coastal (alongshore forcing) and open-ocean (wind-stress curl forcing) 

regions (Figure 2.5b). Thus NIO is subjected to strong dynamical forcing by the winds 

during both the monsoon seasons, with the largest seasonal variations of the tropics, and 

larger than the mean state. 

 

 
 

Figure 2.5: Seasonal climatology of wind stress (N/m2) in the NIO for (a) boreal summer (JJAS) and (b) 
winter (DJFM). The wind stresses are from the TropFlux product [Praveen Kumar et al., 2013], 
described in section 3.2. Schematic diagram of seasonal currents in the NIO during (c) summer and (d) 
winter, adapted from Schott et al. [2009]. Of interest here are the East India Coastal Current (EICC), the 
West India Coastal Currents (WICC), the Lakshadweep High (LH) / Low (LL), which are indicated by the 
arrows. 
 

The NIO response: The dynamical response of the NIO to the above wind forcing is 

best manifested as strong seasonal cycle in the NIO sea level and upper-ocean 

circulation [Schott and McCreary, 2001]. In the past three decades, numerous studies 

(review presented below) have focused on describing and understanding the seasonal 

cycle of the sea level and surface currents in the NIO, particularly of the East India 

Coastal Current (EICC) along the east coast of India (ECI) and the West India Coastal 

Current (WICC) along the WCI (Figures 2.5c and 2.5d). Before reviewing the literature 

on the seasonal variability of sea level and currents along the coast of India, the concept 

of “leaky waveguide”, which has been proposed to explain the observed seasonal 

variability, is presented below for ease of the discussion.  
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Figure 2.6: The leaky NIO waveguide. The equatorial waveguide is hatched horizontally and the coastal 
waveguide vertically. The arrows emanating from coastal waveguide correspond to the RW radiation 
from eastern the boundaries of the BoB and AS basins and those from filled circles indicate the RWs 
generated by the wind-stress curl forcing in the interior basins. Reproduced from Shankar et al. [2002]. 
 

The leaky waveguide of the NIO: The NIO seasonal dynamics has been understood in 

terms of the “leaky waveguide” (schematically shown in Figure 2.6), a simple 

conceptual framework proposed within the perspective of linear wave theory [Shetye, 

1998; Shankar et al., 2002]. This framework suggests a basin-scale dynamical link 

between the equatorial waveguide and the NIO coastal waveguide through reflection of 

equatorial KWs at the eastern boundary of the equatorial IO basin. The equatorial KWs 

travel eastward and impinge on the coast of Sumatra. The problem of reflection of the 

equatorial KWs at the eastern boundary is solved mathematically by imposing a no-flow 

condition across the boundary. Since KWs and RWs of the same polarity (in sea level) 

have opposite zonal currents at the equator (Figure 2.1), the above boundary condition 

imposes KWs to reflect into RWs. The reflection at the eastern boundary also involves 

some of the energy propagating as coastal KWs into the coastal waveguides on the 

either side of the equator. The northward-branching coastal KWs travel along the NIO 

coastal waveguide, emphasizing the importance of remote equatorial forcing for the 

coastal NIO sea level variability. In this conceptual framework, the equatorial 

waveguide, defined from the equatorial radius of deformation, is ~500-km wide (cf. 

Section 2.1) centered on the equator and the coastal waveguide, defined from the e-
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folding scale of coastal KWs, at the southern coast of Sri Lanka is ~200-km wide (cf. 

Section 2.1). These two regions do not overlap, as the southern coast of Sri Lanka is 

located more than 500 km far from the equator. The “leakiness” of the waveguide is 

related to the westward radiation of RWs (i.e. southward of the critical latitude for a 

given wave frequency) associated with coastal KW propagation along the eastern rims 

of the BoB and AS basins (see Section 2.1).   

 

The ECI seasonal variability: The most-striking feature of the BoB circulation is the 

seasonally reversing EICC (Figures 2.5c and 2.5d), the western-boundary current of the 

BoB that flows northward (southward) during February – September (November – 

January), with its peak phase during spring (April – May) season. A detailed description 

of the EICC based on observations has been presented in several studies; see for e.g., 

Shenoi et al. [1999], Shetye et al. [1991b, 1993, 1996], and a more recent study by 

Mukherjee et al. [2014]. The driving mechanisms of the EICC’s seasonal variability 

have been investigated in many modeling studies way back since 1990s [Yu et al., 

1991; Potemra, 1991; McCreary et al., 1993; McCreary et al., 1996; Shankar et al., 

1996, Shankar et al., 2002]. Those studies demonstrated that both local (through 

alongshore wind forcing) and remote (through wind forcing in the interior Bay, along 

the eastern BoB rim, and in the equatorial region) forcing modulate the seasonal cycle 

of EICC, but with varying contributions with time.  

 

The WCI seasonal variability: The seasonal cycle of the WICC, the eastern-boundary 

current of the AS (Figures 2.5c and 2.5d), has been well described based on the 

observations (see for e.g., Shenoi et al. [1999]; Shetye and Shenoi [1988]; Shetye et al. 

[1990; 1991a]; Amol et al. [2014] and the references therein) as the poleward-flowing 

current during winter, with sign reversal during summer. The sea level along the WCI is 

dominated by the seasonal cycle. Figure 2.7, which shows the standard deviation of the 

observed seasonal sea level, indicates that the WCI is one of the regions in the NIO with 

the largest seasonal variability. This variability further extends westward through RW 

propagation into the southeastern AS, including a region known as the Lakshadweep 

High (LH)/Low (LL) (Figure 2.5) [Shankar and Shetye, 1997]. Earlier studies [e.g., Yu 

et al., 1991] proposed that WCI sea level variations are strongly influenced by the 

remote equatorial wind forcing, through propagation of KWs along the equator and 

coastal KWs around the rim of the BoB. Using a 2½-layer model, McCreary et al. 
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[1993] demonstrated that the seasonal WCI sea level variations are primarily wind-

driven and are largely remotely forced by the BoB winds. Given that the monsoonal 

winds are almost perpendicular to the WCI (Figures 2.5a and 2.5b), they drive only little 

sea level variations there. In contrast, the summer (winter) monsoon winds will drive 

upwelling (downwelling) along the ECI that will propagate to the WCI as coastal KWs. 

Shankar et al. [2002] performed a series of sensitivity experiments with a 1½-layer 

model to isolate the effect of alongshore winds in WCI from those along the BoB 

western rim (including both ECI and Sri Lanka). They concluded that the BoB 

alongshore winds indeed excite coastal KWs that propagate southward along the ECI, 

bend around Sri Lanka, and further propagate northward along the WCI to influence the 

WICC. Those remotely forced sea level signals along the WCI radiate away as RWs, 

resulting in the formation of LH/LL [Shankar and Shetye, 1997] and impact regions as 

far as the Somali coast in the western AS [McCreary et al., 1993; Beal et al., 2013]. 

 

 
 
Figure 2.7: Standard deviation of observed seasonal sea level (cm). The observations are from the 
satellite altimeter-based AVISO sea level product described in detail in Section 3.2. 
 

Implications of WCI seasonal variability: The seasonal sea-level (and hence the 

thermocline depth) variability along the WCI and in the LH/LL has strong societal 

impacts. As discussed above, the remote BoB forcing induces upwelling along the WCI 

during summer. This seasonal upwelling along the WCI and in the southeastern AS 

brings nutrients to the surface layer, causes phytoplankton bloom, and thus influences 

the food chain with a direct impact on fisheries [Madhupratap et al., 2001]. Due to its 
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intense productivity and weak ventilation, the subsurface AS has one of the most-

marked global subsurface Oxygen Minimum Zones [Naqvi et al., 2009]. The seasonal 

upwelling on the shelf off the WCI also brings very-low oxygen content waters very 

close to the surface in late summer and fall (Figure 2.8) [Parvathi et al., 2017]. This 

leads to the formation of the world ocean’s largest natural hypoxic system on the shelf 

off the WCI, with strong implications for the regional ecosystem and fisheries [Naqvi et 

al., 2000; 2009]. Finally, the deep thermocline associated with LH favors the 

development of high SSTs in the southeastern AS before the summer monsoon, well-

known as the “Arabian Sea mini warm pool”, that influences the southwest monsoon 

onset date [Vinayachandran et al., 2007] and total rainfall [Masson et al., 2005], which 

affects the lives of more than one billion people in India.   

 

 
 
Figure 2.8: Monthly vertical profiles of oxygen (color shaded) and temperature (oC; black contours) 
averaged over a box between 10o and 15o N, extending 2o offshore on the WCI. The red line marks the 
thermocline depth. Figure adapted from Parvathi et al. [2017].  
 

 

2.3 Northern Indian Ocean interannual variability 

 

Dominant climate modes in the IO: El Niño - Southern Oscillation (ENSO) and the 

IOD are the two modes of natural climate interannual variability that affect the year-to-

year variability (i.e. IAV) in the IO most prominently [Schott et al., 2009]. Both ENSO 

and IOD result from strong air-sea interactions, with the former occurring in tropical 

Pacific and the latter in the tropical IO. Before reviewing the literature on the NIO 
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interannual variability, a brief discussion on these coupled climate modes, including 

their impacts on the IO, is presented below.  

 

 
 
Figure 2.9: Lead-lag correlations of SST anomalies averaged over the eastern equatorial Pacific (160–
120°W, 5°S–5°N; black: Niño3 region, a typical ENSO index), the tropical IO (40–100°E, 20°S–20°N; 
red), the southwest IO (50–70°E, 15–5°S; green), and the eastern equatorial IO (90–110°E, 10°S–
equator; blue) to the November to January (grey shading) average Niño3 index (and index of El Niño at 
its peak). In addition, the seasonality of major interannual IO climate modes is indicated at the bottom. 
The warming in the IO lasts even after the end of an El Niño and the IOD has tendency to co-occur with 
El Niño. Reproduced from Schott et al. [2009]. 
 

The ENSO and its influence on the IO: ENSO is the leading mode of Earth’s year-to-

year climate variability and is characterized by unusually warm (El Niño) and cold (La 

Niña) phases. El Niños (La Niñas) are associated with anomalously weak (strong) 

easterlies and zonal pressure gradients (Southern oscillation) across the tropical Pacific 

[McPhaden et al., 2006; Schott et al., 2009]. A detailed discussion of the ENSO 

dynamics can be found, for example, in Philander [1990], Wang and Picaut [2004] or 

Clarke [2008]. ENSO-related SST anomalies in the eastern Pacific start developing 

during boreal spring and summer, peak during winter, and subsequently decay during 

spring (Figure 2.9), thereby lasting for 6-12 months, with a recurrence time of 2-7 years. 

The ENSO intensity and variability is characterized by many indices [Hanley et al., 

2003], such as the Southern Oscillation Index, the NOAA Oceanic Niño Index, and the 

Multivariate ENSO Index (MEI; see Section 3.2). ENSO influences the worldwide 

climate through atmospheric teleconnections [e.g. Trenberth et al., 1998] and has 
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profound socio-economical and environmental impacts [e.g. McPhaden et al., 2006]. 

Eastward (westward) shifts of the Indo-Pacific Walker circulation induce enhanced 

(decreased) subsidence over the IO, and hence anomalously high (low) downward 

surface shortwave fluxes [Klein et al., 1999; Lau and Nath, 2000]. Local air-sea 

interactions over the IO maintain the anomalous basin-wide warming (cooling) beyond 

the end of the El Niño (La Niña) event (red curve on figure 2.9; [Xie et al. 2009]). This 

IO enduring warming hence maintains regional climate anomalies beyond the end of an 

El Niño event. The warming (cooling) of the tropical IO in response to El Niño (La 

Niña) favors weaker (stronger) than normal precipitation of the Indian summer 

monsoon before the ENSO peak [Schott et al., 2009]. 

 

The IOD: The IOD [Saji et al., 1999; Webster et al., 1999; Murtugudde et al., 2000] is 

an indigenous mode of interannual climate variability in the IO. A positive (negative) 

phase of IOD is characterized by a zonal SST gradient in the tropical IO, with an 

anomalous cooling (warming) in the southeastern equatorial IO and an anomalous 

warming (cooling) in the central and western equatorial IO, associated with anomalous 

easterlies (westerlies) in the central equatorial IO (schematically shown in Figure 2.10). 

The IOD lasts for ~6 months, with its signatures developing during May-June, peaking 

in fall and rapidly withdrawing by the end of the year (Figure 2.9) [Saji et al., 1999]. 

The spatial distribution of the SST, the outgoing longwave radiation (a proxy for 

precipitation observed by satellites), the zonal component of the surface winds, and the 

sea level anomalies during 1997-98, one of the strongest positive IOD event, are 

displayed in Figure 2.11 to illustrate the typical patterns associated with an IOD. The 

SST anomalies (dipole structure) associated with the IOD induce a dipolar rainfall 

pattern and anomalous easterly winds in the central-eastern equatorial IO. These winds 

drive downwelling RW response to the west and upwelling KW response to the east, 

with the latter propagating into the BoB rim as upwelling coastal KWs, thus suggesting 

an influence of IOD on the NIO sea level IAV. A positive (negative) IOD event often, 

but not always, tends to co-occur with El Niño (La Niña) (Figure 2.9) [Yamagata et al., 

2004; Schott et al., 2009], making it difficult to isolate their relative influences in the 

observations. The IOD variability is characterized by an index of the zonal SST 

gradient, called the Dipole Mode Index (DMI; see Section 3.2 for details). The IOD has 

strong influences on the regional climate of the countries surrounding the IO basin, but 

with a lesser global extent than ENSO [e.g. Yamagata et al. 2004]. However, it can also 
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retroact on simultaneous [e.g. Luo et al., 2010] and following year’s ENSO [e.g. Izumo 

et al., 2010] conditions, thereby having an indirect global influence [e.g. Izumo et al., 

2014].  

 

 
 
Figure 2.10: Schematic illustration of an IOD during its positive (left panel) and negative (right panel) 
phases. Red (blue) shades indicate warm (cold) SST anomalies, with white shades indicating the 
convective clouds. The yellow arrows represent wind anomalies, associated with the corresponding IOD 
event. Picture courtesy JAMSTEC  (http://www.jamstec.go.jp/frcgc/research/d1/iod/iod_home_s.html.en).   
 
 

 
 

Figure 2.11: Spatial patterns of seasonal anomalies of (a) SST (b) outgoing longwave radiation, a proxy 
for deep atmospheric convection (c) zonal winds (d) sea level at the peak of the 1997 IOD event. 
Reproduced from Webster et al. [1999]. 
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NIO Sea level IAV: Many studies [e.g., Perigaud and Delecluse, 1992; Rao et al., 2002; 

Rao et al., 2010] have dealt with sea level IAV in the NIO through both observations 

and numerical modeling. Clarke and Liu [1994] used monthly sea level records from the 

coastal stations along the perimeter of the NIO waveguide over a distance of 8000 km, 

together with a simple linear model, to demonstrate the propagation of the interannual 

sea level signals forced remotely by the equatorial interannual zonal winds. Han and 

Webster [2002] used a 4½-layer reduced gravity model to systematically investigate the 

forcing mechanisms of the sea level IAV in the BoB. They concluded that the IAV in 

the BoB is primarily wind-driven (both local and remote equatorial winds) and that the 

surface buoyancy flux, the heat flux and the river discharges into the Bay have 

negligible effects. The wind stress anomalies associated with IOD and ENSO drive 

interannual variations in the sea level and currents in the IO [Schott et al., 2009; Singh, 

2002; Srinivas et al., 2005], particularly in the BoB, through equatorial dynamics and 

coastal KW propagation in a fashion similar to the seasonal dynamics. Using tide-gauge 

and altimeter data, Aparna et al. [2012] showed that ENSO and IOD events have 

distinct characteristics on the sea level IAV in the BoB, and further investigated their 

driving mechanisms using a linear model. The SLAs associated with a positive IOD are 

negative in the BoB and they decrease monotonically attaining a peak during fall. 

Negative SLAs are observed twice during an El Niño event. These signals reverse in 

sign, but are weaker, during the negative IOD and the La Niña events. Aparna et al. 

[2012], however, did not find any clear ENSO/IOD-related signatures on the WCI. On 

the contrary, a recent study by Parvathi et al. [2017] showed a clear link between the 

IOD events and the WCI sea level (and thermocline) IAV during fall. Using a coupled 

physical-biogeochemical model simulation, they demonstrated that the IOD-induced 

wind anomalies over the southern tip of India/Sri Lanka force coastal KWs that 

propagate along the WCI and contribute to the sea level IAV there.  

 

Importance of WCI sea level IAV for biogeochemistry: Earlier studies reported a weak 

sea level IAV on the WCI [Shankar et al. 2010; Aparna et al. 2012]. This weak sea level 

IAV however has important implications for the regional biogeochemistry. As noted in 

Section 2.2, the shelf off the WCI becomes one of the world ocean’s largest, natural 

hypoxic systems, following the seasonal upwelling. Substantial interannual changes 

both in the duration and intensity of the oxygen deficiency along the WCI have been 

reported [Naqvi et al., 2009]. During some years, waters below the surface become 
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entirely oxygen depleted over the entire shelf off the WCI – a condition called coastal 

anoxia [Naqvi et al., 2000; Naqvi et al., 2009], with tremendous impact on the living 

resources and fisheries. Parvathi et al. [2017] (as mentioned above) showed that the 

interannual oxygen variability along the WCI is closely linked to the sea level and 

thermocline IAV (Figure 2.12) during fall, thus emphasizing the importance of WCI sea 

level IAV. 

 

 
 
Figure 2.12: Time series of the fall (September-November) interannual thermocline (defined as depth of 
23oC isotherm) and oxycline (defined as depth of 100 !mol L-1) depth anomalies off Goa (near 15oN) on 
the WCI, exhibiting a high correlation of 0.95. Reproduced from Parvathi et al. [2017]. 
 

 

2.4 Northern Indian Ocean intraseasonal variability 

 

The atmospheric ISV: The tropical IO winds exhibit strong variability at intraseasonal 

timescales associated with the Madden-Julian oscillation (MJO) and active/break 

monsoon cycles. These two modes of atmospheric ISV are discussed below. These large 

spatial scale (of the order of 5000 to 10000 km) modes are characterized by a strong 

coupling between atmospheric deep convection and dynamics. 

 

The MJO: MJO [e.g. Schott et al., 2009; Zhang, 2005; Zhang, 2013 reviews] is the 

leading mode of the tropical climate variability at intraseasonal timescales and is 

characterized by basin-scale deep atmospheric convective perturbations, with strong 

fluctuations in the tropospheric winds at 30 to 90-day timescales. The convective 

anomalies associated with the MJO originate in the western IO, propagate eastward at a 

speed of ~5 m/s through the IO, maritime continent, and the western Pacific (Figure 
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2.13). Subsequently they decay when reaching the central Pacific where the surface 

ocean is not warm enough to sustain deep atmospheric convection [e.g. Gadgil et al., 

1984]. The MJO-induced atmospheric variations are the strongest during boreal winter 

between the equatorial strip and the southern tropics (5-15oS thermocline ridge region) 

[Zhang and Dong, 2004]. During summer, the convective anomalies associated with the 

MJO result in intermittent rainy and dry spells of the Indian summer monsoon and are 

known as the active/break monsoon cycles/phases [Schott et al., 2009; Goswami, 2005] 

that are discussed below. 

 

 
 
 
Figure 2.13: MJO composites of outgoing longwave radiation (shaded/hatched) and 850-hPa wind 
(vectors, statistically significant at 99% level) anomalies during December – February. The levels for 
shading correspond to the values less than -7.5, -15, -22.5 and -30 W/m-2, and those of hatching to values 
larger than 7.5, 15, and 22.5 W/m-2. Reproduced from Wheeler and Hendon [2004].  
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The active/break monsoon phases: As noted above, the active/break cycles of the 

Indian summer monsoon can be viewed as the summer variant of the MJO, although the 

details differ [Goswami, 2005]. The active phases are associated with a strong Findlater 

jet and intense convection and rainfall across the Indian subcontinent (Figures 2.14a and 

2.14b), while the break phases are associated with a weaker Findlater jet that splits into 

two branches converging on enhanced convection and rainfall on the ocean south of 

India and on the Himalayan foothills (Figures 2.14c and 2.14d). The convective 

anomalies propagate northward from the ocean south of India to the Himalayas during 

break to active conditions [Joseph and Sijikumar, 2004]. The monsoon active/break 

phases modulate the overall rainfall over India at 30–60-day timescales [Lawrence and 

Webster, 2002; Schott et al., 2009], somewhat shorter than the winter MJO timescales.  

 

 
Figure 2.14: Composites of (a, b) active and (c, d) break monsoon days in summer during 1979-1990. (a, 
c) outgoing longwave radiation (W m-2) and (b, d) 850-hPa wind vectors (m s-1). Reproduced from Joseph 
and Sijikumar [2004].  
 

NIO thermodynamical response: Both MJO and active/break phases are associated 

with the basin-scale variations of surface winds and air-sea fluxes. This thesis focuses 

mainly on the dynamical response of the IO to surface wind variations associated with 

the atmospheric ISV. There is, however, also thermodynamical response of the upper 

ocean to the atmospheric ISV during both the seasons that is briefly reviewed here. 

During active convective phases, there are reduced downward solar fluxes and 
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enhanced evaporation due to strong surface winds in both winter and summer [e.g. 

Vialard et al., 2012; 2013]. This yields typical net surface heat fluxes peak-to-peak 

variations of up to 80 Wm-2 depending on the region and season [Vialard et al., 2012; 

2013]. In most regions, the SST response to the atmospheric ISV can be well 

approximated by integrating those flux anomalies over the climatological mixed layer in 

a slab-ocean model. This suggests that the SST intraseasonal variations in response to 

the MJO and monsoon active/break phases are generally strong in those regions, where 

the convective perturbations are strong and the mixed layer is shallow, as in the BoB 

during summer (Figure 2.15a) [Vialard et al., 2012], and in Seychelles-Chagos 

thermocline ridge and northwestern Australian basin [Vialard et al., 2013] during winter 

(Figure 2.15b). The only regions where oceanic processes (upwelling, vertical mixing) 

seem to play a key role in driving the SST variability in response to the atmospheric 

ISV are the AS upwelling regions during summer. The intensity of the upwelling (and 

SST) seems to respond to intraseasonal variations in the alongshore winds [Vialard et 

al., 2012]. A recent review by DeMott et al. [2015] suggests that intraseasonal SST 

signatures resulting from the atmospheric ISV feedbacks onto the atmosphere. !
 

 
 
Figure 2.15: Standard deviation of intraseasonal SST during (a) summer; Reproduced from Vialard et al. 
[2012] and (b) winter; Reproduced from Vialard et al. [2013].  
 

Equatorial IO dynamical response: As noted above, this Ph.D. addresses the 

dynamical response of the NIO to the atmospheric ISV. Both MJO and active/break 

monsoon phases have signatures in the equatorial region, inducing ISV in the equatorial 

zonal wind field throughout the year. The equatorial oceanic response to that wind ISV 

has been described in many studies [e.g., Han, 2005; Masumoto et al., 2005; Sengupta 

et al., 2007; Iskandar and McPhaden, 2011; Nagura and McPhaden, 2012]. Sengupta et 

al. [2007] showed that the ISV of the zonal surface currents in the equatorial IO is 
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directly forced by the intraseasonal winds. Han [2005] noticed that the amplitude of the 

equatorial wind ISV peaked in the 30-60-day band, whereas that of the sea level and the 

surface currents ISV peaked at 90-day period, which they attributed to the basin-

resonance. Using a simple model that retains only the first baroclinic mode Kelvin and 

first meridional mode Rossby waves, Nagura and McPhaden [2012] studied in detail the 

dynamics of the response of the equatorial waveguide to wind ISV. In their linear model 

simulation, the directly wind-forced response dominates the solution (Figure 2.16), with 

weak reflected waves mainly contributing to strengthening the signal close to the 

eastern boundary, suggesting that basin resonance is not the main explanation for the 

dominance of the 90-day signal (basin resonance involves wave reflections that interfere 

with the directly-forced signal to create nodes).  

 

 
Figure 2.16: Lag-regression of equatorial Sea Surface Height (SSH) onto normalized wind index at 70-
110 days for (a) AVISO SSH (b) directly forced SSH from a simple model that retains only the two 
gravest baroclinic mode KWs and first meridional mode RWs. The contours (solid – eastward; dotted- 
westward) indicate the lag-regressed zonal wind stresses to the above-normalized wind index, beginning 
with zero contour (not shown) in an interval of 2.5 X 10-3 Nm-2. Reproduced from Nagura and McPhaden 
[2012].  
 

Rather, the main mechanism that seems to strengthen the oceanic response at 90-day 

timescale is the fact that the atmospheric wind forcing associated with the MJO and the 

oceanic KW response travel at relatively similar speed, inducing a near-resonant 
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response at this timescale, as already shown for the equatorial Pacific [Kessler et al., 

1995]. Another factor that favors a stronger response at the 90-day period is that the 

large spatial scales associated with the atmospheric ISV project more efficiently on the 

first baroclinic mode Kelvin and low-order Rossby equatorial meridional modes at 70-

110-day than at 30-60-day timescale, as can be deduced from the dispersion diagram 

shown in Figure 2.2. Overall, the equatorial IO response to atmospheric ISV has been 

well described: it is most energetic at 90-day timescale due to the near-resonant 

response of the ocean at this timescale, and can be described well from the first 

baroclinic mode Kelvin and first meridional mode Rossby waves: active phases 

(westerly wind anomalies) force a downwelling KW that dominates the response in the 

eastern equatorial IO, and an upwelling first meridional mode Rossby wave that 

dominates the weaker-amplitude response in the western IO. The downwelling KW 

reflection into a downwelling first meridional mode Rossby wave mostly contributes to 

the sea level ISV amplitude close to the eastern boundary. 

 

NIO dynamical response: The dynamical response of the NIO, particularly of the 

coastal waveguide, to the intraseasonal wind variations has been relatively less studied 

compared to that of the equatorial waveguide. Durand et al. [2009] found significant 

ISV in the sea level and currents along the ECI that they attributed to the meso-scale 

eddies, which indeed contribute to the variability in the interior BoB [e.g., Cheng et al., 

2013]. Using satellite observations, Vialard et al. [2009] showed that the intraseasonal 

equatorial KWs propagate into the NIO in the form of coastal KWs. Lead-lag 

regressions (Figure 2.17) of the basin-scale instraseasonal sea level and wind stresses to 

the sea level along the WCI reveal that the sea level ISV along the WCI are associated 

with basin-scale sea level and wind-stress variations resulting from the atmospheric ISV 

(i.e. MJO and active/break monsoon phases) [Vialard et al., 2009]. In agreement with 

other studies [e.g. Sengupta et al. 2007; Nagura and McPhaden, 2012], Figure 2.17a 

shows a clear Kelvin and Rossby-wave response in the equatorial waveguide, with 

westerlies forcing a downwelling KW to the east and an upwelling RW to the west. The 

opposite polarity signals at 35-day lead (Figure 2.17a) and 7-day lag (Figure 2.17d) 

indicate dominance of the 90-day cycle associated with the sea level ISV, in agreement 

with other studies [Han, 2005; Nagura and McPhaden, 2012]. Thus the study of Vialard 

et al. [2009] demonstrates a clear link between the equatorial and coastal waveguides in 
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the NIO at intraseasonal timescales, as was earlier demonstrated at lower frequencies 

(e.g., seasonal).  

 
 
Figure 2.17:  Lag-regression (lags indicated on the panels) of 55 to 110-day band-passed sea level and 
wind stresses onto 55 to 110-day band-passed sea level within the box (shown by a black frame) on the 
WCI. The values shown are significant at 95% confidence level. The wind stresses are from Quikscat 
product. Reproduced from Vialard et al. [2009].  
 

While Figure 2.17 indicates that most of the large-scale coherent wind stress variations 

occur in the equatorial waveguide, there are wind variations along the WCI that could 

contribute to the sea level variations locally (e.g. Figure 2.17c). This poses a 
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fundamental question on the relative contributions from local and remote forcing to 

NIO sea level ISV. Analysis of current meter measurements on the WCI further 

suggested that the remote forcing contributes significantly to the observed intraseasonal 

currents [Shetye et al., 2008; Amol et al., 2012]. Girishkumar et al. [2013] analysed 

anomalies of satellite-based winds and SSH, and thermocline depth derived from the 

moored buoys along 90oE in the BoB and found large ISV at 30-70-day, 90-day and 

120-day periods. Their analysis suggested that the 90-day and the 120-day signals are 

primarily driven by the remote equatorial wind forcing, whereas the 30-70-day 

variability is dominated by the interior BoB forcing.  Recently, Dhage and Strub [2016] 

used satellite measured SLAs and winds to assess the relative importance of local and 

remote wind forcing to the sea level ISV along the WCI. Consistent with Amol et al. 

[2012], this study established high correlations between the sea level along the WCI and 

the winds at the southern tip of India. Furthermore, WCI intraseasonal sea level is well 

correlated with that east of Sri Lanka up to the Sumatra coast at increaseing lags, 

emphasizing the importance of reflected equatorial RW signals to the WCI sea level 

ISV, as hypothesized by some of the earlier studies [Shetye, 1998; Gopalakrishna et al., 

2008]. However, their analysis did not allow assessing the relative contributions of 

coastal KWs travelling through the BoB and those related to the reflected equatorial 

RWs.  

 

Unresolved questions concerning NIO sea level ISV: The above review on the NIO 

sea level ISV indicates that there are many questions (also listed in Chapter 1) that still 

remain unresolved. While many studies emphasize the importance of the remote forcing 

for sea level ISV in the coastal waveguide, the relative contributions of local and remote 

forcing have neither been quantified, nor the origins of those remote wind forcing have 

been identified. Are the equatorial and NIO coastal waveguides connected only at the 

western and eastern boundaries of the equatorial basin, as suggested by Shankar et al. 

[2002] (schematically shown in Figure 2.6) or do they intersect at the southern tip of 

India as speculated by some other studies (e.g. Shetye, [1998]; Vialard et al., [2009]; 

Dhage and Strub [2016])? If such a connection exists, would it be important for the NIO 

sea level variability at all (intraseasonal, seasonal, and interannual) timescales? This 

thesis addresses the above questions with a simple dynamical model that agrees well 

with the observed sea level variability at all timescales through a suite of sensitivity 

experiments. 
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Chapter 3 

Data and Methods 

 
 
3.1 Introduction 

 

The observations (Section 3.2) and the numerical model (Section 3.3) used in this thesis 

are described in this chapter.  The observations include the sea level data for validating 

the model simulation and the wind-stress fields for forcing the model. These 

observations are also subjected to analysis for understanding the sea level variability.  A 

more detailed description and explicit mathematical treatment of the ocean model can 

be found in the previous literature [e.g., McCreary, 1980, 1981; McCreary et al., 1996; 

Shankar et al., 1996]. The aspects of the model specific to the present study are detailed 

here.  This chapter also describes briefly (Section 3.4) the empirical orthogonal function 

analysis that has extensively been employed in this work to extract the dominant modes 

of sea level variability in the observations as well as in the model simulations.  

 

 

3.2 Description of observations 

 

Sea level product: The sea level anomaly (SLA) data, produced by Ssalto/Duacs from 

altimetric observations, is made available by the Archiving, Validation, and 

Interpretation of Satellite Oceanographic (AVISO) data project on its website 

http://www.aviso.altimetry.fr. The weekly data during the period from October 1993 to 

August 2013 on a regular spatial grid at a high resolution of 0.25° (~25 km) has been 

used in this work. Having proven to be extremely useful for studying the large-scale 

ocean dynamics, the altimeter measurements are not reliable within a distance of 25-50 

km from the coast [Saraceno et al., 2008]. In this work, the sea level variability off the 

NIO coast is dealt with mainly through the coastal KWs that propagate at the shelf 

break and hence the altimeter-based sea levels still prove to be useful as demonstrated 

in several studies of the sea level variability along the Indian coast (for e.g., Rao et al. 

[2010]; Dhage and Strub [2016]). 
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Preprocessing of sea level data: The long-term linear trend is removed from the SLA 

time series before subjecting it to any further analysis. The seasonal cycle is constructed 

as the sum of the first four (annual, semiannual, 120-day and 90-day) harmonics, 

obtained through a least-square fit. The intraseasonal signal is obtained by applying a 

20–150-day band-pass filter, after removing the seasonal cycle. The interannual signal 

is obtained by subjecting the detrended SLA time series to a band-pass filter with cut-

off of less than 150-day and greater than 7-year periods, after removing the seasonal 

cycle. 

 

The wind-stress products: The surface wind-stress fields are mainly used for forcing 

the numerical ocean model described in Section 3.3. Two different wind-stress 

products, namely the QuikSCAT and the TropFlux, are used to assess the sensitivity of 

the model results to the forcing fields and to ensure the robustness of the results.  

 

QuikSCAT wind-stress fields:  QuikSCAT surface wind-stress fields from August 1999 

to October 2009 are freely available on the website http://cersat.ifremer.fr/data/. This 

daily data on a 0.5o spatial grid is mapped onto the model grid at 0.25o resolution using 

bilinear interpolation. Although the wind stresses away from the equator are 

overestimated [Praveen Kumar et al., 2013], QuikSCAT has been widely used in many 

studies of the tropical IO ISV [e.g., Senan et al., 2003; Sengupta et al., 2007; Nagura 

and McPhaden, 2012]. These studies have clearly shown that the model simulation 

using QuikSCAT wind forcing well reproduces the observed features.   

 

TropFlux wind-stress fields: The more recent TropFlux wind-stress product, primarily 

derived from ERA-I (European Centre for Medium Range Weather Forecast interim) 

[Dee et al., 2011] reanalysis data, is available during the 1979-2013 period from 

http://www.incois.gov.in/tropflux/ [Praveen Kumar et al., 2013].  This daily data on a 1o 

spatial grid is mapped onto the model grid at 0.25o resolution using bilinear 

interpolation. Praveen Kumar et al. [2013] provided a detailed evaluation of the 

TropFlux wind stresses over tropical oceans and demonstrated its better performance 

over the other widely used wind-stress products, especially near the equator and for the 

intraseasonal timescales.  
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Preprocessing of wind stress data: As with the sea level observations, the seasonal 

wind stresses are constructed as the sum of the first four harmonics obtained through a 

least-square fit, and the intraseasonal and interannual wind stresses are extracted using 

the same filters, after removing the seasonal cycle. 

 

The density profiles: The vertical density profiles are derived from the climatological 

vertical temperature and salinity profiles from the World Ocean Atlas-2009 (WOA09) 

[Locarnini et al., 2010] dataset using the Equation of State [Jackett and McDougall, 

1995]. These density profiles are then used for computing the background stratification 

for the numerical ocean model described in Section 3.3.  

 

DMI: DMI characterizes the IOD (described in Section 2.3) intensity and is computed 

as the SST difference between the western equatorial IO (50o-70oE and 10oS-10oN) and 

the southeastern equatorial IO (90o-110oE and 10oS-0o), which in essence, represents the 

east-west temperature gradient over the tropical IO. Positive (negative) values of DMI 

represent positive (negative) IODs. The DMI data used in this thesis is downloaded 

from http://www.jamstec.go.jp/frcgc/research/d1/iod/DATA/dmi.monthly.txt.  

 

MEI: MEI characterizes the ENSO (described in Section 2.3) magnitude and timing, 

and performs better compared to other SST-based ENSO indices [Wolter and Timlin, 

1998] as it integrates information from the coupled ocean-atmosphere ENSO processes. 

Besides SST, MEI incorporates five additional observed parameters of the tropical 

Pacific, namely, the sea-level pressure, the zonal and meridional components of the 

surface wind, the surface air temperature, and the total cloudiness fraction of the sky, 

and is computed as the first PC of those fields combined. The MEI data used here is the 

one downloaded from https://www.esrl.noaa.gov/psd/enso/mei/table.html. 

 

 

3.3 The ocean model 

  

LCS model: This study uses a linear, continuously stratified (LCS) ocean model, which 

is a modified version of the one presented in McCreary et al. [1996]. While this section 

presents most of the aspects of the LCS model, it is recommended to refer to McCreary 
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[1980; 1981], McCreary et al. [1996] or Shankar et al. [1996], for a more complete 

description. 

 

The governing equations: The model equations of motion are linearized about a state 

of rest with Brunt–Väisälä frequency (!!(!)) (Figure 3.1d), which is computed from 

realistic background stratification derived from the basin-averaged (40oE-100oE, 15oS-

15oN) WOA09 climatological vertical density profile shown in Figure 3.1a-c. The 

model ocean has a uniform depth of 4000 m (flat bottom). With specific choices on the 

mathematical forms of the mixing coefficients and the surface and bottom boundary 

conditions, the solutions of the above linear equations are represented as expansions in 

vertical normal modes, which are eigenfunctions ,!!(!) , satisfying the equation, 

!
!!!
!!"

!
= − !

!!!
!!(!), subject to the boundary conditions, !!" −! = !!" 0 = 0, 

where D (= 4000 m) is the ocean depth. The eigenvalue,!!!, of the above equation 

represents the characteristic KW speed of the n-th mode (Figure 3.2). 

 

 
Figure 3.1: The WOA09 basin-averaged (40oE-100oE, 15oS-15oN) climatological vertical (a) 
temperature, (b) salinity, and (c) density profiles. The density profile is used as the background 
stratification for the LCS model and is also used for computing the vertical modes, their structures and 
the wave speeds (see Figure 3.2). (d) The vertical profile of the Brunt–Väisälä frequency, !!(!) , 
computed from the density profile shown in panel c. 
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Figure 3.2: The characteristic KW speeds as a function of mode numbers, computed with the background 
stratification shown in Figure 3.1. 
 

The zonal (u) and meridional (v) velocities, and the pressure (p) fields are expanded in 

terms of the vertical normal modes as 
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In the above equations, ! denotes a typical value of the density of the seawater, the 

expansion coefficients,!!!, !!, and !! , are all functions of !,! and ! alone, and the 

above series converge rapidly for small value of ! (= 5, as demonstrated in Sections 

4.2.2 and 5.5.1). The above summations do not include the barotropic mode because of 

their small contribution to the solution in comparison to that of the baroclinic modes.  
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!!"
!!!

+ !!" + !!" = − !
!!!
!! 

where !! is the horizontal mixing coefficient and  f, the Coriolis parameter. In essence, 

these equations themselves represent linearized shallow-water equations for each 

baroclinic mode n, and the LCS model amounts to solving those equations individually 

for each baroclinic mode (n) with a characteristic KW speed,!!! (Figure 3.2), computed 

from the background stratification shown in Figure 3.1. 

 

Wind forcing in the model: The wind forcing is introduced into the ocean as a body 

force with a profile, Ζ(!).  The terms !! and !! are then given by !! = !!!!/(!!!) 
and !! = !!!!/(!!!), where !!and !!are the zonal and meridional wind stresses, and 

!! = !!!
!! !"  and !! = ! ! !!!

!! ! !!"  are the coupling factors. The vertical 

profile, Ζ(!), used here follows that of McCreary et al. [1996], which is constant down 

to 50 m and ramped to zero at 100 m (Figure 3.3).  The wind stress fields for forcing the 

model are obtained from both QuikSCAT and TropFlux products (described in Section 

3.2).  

 

 
Figure 3.3: The body-force profile, Z(z), that determines how the wind forcing enters the ocean in the 
LCS model. 
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Background stratification for the model: The background stratification used here is the 

one obtained from the averaged (15oS-15oN, 40oE-100oE) WOA09 climatological 

potential density profile shown in Figure 3.1.  The profile of Brunt–Väisälä frequency, 

!!(!), computed from the above density profile is also shown (Figure 3.1d). The 

corresponding KW speeds for the first five modes are 252 cm s-1, 155 cm s-1, 88 cm s-1, 

69 cm s-1, and 53 cm s-1 and are also shown in Figure 3.2 as a function of mode 

numbers. 

 

The model domain, resolution and land-ocean configuration:  The domain of the 

model (Figure 3.4) covers the IO region from 30°S to 30°N and from 30°E to 110°E. As 

mentioned above, the model ocean (Figure 3.4b) has a flat bottom and is 4000-m deep. 

The coastline of the model ocean is treated as vertical wall to allow propagation of 

coastal KWs. The shelf break is a very good approximation for vertical wall than the 

actual coastline and it occurs at ~200 m, as indicated by the IO bathymetric [Smith and 

Sandwell, 1997] map (Figure 3.4a). Accordingly, coastline of the model ocean is 

determined from the 200-m isobaths (Figure 3.4). The Red Sea and Persian Gulf are 

closed (modified into land points) in this land-ocean configuration and so is the Palk 

Strait (Figure 3.4b). Also, any single land point is modified into ocean and vice versa.   

Any single strip of land is converted to two or more strips of land points to avoid 

spurious exchange of signals arising from the lateral boundary condition applied at this 

strip of land points. All these changes made in the land-ocean configuration ensure 

numerical stability and also optimize the model computational time. The solutions are 

obtained numerically on a 0.25° (25 km) regular grid.  

 

Lateral Boundary conditions: The northern and western boundaries of the model 

domain are closed with the continental land boundary (Figure 3.4b). While the 

northeastern boundary of the model is closed with the eastern rim of the BoB and 

Sumatra coast, the southeastern and the southern boundaries remain open (Figure 3.4b).  

The zero-gradient, open boundary conditions, which when applied at the open 

boundaries, develop instability along these boundaries.  As in McCreary et al. [1996], a 

damper (on !! at the southern and on !!!at the southeastern boundary), which has 

maximum value of 1 day-1 within 150 km and ramps linearly to 0 between 150 and 300 

km of the boundary, has been applied.  This allows signals to propagate freely through 
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these open boundaries. At the continental boundaries, the common no-slip condition is 

used. 

 

 
  
Figure 3.4: The model domain. (a) Bathymetry of the IO from ETOPO2 dataset [Smith and Sandwell, 
1997] (b) The blue shaded region is the model ocean and the yellow (shelf) and white regions are the 
model land. This land-ocean configuration is determined from the 200-m depth contour (line of transition 
between blue and yellow). The actual coastline (line of transition between yellow and white) is shown for 
a comparison with the model coastline. 
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Table 3.1: Summary of the results of LCS model experiments carried out for fixing the vertical, A, and 
horizontal, !!, mixing coefficients for seasonal and intraseasonal simulations.  The evaluation is based 
on correlation and RMS error (indicated respectively in brackets) of a basin averaged (15°S-15°N; 40°-
100°E) sea level between model and observations. The coefficients corresponding to the experiment that 
shows the best performance have been chosen for the CTL simulation in Chapter 4. 

 

Values of the mixing coefficients Full timeseries Seasonal Intraseasonal 

! = 2.0×10!!!"!!!! (12-month) 
!! = 1×10!!"!!!! 

(0.59, 7.0) (0.70, 4.0) (0.29, 3.8) 

! = 2.0×10!!!"!!!!!
!! = 5×10!!"!!!! 

(0.62, 6.7) (0.72, 3.9) (0.33, 3.7) 

! = !.!×!"!!!"!!!! 
!! = !×!"!!"!!!! 

(0.65, 6.6) (0.74, 3.8) (0.37, 3.5) 

! = 4.0×10!!!"!!!! (6-month) 
!! = 5×10!!"!!!! 

(0.62, 6.8) (0.70, 4.0) (0.38, 3.5) 

! = 3.4×10!!!"!!!! (6-year) 
!! = 5×10!!"!!!! 

(0.68, 6.4) (0.77, 3.7) (0.36, 3.6) 

 

 

The choice of mixing coefficients:  While many of the previous studies (for e.g., 

McCreary et al., [1996]; Shankar et al., [1996]; Nagura and McPhaden, [2012], 

Chatterjee et al., [2013]) that used the LCS model already suggest a choice of values for 

the model parameters, especially the vertical and the horizontal mixing coefficients, a 

dedicated exercise for fixing those coefficients has been carried out in this study. This 

exercise involves performing model simulations with different choices of those mixing 

coefficients and finalizing those values that yield the best performance of the model 

when evaluated against observations. The best performance of the model is achieved 

with different values for the mixing coefficients depending on the timescale involved. 

Table 3.1, for instance, provides summary of the above exercise for intraseasonal and 

seasonal timescales. The model is forced with QuikSCAT wind stresses and the 

modeled intraseasonal and seasonal sea levels are evaluated against those from the 

observations, in terms of basin-averaged sea level correlations and Root Mean Square 

(RMS) errors. Table 3.1 indicates that the best performance of the model at intraseaonal 

and seasonal timescales is achieved when the coefficient of the horizontal mixing, !!, is 

chosen to be 5×10!!"!!!! and that of the vertical mixing, A, to be 2.0×10!!!"!!!!, 

which corresponds to ~12-month dissipation timescale for the first baroclinic mode 

(!!! !). These values are hence used for the model simulations presented in Chapter 4. 

This choice for the vertical mixing does not yield the best performance of the model at 

interannual timescale. For interannual timescale, a similar exercise has been carried out 

(not shown) and the best performance of the model is found when the vertical mixing 
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coefficient, A, is set to 2.89×10!!!"!!!!, which corresponds to ~7-year dissipation 

timescale for the first baroclinic mode. This choice of A is also found to yield nearly the 

same performance of the model for intraseasonal and seasonal timescales (presented in 

Table 3.1), and hence this value has been used for the simulations in Chapters 5 

(intraseasonal) and 6 (seasonal and interannual). A detailed evaluation of the model at 

intraseasonal, seasonal and interannual timescales is presented in Sections 4.3.1, 5.6.1, 

6.1.2 and 6.2.2, respectively. 

 

The main simulation and sensitivity experiments: The LCS model forced with the 

QuikSCAT (Chapter 4) or TropFlux (Chapter 5) wind-stress fields has been termed as 

the main or control (CTL) simulation/solution in this thesis. The linearity of the model 

has been best exploited in this study, in the sense that the processes that make up the 

CTL solution can be isolated using specially designed experiments, called the 

sensitivity experiments or process solutions. The linearity of the model ensures that the 

summation of the process solutions yields the CTL solution. As in McCreary et al. 

[1996], a process solution is obtained using dampers and/or by applying special 

boundary condition (SBC) in specific regions. 

 

Dampers for model sensitivity experiments: Simple Newtonian damper [McCreary et. 

al., 1996] with coefficient, !(!,!), which when applied over a (rectangular) region of 

interest (value of ! !,!  is maximum, !!/(1.5∆!), within the rectangular box and 0 

outside the region), allows the waves to decay rapidly with an e-folding scale of 1.5 Δx, 

where Δx is the grid size. To avoid distortions in the solutions, the damping coefficients 

are ramped linearly to zero within 1o from the edges of the region. The solution 

obtained with such a damper will thus be free from the effect of waves emanating out 

from that region. When using multiple dampers adjacent to each other, it is ensured that 

the edges of those dampers match and the ramping coefficients add up to 1 in the 

overlapping region. Section 5.5.2 illustrates the usage of these dampers in the sensitivity 

experiments for isolating the processes. 

   

Special boundary conditions for model sensitivity experiments: SBC used in this work 

is of the same form as the one in McCreary et al. [1996]. 
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!! = ! ∙ !! = −!.!×!!!  

!! = !×!! ∙ !! = 0, 
 

where ! is a unit vector perpendicular to the coast and ! is an upward-directed unit 

vector. !! = !!, !! ,!with  !!, !!,!the horizontal components of velocity parallel and 

perpendicular to the coast. The effect of the above SBC is to filter out coastal Ekman 

pumping at the coast by allowing the Ekman flow to pass through the boundaries and 

hence no coastal KW is generated. The usage of SBC is best illustrated in Section 5.5.2 

through sensitivity experiments. 

 

Wave Trap: Some of the sensitivity experiments require modifying the land points over 

a region to ocean, and damping out the signals (using dampers) within that region to 

isolate specific processes. The region thus behaves like a wave trap, i.e., the waves that 

enter the region get trapped within that region and the solution remains free from those 

waves. The technique has been used especially when usage of dampers (over the ocean) 

might affect the processes other than the one in the context. Usage of wave trap has 

been illustrated in Section 5.5.2. 

 

Remark: A general overview and basic configuration of the LCS model has been 

provided in this chapter. The model has been used to address specific science questions 

in the rest of chapters (Chapters 4, 5 and 6) of this thesis. More specific description and 

set up of the model, including details on the sensitivity experiments for addressing those 

questions, have been presented in the respective chapters (see Sections 4.2.1 and 5.5.1).  

 

Preprocessing of model sea level: As for the observed sea level (Section 3.2), the 

model sea level seasonal cycle is constructed as the sum of the first four (annual, 

semiannual, 120-day and 90-day) harmonics, obtained through a least-square fit. The 

intraseasonal signal is obtained by applying a 20–150-day band-pass filter on the 

seasonal anomalies. The interannual signal is obtained by subjecting the seasonal 

anomalies to a band-pass filter with cut-off of less than 150-day and greater than 7-year 

periods. 

 

 



! 41!

 

3.4 Statistical methods 

 

The Empirical Orthogonal Functions method: Besides simple statistical analysis such 

as correlation and regression, the Empirical Orthogonal Functions (EOF) method [e.g. 

Emery and Thomson, 1998] has been extensively used in this thesis. EOF analysis is a 

commonly used data reduction method to study the spatial and temporal variability of 

geophysical fields in terms of orthogonal functions. The method extracts the spatial 

patterns of variability, their evolution in time, and provides a measure of their 

importance. EOF analysis involves constructing a covariance matrix of the given field 

and solving the eigenvalue problem, i.e., finding the eigenvalues and eigenvectors of the 

covariance matrix. The eigenvectors are the spatial patterns, called the EOF spatial 

modes, and the eigenfunctions, usually referred to as the principal components (PC), 

represent their time evolution, their temporal variance being the eigenvalues. The spatial 

patterns (EOF modes) are ordered with respect to the magnitude of the corresponding 

eigenvalues.  Thus the first EOF, denoted as EOF1 (and associated PC1), corresponds to 

the eigenvalue with maximum magnitude, EOF2 (and associated PC2) corresponds to 

the next biggest eigenvalue, and so on. The variance explained by an EOF mode is 

simply the corresponding eigenvalue divided by the sum of all the eigenvalues, usually 

indicated in percentage.  The EOF spatial modes, which are orthogonal to each other, 

are uncorrelated in space and represent essentially the standing oscillations in the field. 

And similarly, the PCs are uncorrelated in time. It should be noted here that the EOF 

modes do not necessarily represent any physical or dynamical modes of the system. It 

simply partitions the variance of the given data and hence any relevance to a physical 

mode is a subjective interpretation. More information on EOF analysis can be found in 

Björnsson and Venegas [1997]. 
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Chapter 4 

Origin of intraseasonal sea level variability in the 

Northern Indian Ocean coastal waveguide 

  
 
4.1 Introduction 
 

Background for this chapter: The winds over the IO exhibit strong variability at 

intraseasonal timescales that are mainly associated with the active/break monsoon 

phases during summer and the MJO during winter (see Section 2.4).  Previous studies 

discussing this wind variability and the associated oceanic response have been 

extensively reviewed in Section 2.4. Of particular interest here is the study of Vialard et 

al. [2009], who found strong ISV in the alongshore currents observed during the 2006-

2008 period along the continental slope off Goa (at 15oN) on the WCI. They showed, 

using a suite of satellite observations and an ADCP measuring the upper ocean currents, 

that the winds associated with the MJO force equatorial KWs, a part of which enters 

into the BoB rim as coastally-trapped KWs at the eastern end of the equatorial basin.  

These coastal KWs travel all around the rim of the Bay, make their path around Sri 

Lanka and further propagate northward along the WCI. This study thus suggested a 

clear basin-scale link between the equatorial and the NIO coastal waveguides at 

intraseasonal timescales, as was demonstrated at the seasonal timescale by earlier 

studies [for e.g., McCreary et al., 1993; Shetye, 1998]. Although this study paved the 

way for an improved understanding of the processes driving the ISV in the NIO coastal 

waveguide, there are still many unresolved issues to be addressed. 

 

Motivation and aim: While all previous studies (see for e.g. McCreary et al. [1993], 

Shankar and Shetye [1997]; Vialard et al. [2009]) emphasized the importance of remote 

forcing in driving the ISV of NIO sea level and currents, they did not precisely quantify 

the relative effects of local and remote forcing. Moreover, the exact pathways of 

remotely forced signals and their relative contributions to the sea level ISV along the 

NIO coastal waveguide have so far not been explored in detail.  The aim of this chapter 

is to address the above questions in the simplest form: what are the relative 
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contributions of the basin-wide (equatorial/BoB/AS/Southern IO (hereafter, SIO)) 

intraseasonal wind forcing to the sea level ISV in the NIO coastal waveguide? Section 

4.2 provides details on the LCS model (described in Section 3.3) sensitivity experiments 

that allow us to quantify the above-mentioned contributions in Section 4.3. Section 4.4 

summarizes the results with a discussion.   

 

 

4.2 Model setup and sensitivity experiments 

 

4.2.1 Model setup 
 

Model configuration: The specifications, in general, of the LCS model are provided in 

Section 3.3, and those specific to this chapter are detailed here. The vertical mixing has 

the same form as in McCreary et al. [1996], but with a 12-month dissipation time scale 

for the first baroclinic mode (see Section 3.3) as in Nagura and McPhaden [2012], 

implying a ~5-month dissipation timescale for the second baroclinic mode. The 

horizontal mixing coefficient is set to 5000 m2 s-1.  The model is forced by intraseasonal 

(20-150-day filtered), daily, Quick Scatterometer (QuikSCAT) wind-stresses (available 

from http://cersat/ifremer.fr/data/) from August 1999 to October 2009 (more details in 

Section 3.2). Several studies indicate that this wind-stress product yields a realistic 

intraseasonal oceanic response in the equatorial IO [e.g., Sengupta et al., 2007; Nagura 

and McPhaden, 2012]. As in Nagura and McPhaden [2012], the model solution 

considered here is the sum of the first five baroclinic modes, though the first two modes 

themselves are sufficient to explain most of the variability in the NIO as discussed in 

the following section.  

 

4.2.2 Contributions from baroclinic modes 

 

First two modes vs. twenty modes: The solution of the linear model is well converged 

using only the first five modes, with almost identical results with the first twenty modes. 

Figure 4.1, which displays the maps of coefficient of linear regressions of the first, 

second, and the sum of the first two baroclinic modes onto the sum of the first 20 

modes, indicates that the sum of the first two baroclinic modes alone can explain more 

than 90% of the 20-mode solution everywhere in the NIO, except in a narrow equatorial 
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strip (Figure 4.1c). Even in this narrow band, the two modes explain more than 80% of 

the 20-mode solution. This is in agreement with Nagura and McPhaden [2012], who 

show that the first two baroclinic modes are sufficient to reproduce the equatorial ISV 

in the IO.  

 

 
Figure 4.1: Regression coefficient of a) first, b) second and c) sum of first two baroclinic modes sea level 
to the sea level obtained from the sum of the first 20 baroclinic modes. 
 

Contributions from individual modes: In the NIO coastal waveguide, the first mode is 

generally sufficient to explain most of the variability, except south of 15°N in the 

Andaman Sea and eastern AS (Figure 4.1a). While the second mode explains 20 to 30% 

of the sea level solution in the equatorial waveguide, it explains at most 20%, and often 

less than 10% in the coastal waveguide (Figure 4.1b). The Rossby radius of deformation 

for the second baroclinic mode is less than 50 km north of 12°N and hence mode 2 

would vanish in the model due to insufficient resolution (i.e., 2 grid points in the 25-km 

model resolution) and numerical dissipation. Since mode 2 plays a smaller role in the 

coastal waveguide than at the equator, vertical propagation (downward propagation of 

energy/upward phase propagation, [Romea and Allen, 1983]) will be more limited in 

the model’s coastal waveguide than that diagnosed at the equator [Iskandar and 

McPhaden, 2011] from observations. However, the co-existence of modes 1 and 2 south 

of 15°N along the WCI (Figures 4.1a and b) will allow some downward propagation of 

energy in agreement with the inferences of Amol et al. [2012] from the current 

measurements off the WCI. 
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Figure 4.2:  Set up for the sensitivity experiments described in Section 4.2.3. The shading denotes the 
mask, which is a value between 0 and 1, which when multiplied with the wind forcing yields the forcing 
for the sensitivity experiment. For instance, the panel (a) defines the mask values for the EQ experiment. 
The values are 1 between 5°N and 5°S, and are ramped down to 0 within 1o distance away from these 
boundaries. These mask values allow applying the wind forcing only within the equatorial band, with a 
forcing that is smoothly ramped down to 0 within 1° from this equatorial band. (b) BoB denotes the mask 
for Bay of Bengal and (c) AS for the Arabian Sea.  
 

4.2.3 Sensitivity Experiments 

 

Detail of sensitivity experiments: The model solution with the QuikSCAT forcing 

described in Section 4.2.1 above is referred to as the control (CTL) experiment. To 

assess the relative importance of intraseasonal wind forcing in the equatorial (EQ), 

BoB, AS, and SIO basins, sensitivity experiments are performed by applying 

intraseasonal wind forcing only in each of those basins (Figure 4.2). The EQ region is 
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bounded between 5°N and 5°S; the BoB and AS are confined to the north of 6°N and 

are divided at 79.75°E (Figure 4.2); the SIO is confined to the south of 6°S. The forcing 

in each sensitivity experiment is ramped down to zero within 1° of the borders of the 

forcing region, and the sum of all the forcing (i.e., EQ + BoB + AS + SIO) is equal to 

the forcing of CTL experiment. The linearity of the model then ensures that the sum of 

solutions of the sensitivity experiments is equal to the CTL solution. Table 4.1 

summarizes the above description of model experiments. The above ramping of the 

wind forcing near the borders of the forcing region may induce spurious wind-stress 

curl (and hence Ekman pumping), whose effect has been discussed in Section 4.3.2. 

 
Table 4.1: Summary of the sensitivity experiments 

Sensitivity 
Experiment 

Regions with full intraseasonal wind forcing 

CTL 
EQ 

BoB 
AS 
SIO 

NIO  
Equatorial band between 5oS and 5oN 

North of 6oN and east of 79.75oE within the Bay of Bengal 
North of 6oN and west of 79.75oE within the Arabian Sea 

South of 6oS 
 

 

4.3 Results 

 

4.3.1 Model validation 

 

Validation of EOF patterns: The large-scale, intraseasonal sea level patterns in the 

observations and model are extracted using EOF analysis (described in Section 3.4). 

The first EOF mode is well separated from the rest of the modes in both observations 

(17% for EOF1 shown in Figure 4.3b and 6% for EOF2) and model CTL experiment 

(44% for the EOF1 shown in Figure 4.3f and 14% for EOF2), and captures the 

dominant large-scale intraseasonal sea level signal throughout the basin. The explained 

variance is larger in the model than in the observations because the model being linear 

does not produce eddies, which tend to reduce the explained variance in the 

observations. The correlation between the first PCs of the modeled and observed sea 

levels (time series) is 0.89 (Figure 4.4), indicating that this linear model captures the 

phase of the observed basin-scale sea level ISV remarkably well. 
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Figure 4.3: Lag-regression (lags indicated on the middle column) of 20-150-day filtered QuikSCAT wind 
stress (first column) and sea level to the normalized PC of the EOF1 of 20-150-day filtered sea level 
(negative lags for regression maps leading the PC) in: a-d) observations (17% of total variance, second 
mode 6%), e-h) CTL experiment (44% of total variance, second mode 14%) and i-l) EQ experiment (49% 
of total variance, second mode 15%). The regression at lag 0 (panels b, f, and j) shows the spatial 
structure of the first EOF. Values that are not statistically significant at the 95% confidence level are 
masked (standard t-test, with one degree of freedom per 70 days of data, as determined from the lagged 
autocorrelation of the PC used for the regression). 
 

Validation of basin-scale patterns: The wind stress and sea level patterns obtained 

from a lag-regression to the PCs associated with the first EOFs of observed and 

modeled intraseasonal sea levels are shown in Figure 4.3. Despite the differences in the 

method of analysis, the patterns shown here are remarkably similar to those shown in 

Vialard et al. [2009] and Iskandar and McPhaden [2011], indicating the robustness of 

these patterns. These patterns reveal that the equatorial westerly wind-stress anomalies 

force an equatorial downwelling KW (Figures 4.3a,b) that propagates eastward and gets 
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reflected at the eastern boundary of the equatorial basin (Sumatra coast) as a 

downwelling equatorial RW (Figures 4.3c,d), with some part of the energy propagating 

in the form of downwelling coastal KWs into and around the BoB rim (Figures 4.3b and 

4.3c) and up the WCI (Figure 4.3d). Figures 4.3e-h show that the CTL simulation 

captures the observed sea level patterns remarkably well, both in the equatorial band 

and in the NIO coastal waveguide, suggesting that this model captures the underlying 

dynamics of ISV and hence is well suited to study the ISV in the NIO waveguide. 

 

 
Figure 4.4: Comparison of 1st PCs of the 20-150-day filtered observed (black) and modelled (red; CTL 
experiment) sea levels. The correlation coefficient is indicated on the panel. 
 

 

4.3.2 Importance of remote forcing 

 

Estimation of the forcing contributions: Spatial maps of contributions of the forcing in 

each basin are obtained by computing the point-wise regression coefficient of sea level 

from the respective sensitivity experiments to that of the CTL solution (Figure 4.5). As 

the regression is computed over the full time series, these maps allow a general 

evaluation of the contribution of forcing in each basin to the sea level ISV, and not just 

of those associated with the first EOF shown in Figure 4.3f. The percentage 

contribution is simply the regression coefficient multiplied by 100. The contribution of 

SIO to NIO sea level is negligible and hence is not shown here, and henceforth will not 

be discussed in this chapter.  
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Figure 4.5: Contribution of a) equatorial, b) BoB, and c) AS intraseasonal wind forcing to the 
intraseasonal sea level variations. These contributions are computed as the regression coefficients of 20-
150-day filtered sea level of (a) EQ, (b) BoB, and (c) AS experiments to those of CTL experiment. The 
sum of the contributions is equal to 1 by construction (the SIO wind forcing contribution to the NIO sea 
level ISV is negligible). The dotted lines indicate the boundaries of the domain in which the EQ, BoB, and 
AS forcing are applied.  
 

Dominance of EQ forcing in the equatorial waveguide: Most of the basin-scale 

variability is due to the equatorial wind forcing, as shown by the good match in the 

basin-scale sea level pattern of the EQ solution (Figure 4.3i-l) with that of the 

observations (Figure 4.3a-d) and CTL solution (Figure 4.3e-h). Consistent with the 
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previous studies [e.g., Nagura and McPhaden, 2012], the EQ wind forcing explains 

most of the sea level ISV within the equatorial waveguide, with contributions of more 

than 95% (Figure 4.5a; regression coefficient > 0.95). The ISV amplitude of the EQ 

solution is larger than that of CTL near 5°N on both sides of the Maldives archipelago 

(values slightly larger than 1 in Figure 4.5a). This feature is due to spurious Ekman 

pumping that occurs because the ramping of the wind forcing at 5°N in the EQ 

experiment artificially increases the wind-stress curl, but it has a negligible effect on the 

results (other solutions with a less abrupt ramping at the edge of the equatorial 

waveguide show qualitatively similar results). 

 

Dominance of EQ forcing in the coastal waveguide: The equatorial intraseasonal wind 

forcing dominates the CTL solution in most of the NIO coastal waveguide. Around the 

rim of the BoB, the EQ contribution decreases from 80−90% near Myanmar and in the 

northern Bay down to ~50% north of Sri Lanka (Figure 4.5a). The EQ forcing 

contributes to 60−70% of the intraseasonal sea level variations along the WCI. 

 

Contribution of EQ forcing to the interior basin through RWs: The EQ forcing 

contribution expands westward offshore to the interior ocean from the eastern boundary 

of both the BoB and the AS up to ~15°N, but is largely confined to the coast farther 

northward (Figure 4.5a). This offshore extension from the eastern boundary to the 

interior of the basin is due to the radiation of coastal sea level signals as westward 

propagating RWs. The RW radiation is restricted to the critical latitude, and to the north 

of which the signal remains fully trapped at the coast (see Section 2.1). Here, the wave 

trapping occurs because the first-baroclinic-mode RWs exist only at periods longer than 

~95 days (critical period, see Section 2.1) north of 15°N [Vialard et al., 2009], whereas 

the signals that originate from the equator have shorter periods [Han, 2005].  

 

Contribution of the BoB and AS forcing: The wind-stress variations within the Bay 

contribute to the sea level variations along the ECI through two processes: (1) the 

arrival of RWs generated in the interior basin and (2) the forcing by the alongshore 

winds in the BoB coastal waveguide. Both these processes contribute to the generation 

of KWs along the coast. The southward-increasing contribution of the BoB forcing 

along the ECI (Figure 4.5b) is likely due to a combination of those two processes. On 

the other hand, wind variations in the AS can only contribute to sea level ISV along the 
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WCI through alongshore winds, which excite coastal KWs. The relatively constant 

value (~30%) of the AS contribution all along the WCI (Figure 4.5c) suggests that the 

alongshore wind forcing mostly occurs near the southern tip of India. The progressive 

westward increase of the contributions of BoB and AS wind forcing to sea level ISV in 

the basin interiors (Figures 4.5b and 4.5c) is due to the contribution of local wind 

forcing to the RWs as they propagate westward. 

 

4.3.3 Seasonality in the forcing contributions 

 

Seasonality in the wind forcing: Figure 4.6 presents the wind patterns associated with 

northern hemisphere winter (panel a) and summer (panel b) basin-scale sea level ISV, 

obtained by lag-regression of the winds (wind stresses and wind-stress curl) to the PC1 

of the intraseasonal sea level for winter and summer seasons respectively. The patterns 

are remarkably similar to the dominant modes of atmospheric variability: the MJO in 

winter (e.g., Zhang [2005]) and the active/break monsoon phases in summer (e.g., 

Goswami [2005]) (see Section 2.4). While the wind-stress amplitude does not change 

much at the equator between the two seasons, it does become much larger over the NIO 

during the summer (Figures 4.6a and 4.6b). During summer, the wind-stress curl is 

strong in the central and southern BoB, and the alongshore wind stress is strong over the 

northwestern rim of the BoB (Figure 4.6b). In the AS, the winds are generally oriented 

perpendicular to the coast, except close to the southern tip of India and Sri Lanka, where 

the winds being parallel to the coast have larger alongshore component, and have larger 

wind-stress curl during the summer season (Figure 4.6b). 

 

Seasonality in the sea level ISV on the WCI: The amplitude of the equatorial, remotely 

driven sea level ISV on the Indian coast does not change much between the winter and 

summer seasons (red bars on Figures 4.6c and 4.6d; ~2 cm for the WCI and 1 cm for the 

ECI). On the other hand, the amplitude of sea level ISV due to AS wind forcing (blue 

bars, Figure 4.6c) is much larger (by greater than 1 cm) in summer compared to that in 

winter on the WCI (WC box shown in Figure 4.6a). This is probably due to the larger 

alongshore wind-stress and curl variations close to the southern tip of India during 

summer (Figure 4.6b). The WC box is representative of what happens over the entire 

WCI, i.e. the relative contributions of EQ and AS forcing do not vary much along this 

coast.  
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Figure 4.6: The 20-150-day filtered QuikSCAT wind stress (vectors) and the wind stress curl (colour 
shaded) regressed to the normalized PC1 of the 20-150-day filtered observed sea level at 14 day lead, for 
a) DJFM and b) JJAS. Decomposition of 20-150-day sea level standard deviation (cm, also indicated as 
a %) in the c) WC (west coast; 73.5°E-74.5°E, 12°N-13°N, cf panel a) and d) EC (east coast; 80.5°E-
81.5°E, 13°N-14°N; cf panel b) boxes into contributions from equatorial (red), BoB (green), and AS 
forcing. Values that are not statistically significant at the 95% confidence level are masked (standard t-
test, with one degree of freedom per 70 days of data, as determined from the lagged autocorrelation of 
the PC used for the regression). 
 

Seasonality in the sea level ISV on the ECI: On the ECI, there is also a summer-time 

increase of the contribution in the BoB forcing to sea level variations (green bars, 

Figure 4.6d). The alongshore wind stresses (Figure 4.6b) over the northwestern rim of 

the Bay force downwelling coastal KWs that reinforce the remotely driven downwelling 

sea level signals (Figure 4.3i), while the Ekman pumping in the central and southern 

Bay (Figure 4.6b) forces upwelling RWs with the opposite sign sea level signals. Thus, 

the overall positive contribution of BoB forcing is due to the dominance of alongshore 

wind-stress forcing along the northwestern rim of the Bay. A similar analysis at other 

locations in the BoB coastal waveguide also indicates larger contribution of local 

forcing during summer. This contribution, however, diminishes around the rim of the 

Bay in the clockwise direction. 
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Seasonality in the contributions: The larger wind forcing results in larger variability 

(standard deviation) in NIO sea level during summer on both coasts of India (Figures 

4.6c and 4.6d), with the proportion of regionally-forced to total sea level variability 

increasing from 20% to 40% on the WCI and up to ~60% on the ECI. 

 

 

4.4 Discussion 

 

Summary: This chapter addresses the fundamental question – How important are the 

wind forcing over the equatorial, BoB, AS, and SIO basins to the sea level ISV in the 

NIO coastal waveguide? The wind-driven linear model used here well reproduces the 

observed intraseasonal sea level patterns in the NIO identified by Vialard et al. [2009], 

making it well suited to investigate the origins of wind-driven intraseasonal sea level 

variations in the NIO, particularly in the coastal waveguide. Sensitivity experiments 

indicate that the wind-forced sea level variations in the NIO coastal waveguide are 

dominated by the contribution from remote equatorial wind forcing. Around the rim of 

the Bay, this contribution decreases from 80−90% in the Andaman Sea, to ~50% 

northeast of Sri Lanka and is 60−70% along the WCI. Furthermore, the contribution of 

wind forcing to NIO sea level ISV is modulated seasonally. While the equatorial wind 

contribution to the NIO sea level ISV remains nearly the same for both the seasons, the 

northward shift of the atmospheric ISV in summer induces stronger variability in the 

alongshore wind stresses on the northwestern rim of the Bay and also near the southern 

tip of India, leading to larger sea level ISV and hence a larger contribution of BoB and 

AS winds to this ISV on both the coasts (~40% west; ~60% east) of India during boreal 

summer than in winter (~20% on both west and east Indian coasts).  

 

Sensitivity of results to the timescale: While the intraseasonal wind-stress variations 

exhibit maximum power at 30-60-day timescale, the oceanic intraseasonal sea level 

variations in general peak near the 90-day period [e.g. Han, 2005; Girishkumar et al., 

2013]. This has been attributed to the occurrence of resonant response of the IO basin to 

the wind forcing, near the 90-day period [e.g., Han, 2005; Han et al., 2011]. This study 

chooses not to distinguish between those two frequencies, but consider them as a whole, 

by filtering the results in the 20-150-day window.  
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Figure 4.7: Same figure as Figure 4.5, but for the 30-70 and 70-110-day bands separately. The colours 
represent the contribution of wind forcing in the EQ, BoB and AS regions, computed as the regression 
coefficients of 30-70 or 70-110-day filtered sea level of (a) EQ, (b) BoB, and (c) AS experiments to that of 
CTL experiment. The sum of the contributions is equal to 1 by construction. The filled red squares 
indicate the locations of the 8°N, 12°N and 15°N RAMA moorings at 90°E. 
 

The contributions of the various basins remain qualitatively similar even when those 

two specific periodicities are considered separately, as illustrated by Figure 4.7, which 

is identical to Figure 4.5, but produced selectively for two frequency bands 

encompassing the main forcing period (30-70 day) and the 90-day (70-110 day). Inside 

the equatorial and NIO coastal waveguide, the contributions of the various regions in 

Figure 4.7 are remarkably similar to those shown in Figure 4.5. There is however a 

larger contribution of EQ forcing in the southeastern AS and BoB basins in the 70-110-
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day band than in the 30-70-day band.  This is because the critical latitude (Section 2.1) 

for the lower frequency signals are farther north compared to that for the higher 

frequency signals and hence offshore radiation of coastal signals as RWs can occur 

farther north at lower frequency than at higher frequency [e.g., Vialard et al., 2009]. 

 

Consistency with previous studies: Cheng et al. [2013] suggested a significant 

contribution of equatorial remote forcing in the interior BoB. Girishkumar et al., [2013], 

who analyzed the temperature observations from RAMA moorings along 90oE at 8oN, 

12oN, and 15oN (Figures 4.7b and 4.7e) in the BoB, reported that the thermocline 

variability at 90 and 120-day periods are primarily driven by the equatorial, zonal wind 

stress variations. Consistent with those studies, the contribution of equatorial forcing to 

the 90-day sea level variations is 40-60% at those locations (Figure 4.7e). The results 

reported here are also consistent with those of Shetye et al. [2008] and Amol et al. 

[2012], who suggested the variability in the currents along the WCI is influenced by the 

remote forcing farther south. 
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Chapter 5 

Dynamics of wind-driven intraseasonal sea level 

variability in the NIO coastal waveguide  

 
 
5.1 Introduction 
 

Lead from the previous chapter: Previous chapter demonstrated that the sea level ISV 

originating from the wind forcing in the equatorial region dominates the basin-scale sea 

level ISV in the NIO coastal waveguide through equatorially trapped and coastally 

trapped KWs. An intriguing aspect of those remotely forced equatorial signals is that 

their contribution to the total sea level ISV (Figure 4.5a) is larger along the WCI (60-

70%) than along the ECI (50%), suggesting possibility of a direct connection between 

the equatorial waveguide and the WCI that does not involve coastal KW propagation 

around the BoB rim.  

 

The new connection in the literature: This direct link between the equatorial 

waveguide and the WCI has been speculated by a couple of studies in the literature, but 

has been neither demonstrated, nor explored in detail. Many studies [e.g., McCreary et 

al., 1993; Shankar et al., 2002; Shetye, 1998] discussed the seasonal dynamics of NIO 

sea level and currents under the framework of the linear wave theory and proposed the 

concept of leaky NIO waveguide described in Section 2.2. In this framework, the 

equatorial and NIO coastal waveguides interact only at the western and eastern 

boundaries of the equatorial IO basin and remain well separated from each other by 

~100 km south of Sri Lanka [Shankar et al., 2002; Shetye, 1998] (Figure 2.6). Shetye 

[1998] noted, however, that part of the energy of an equatorial KW reaching the 

Sumatra coast is reflected as a westward-propagating RW, which can potentially excite 

coastal KWs when reaching the east coast of Sri Lanka. Using altimeter sea level data, 

Gopalakrishna et al. [2008] suggested that this process indeed contributes to the 

seasonal modulation of the upwelling along the southwest coast of India. At 

intraseasonal timescales, a recent study [Dhage and Strub, 2016] pointed towards high 

correlations between sea level along the WCI and that along the RW path between the 
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east coast of Sri Lanka and the Sumatra coast. Their analysis of altimeter sea level 

observations did however not allow assessing the respective contributions of coastal 

KWs travelling through the BoB and those related to this direct connection at the Sri 

Lankan coast. All these studies suggest that the direct pathway between the equatorial 

waveguide and the WCI can potentially influence the sea level variations along the 

WCI, but its contribution relative to that of the classical pathway through the BoB 

coastal waveguide remains to be explored.  

 

Intraseasonal wind forcing: Besides the remote equatorial wind forcing, other factors 

such as the alongshore wind-stress forcing (through coastal KW generation) or Ekman 

pumping due to wind-stress curl forcing (through RW generation) can also influence the 

sea level along the NIO coastal waveguide. It is therefore important to identify the 

regions where wind forcing does matter the most in driving the sea level variations 

either locally or remotely. Suresh et al. [2016] showed that the seasonal wind variations 

are strong near the southern tip of India and Sri Lanka, the northwestern boundary of 

the BoB, and off the east coast of Sri Lanka. Amol et al. [2012] showed that the winds 

near the southern tip of India exhibit significant intraseasonal variations, particularly in 

the Gulf of Mannar and off the east coast of Sri Lanka, and hypothesized that these 

wind variations might significantly influence the currents ISV along the WCI. However, 

the contribution of the above wind variations to the NIO sea level ISV is yet to be 

assessed. 

 

Aim and organization of the chapter: This part of the thesis will hence discuss the 

pathways of NIO intraseasonal signals and estimate the relative contributions of the 

wind forcing from various regions to the sea level variability in the NIO coastal 

waveguide. To this end, a series of LCS experiments are carried out and analyzed. The 

chapter is organized as follows. Section 5.2 illustrates how the equatorial signals can 

directly propagate to the WCI without transiting through the BoB. Section 5.3 identifies 

the hotspots of intense intraseasonal wind forcing in the NIO. Section 5.4 describes the 

processes that can potentially influence the sea level ISV in the NIO waveguide. Section 

5.5 describes the LCS sensitivity experiments used for isolating those processes. 

Section 5.6 provides a validation of the model, describes the major sea level ISV 

patterns, and quantifies the contribution from each of the processes to NIO sea level 

ISV. The main results of this chapter are finally summarized in Section 5.7.  
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5.2 The new connection 

 

5.2.1 Meridional modes of equatorial waves 

 

Meridional modes and the Sri Lankan southern tip: Figure 5.1 shows the sea level 

meridional structures (cf. Section 2.1; also Figure 2.1) of the first-baroclinic mode 

equatorial Kelvin and the first, second, and third meridional-mode equatorial RWs, 

computed with a KW phase speed of 2.5 ms-1 [Boulanger and Menkes, 1995; LeBlanc 

and Boulanger, 2001]. The vertical (red) line marks the latitude of the southern tip of Sri 

Lanka (i.e. ~5.75o N). The first baroclinic KW displays a maximum at the equator and 

its signal at the southern tip of Sri Lanka reaches only ~15% of its maximum equatorial 

value. This will result in weak sea level perturbations at the Sri Lankan coast, and hence 

a weak response in terms of coastal KWs there. On the other hand, the theoretical sea 

level structure of the first-baroclinic, first-meridional mode RW has a symmetric shape 

about the equator, peaking at ~4o latitude on both hemispheres. Its amplitude at the 

southern tip of Sri Lanka reaches ~70% of its maximum value and this can, in principle, 

trigger potentially large coastal KWs. The amplitudes of higher-order meridional modes 

of RW also peak near the southern Sri Lankan coast. These higher-order modes have 

even wider meridional extent compared to the first mode and hence they can efficiently 

contribute to the generation of coastal KW signals not only at the Sri Lankan southern 

tip, but also at the southern coast of India. 

 

Possibility of direct connection: The above theoretical arguments suggest a new 

potential connection between the equatorial and the NIO coastal waveguides in addition 

to the well-known “classical” connection at the western and eastern equatorial 

boundaries. This new connection will henceforth be referred to as the EQuatorial Direct 

(EQD) connection. The next section provides a proof of this concept with the help of 

idealized LCS model experiments. The contribution of EQD connection to the WCI sea 

level variability is quantified using LCS sensitivity experiments in the later Section 

5.6.3.  
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Figure 5.1:  Sea level meridional structures for equatorial Kelvin and the first, second, and the third 
meridional mode Rossby waves. The red vertical line marks the latitude of the southern coast of Sri 
Lanka.  
 

5.2.2 Demonstration of EQD connection 

 

Idealized experimental set up: An idealized experiment is first performed to illustrate 

the EQD connection. In this experiment, the LCS model is forced with a westerly wind 

burst over a rectangular region extending from 87oE to 93oE and 5oS to 5oN in the 

eastern equatorial IO, lasting for 10 days. The forcing has a Gaussian shape in the 

meridional direction and is symmetric about the equator, with an arbitrary maximum 

wind-stress amplitude of 0.13 Nm-2. In the zonal direction, the wind stress is constant 

and is ramped down to zero within 1o from the eastern and western edges of the 

rectangular region. This idealized wind-stress forcing is illustrated on Figure 5.2a. The 

choice of the forcing pattern ensures that it does not induce a direct coastal KW 

response at the southern coasts of India/Sri Lanka. A 1-year simulation with this wind-

stress forcing is referred to as the IDLCTL simulation.  
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Figure 5.2: Snapshots from the IDLCTL experiment at (a) 4 days (b) 24 days, and (c) 44 days after the 

initiation of 10 days long westerly wind burst shown in panel (a).    

 

Response to idealized forcing: As expected, this idealized westerly wind forcing excites 

a downwelling equatorial KW to the east of the forcing region and upwelling equatorial 

RW to the west (Figure 5.2a). When the eastward-travelling equatorial KW reaches the 

Sumatra coast, part of its energy is reflected back into the equatorial region as 

downwelling equatorial RW, while some of its energy enters into the BoB coastal 

waveguide (along eastern BoB rim) as downwelling coastal KW (Figure 5.2b). Both the 

forced upwelling and the reflected downwelling equatorial RWs propagate westward 
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and set up coastal KWs upon encountering the Sri Lankan coast (Figure 5.3b,c). These 

coastal KWs signals propagate off the coast of Sri Lanka and climb up the coastal 

waveguide off the west India, influencing the sea levels there. This illustrates the EQD 

mechanism mentioned in Section 5.2.1. In the mean time, the downwelling coastal KW 

at the eastern rim of the BoB propagates anticlockwise along the coast. The coastal sea 

level signal at the eastern rim also radiates away (as constrained by a critical latitude; 

see Section 2.1) as westward RW that influences the sea level in the interior BoB 

(Figure 5.2b). When this RW signal reaches the BoB western boundary, it excites a 

coastal KW, reinforcing the downwelling coastal KW propagating around the BoB rim. 

All these downwelling signals travelling along the BoB coastal waveguide bend around 

Sri Lanka and further propagate northward along the WCI (Figure 5.2c). This process, 

which involves propagation of remote equatorial signals through BoB, will hereafter be 

referred to as the EQB process. It should be noted that the length of the EQB pathway 

(~4500 km around the BoB rim) is roughly three times of that of the EQD pathway 

(~1500 km from Sumatra coast to east coast of Sri Lanka). As the EQB signals (coastal 

KW) travel three times faster than the EQD signals (first-baroclinic equatorial RW), it 

takes nearly the same time for the reflected RW and the coastal KW to reach the east 

coast of Sri Lanka. 

 

Remark: The idealized experiment does not have any other forcing. Hence, EQB and 

the EQD are the only processes that can influence the sea level in the NIO and the latter 

influences the sea level only in the AS, and not in the BoB.  

 

Separation of processes: The travel times of EQB and EQD signals along their 

respective pathways is nearly the same (the distance-speed ratio discussed above). 

Hence, it is not straightforward to decompose these signals in the observations. The 

above two processes can however be separated out in the linear model solution with an 

additional LCS experiment, by imposing a Newtonian damper (described Section 3.3) 

in the BoB. This damper, delineated by a dashed rectangular frame in Figure 5.3b, 

filters out the waves entering into the BoB, and hence the solution will only contain the 

EQD process. The difference between the IDLCTL and the above-mentioned damper 

experiment would then yield the EQB process. 
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Figure 5.3: Sea level patterns corresponding to the maximum sea level off Goa (indicated with a yellow-
colored vertical line in bottom panels) and the sea level time series (bottom panels) from idealized, 
single-pulse LCSM experiments with different Land/Ocean masks (described in Section 5.2.2). The left 
most panels (a)-(d) correspond to the run with original model coastline (IDLCTL); (e)-(h) without Sri 
Lanka (IDLNOSL); (i)-(l) without Sri Lanka and “chopped” Indian tip (IDLST10N); and (m)-(p) with a 
“meridional wall” eastern boundary (IDLMEB). An additional experiment without Maldives archipelago 
(not shown here) shows similar results to that with original model coastline for the sea level along the 
WCI.  The single pulse wind stress forcing used for these experiments is shown on each of the top panels 
and its duration (10 days) is indicated in the bottom panels with dashed black vertical lines.  The sea 
level patterns (top 3 rows) correspond to the total, EQD (direct connection between equator and WCI) 
and EQB (equatorial signals through BoB) sea levels (see Section 5.2.2 for explanation of these 
processes). The damper used for separating these processes is indicated with a dashed black frame on 
panels in the 2nd row.  The off Goa location (WCI box) is indicated with a black box on the maps. 
 

Analysis of IDLCTL experiment: The first column (panels a-d) of Figure 5.3 

corresponds to the results of the idealized set of experiments described above. Figure 

5.3d shows sea level time series at a location off Goa (black box on WCI shown in the 

snapshots) from IDLCTL simulation (will be referred to as total sea level) and its 

decomposition into EQD and EQB processes. Figures 5.3a-c display respectively the 

snapshots of the total, the EQD and the EQB sea level at the time corresponding to the 

maximum amplitude of total sea level off Goa (indicated by a yellow vertical line on 

Figure 5.3d). As discussed above, the sea level off Goa (Figure 5.3d) first shows 

upwelling (coastal KW) signals excited by the forced upwelling equatorial RWs (EQD 

process) and then the arrival of downwelling signals driven by both the reflected 
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downwelling equatorial RWs (EQD process) and the downwelling coastal KWs through 

BoB rim (EQB process). In this experiment, the sea level on the WCI is dominated by 

EQD, whose contribution off Goa is twice that of EQB (Figure 5.3d). This ratio of 

amplitudes between the EQD and EQB will however depend on wind forcing applied. 

For a wind forcing located on the western equatorial IO, the amplitude ratio of EQD and 

EQB on the WCI may be different. 

 

Importance of Sri Lanka: The presence of the Sri Lankan landmass is essential for an 

efficient EQD connection. This is demonstrated with an additional set of experiments 

forced with the same wind-stress forcing as in IDLCTL, but with a modified land-ocean 

configuration in which the Sri Lankan landmass is removed. A year-long simulation 

similar to IDLCTL is carried out and is referred to as the IDLNOSL experiment. The 

EQD and EQB contribution in IDLNOSL are separated out in the same way as in the 

IDLCTL experiment. The snapshots and the sea level time series corresponding to 

IDLNOSL are shown in Figures 5.3e-h. As expected, the absence of Sri Lanka results in 

a weaker interaction between the equatorial and the coastal waveguides. The sea level 

peak off Goa due to EQD in IDLNOSL is much smaller than that in IDLCTL (blue lines 

in Figures 5.3h and 5.3d), resulting in a weaker (reduced by half) total sea level 

amplitude in IDLNOSL compared to that in the IDLCTL experiment (Figure 5.3h vs. 

5.3d; black lines), illustrating the importance of Sri Lanka for the EQD pathway. The 

amplitude of EQB in IDLNOSL, on the other hand, is slightly larger than that in the 

IDLCTL due to less frictional damping resulting from the shorter length of the pathway 

of the coastal KW (due to absence of Sri Lanka). This shorter length of the pathway in 

IDLNOSL also leads to an earlier arrival of EQB signals compared to those in the 

IDLCTL. 

 

Importance of southern tip of India: As shown in Figure 5.1, the amplitudes of 

equatorial waves are negligible at 10oN. In a similar set of idealized experiments 

(IDLST10N; Figures 5.3i-l) as IDLCTL, but with the southern tip of India chopped off 

to 10oN (and no Sri Lankan landmass), the equatorial RWs propagate unhindered to the 

west (Figure 5.3j). Therefore, the WCI sea level has almost no contribution from EQD, 

but is entirely driven by EQB (Figure 5.3k). This further demonstrates that the presence 

of the southern tip of India (and of course, of Sri Lanka) is crucial for the EQD 

connection. 
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Effect of Maldives: The effect of presence of Maldives on the model solution is tested 

with an additional idealized experiment without Maldives archipelago in its land-ocean 

configuration. The results (not shown) are same as those with original model coastline 

(IDLCTL) for the sea level along the WCI, including the EQD and EQB sea level 

signals, implying that the existence of Maldives islands do not affect the EQD pathway. 

 

Effect of slanted eastern boundary: A comparison of the upwelling RW directly forced 

to the west of the wind pulse and the reflected downwelling RW at the Sumatra coast 

indicates that the latter has a larger meridional extent (Figure 5.2b), implying excitation 

of higher-order meridional modes on reflection. In order to examine if these higher 

modes are the consequence of the slanted boundary (the Sumatra coast), a last set of 

experiments (IDLMEB) were carried out with the same set up of IDLCTL, except that 

the slanted coast was replaced with a meridional eastern boundary as shown in Figure 

5.3m. The results of IDLMEB (Figures 5.3m-p) are almost similar to those of IDLCTL 

(Figures 5.3a-d), including the wider meridional extent of the reflected RW (Figure 5.3n 

vs. 5.3b), implying that the slanted shape of the eastern boundary has negligible effect 

on the reflection, which is in agreement with the results of Clarke [1983]. 

 

Limitations of the idealized experiments: While the above set of idealized experiments 

clearly demonstrates the importance of the EQD pathway for the WCI sea level 

variability, there are still many caveats. The amplitude of EQD signal depends on the 

choice of the wind forcing. It is indeed different when the wind forcing in IDLCTL is 

shifted to the central or western equatorial IO, resulting in nearly equal or even weaker 

amplitude of EQD compared to EQB (not shown). The meridional extent of the forcing 

also plays crucial role in determining the amplitude of the signal through EQD 

connection. When the meridional extent of the forcing in IDLCTL is extended to 10oS - 

10oN, the amplitude of the initial upwelling signal at the WCI is much larger (not 

shown) compared to that in IDLCTL, indicating a more efficient EQD connection. 

Furthermore, the basin resonances reported in the equatorial IO [Han, 2005; Han et al., 

2011], particularly the concentration of the 90-day resonant mode in the eastern basin, 

will have implications for the EQD connection. This calls for a detailed understanding 

of the EQD process in a realistic model simulation and a quantification of its 

contribution to the WCI sea level variability. 
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5.3 Intraseasonal wind forcing 

 

Figure introducing the ISV forcing: Understanding the characteristics of the 

intraseasonal wind forcing in the NIO is crucial for studying the NIO sea level ISV. 

Figure 5.4 therefore details the amplitude of the intraseasonal forcing (namely the 

alongshore wind stress, the wind-stress curl, and the Ekman pumping velocity) to 

delineate the main forcing regions.  

 

 
 

Figure 5.4: Amplitude of the intraseasonal variability of (top panel) the wind-stress curl (shaded; scale 
at the bottom; multiplied by 107; N/m3) and alongshore wind stress (grey shades along the coast; scale at 
the top of the figure; N/m2) and (bottom panel) the Ekman pumping velocity (m/day). 
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The alongshore forcing: The seasonal winds are almost parallel to the coasts along the 

northwestern rim of the BoB and near the southern tip of India and Sri Lanka, resulting 

in a strong alongshore component of winds along those coasts (Figures 2.5a,b and 6.1) 

[Suresh et al., 2016]. Figure 5.4a (grey shading) reveals that regions with strong 

intraseasonal variations in the alongshore forcing coincide with those of strong seasonal 

variability. These regions are the potential hotspots for the coastal KW generation 

through intense alongshore forcing. Strong intraseasonal variations in the alongshore 

wind forcing are also found off the coasts of Oman and Somalia. The KWs excited at 

these coasts would propagate equatorward and enter into the equatorial waveguide at 

the western boundary of the equatorial IO basin as equatorial KWs. 

 

The curl and the Ekman pumping: The wind-stress curl is strong in the interior and 

northwestern BoB, in the east and southern coasts of Sri Lanka, in the region adjacent to 

Sumatra coast, and in the interior and western part of the AS (Figure 5.4a). The 

amplitude of intraseasonal Ekman pumping velocity is large across the southern BoB 

and southern AS, with highest values around the Sri Lankan coast (Figure 5.4b). Even 

though the wind-stress curl at higher latitudes is as strong as that near the equator, the 

Ekman pumping is weaker because of the higher values of the Coriolis parameter. The 

RWs triggered by the Ekman pumping would excite coastal KWs upon their arrival at 

the coast. In summary, Figure 5.4 provides a clear picture of the hotspots of strong 

excitation of coastal KWs. Understanding the pathways of intraseasonal sea level 

signals requires paying special attention to those regions.  

 

5.4 The processes 

 

Remark: This section discusses the processes (or pathways of signals) that can 

potentially influence the wind-driven sea level variability in the NIO, particularly along 

the NIO coastal waveguide. Note that these processes operate not only at intraseasonal 

timescales, but also at seasonal and interannual timescales. These processes are 

summarized in Table 5.2 and are schematically shown in Figure 5.5. Some of the 

processes are grouped below for simplicity as their contributions are expected to be 

negligible.  
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Figure 5.5: Schematic representation of the processes or the pathways of sea level signals that influence 
the sea level variability in the NIO, particularly along the coastal waveguide. The pink color represents 
the BoB forcing (alongshore – AFBB; interior – IBB), the black color represents the STIP forcing 
(alongshore – AFST; interior – IST; ST=AFST+IST), the blue color represents the AS forcing 
(alongshore – AFAS; interior – IAS), the red color represents the equatorial forcing (signals through 
BoB – EQB; signals through direct connection – EQD), and the cyan color represents signals that get 
into the equator from the western equatorial basin (signals originating from the NIO that propagate into 
the equatorial band at the western boundary and back into the NIO – TrEQ; signals from the southern IO 
– SIO).  These processes are isolated with sensitivity experiments schematically shown in Figure 5.7 and 
summarized in Table 5.2. See Section  5.4 and 5.5.2 for more details.  
 
 
The equatorial contribution via. EQD and EQB: The response of the NIO sea level to 

the remote equatorial wind forcing (including the alongshore forcing at the basin 

boundaries) involves processes that are grouped into EQD and EQB, which have 

already been extensively discussed in Section 5.2. In brief, EQD refers to the effect of 

coastal KWs that are generated due to interaction of the equatorial and the coastal 

waveguides at the Sri Lankan coast and EQB refers to the remotely forced equatorial 

signals that travel through BoB to NIO.  

 

The BoB forcing: The winds over the BoB can influence the NIO sea level in two 

ways: (1) the alongshore forcing (AFBB; through coastal KWs) and (2) the interior Bay 

wind-stress curl forcing (IBB; through Ekman pumping, resulting in RW generation). 
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The coastal signals excited by the alongshore forcing in the eastern rim of the Bay 

radiate westward RWs, whose effect is also included in the AFBB process. 

 

Forcing in the vicinity of Sri Lanka/southern tip of India: As discussed in Section 5.3, 

the region near the southern tip of India and Sri Lanka (hereafter, STIP region) is one of 

the hotspots of intense intraseasonal wind forcing in NIO (Figure 5.4), in terms of both 

the alongshore forcing (AFST) and the strong Ekman pumping velocity in the interior 

ocean east of Sri Lanka (IST). The resulting coastal KWs will influence the AS sea 

level, particularly along the WCI and this response (combined effect of AFST and IST) 

will henceforth be referred to as ST process 

 

The AS forcing: As with the BoB forcing, the AS winds contribute to the sea level 

variability both along the coast and in the interior AS through (1) the alongshore wind 

forcing (AFAS; through coastal KWs) and (2) interior AS wind-stress curl forcing 

(IAS; through RWs).  

 

Contribution of signals that transit through the equator: The RWs radiated from the 

WCI and those generated in the interior AS (by IAS process) ultimately reach the 

western coastline of the AS and excite coastal KWs there. The coastal KWs in the NIO 

would also reach the western boundary of the AS after transiting around the rim of the 

AS. All these coastal signals at the western boundary of the AS propagate equatorward 

and leak into the equatorial waveguide at the western boundary of the equatorial basin 

as KWs. In principle, these KWs can contribute to the NIO sea level variability exactly 

in the same way as that of the EQB and EQD processes, unless the friction damps them 

out or interfere destructively with other signals. Hence it is important to understand the 

contribution of these signals transiting through the equator. This process will be referred 

to as TrEQ. 

 

Signals from the SIO: The wind forcing in the SIO can also influence the NIO sea 

levels through interaction of coastal waveguide along the western boundary of the 

southern basin and the equatorial waveguide. The signals that reach the equatorial 

waveguide from the SIO will propagate to the NIO in the same way as the EQD and 

EQB processes. These signals are grouped together under SIO process. 
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The rest of this chapter is devoted to estimate the relative contribution from each of 

these processes to the sea level ISV in the NIO, particularly along the NIO coastal 

waveguide. A series of LCS model sensitivity experiments has been carried out for that 

purpose and the details of these experiments are presented in the following section. 

 

5.5 Model setup and sensitivity experiments 

 

5.5.1 Model setup 
 

Model configuration: The general configuration of the LCS model is provided in 

Section 3.3. Model details specific to this chapter are summarized below. The vertical 

mixing has the same form as the one in McCreary et al. [1996], but with a 7-year 

dissipation time scale for the first baroclinic mode (see Section 3.3 for details on the 

choice of mixing coefficients). This ensures that the vertical mixing has negligible 

effect on the lower baroclinic modes and that the model solutions are suitable for 

studying the variability even at the interannual timescale (in Chapter 6). The horizontal 

mixing coefficient is set to 5000 m2s-1. Wind is introduced into the ocean as a body 

force with the same profile (constant down to 50 m and ramped to zero at 100 m) as in 

McCreary et al. [1996]. The model is forced with daily TropFlux [Praveen Kumar et al., 

2013] wind-stress (available from http://www.incois.gov.in/tropflux/) anomalies (long-

term mean removed) during the period from 1979 to 2013. As in Nagura and McPhaden 

[2012], the model solution converges well with the first 5 modes, and the first two 

modes are indeed sufficient to explain most of the variability in the NIO as discussed 

below.  

 

The control experiment: The model solution with the above TropFlux forcing is 

referred to as the control (CTL) experiment in this chapter (and is different from the 

CTL run of Chapter 4). The intraseasonal sea level is obtained by filtering the sea level 

with a 20-150-day band-pass filter after removing the mean seasonal cycle (see Section 

3.2). As demonstrated in Chapter 4, the results are not sensitive to the choice of the 

filtering bandwidth. 
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Figure 5.6: Regression coefficient of (a) first, (b) second, (c) first two (modes 1+2), (d) modes 3+4+5 
intraseasonal sea level to the sum of first five baroclinic modes. 
 

Contribution from baroclinic modes: Figure 5.6 (similar to Figure 4.1) shows the 

spatial maps of coefficients of the linear regressions of the first, the second, the sum of 

the first two, and the sum of the third to fifth baroclinic modes onto the sum of first five 

modes. The sum of the first two modes is almost identical to that of the first five modes 
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over the entire NIO, except in the equatorial region, where the remaining three modes 

contribute 10-15% to the 5-mode solution. The first mode explains most of the 5-mode 

solution, with more than 90% in the BoB, the eastern AS, and most of the NIO coastal 

waveguide. In the central and eastern equatorial IO, the first mode explains ~60% of the 

solution, with the second mode accounting for most of the rest (sum of modes 3 to 5 has 

a very weak contribution). The contribution of the first mode to the 5-mode solution 

progressively decreases westward in the AS, with 70-80% contribution in the Oman and 

Somalia upwelling regions, where the alongshore forcing is strong. The strong local 

winds favor generation of the higher modes, with the second mode contributing to 20-

30% and little (<10%) contribution from the third, fourth and the fifth modes to the 5-

mode solution. 

 

5.5.2 Sensitivity experiments 
 

The CTL sea level (denoted as sl(CTL)) at any location in the NIO results from the 

combined effect of the processes described in Section 5.4 (Figure 5.5). The linearity of 

the model ensures that the sea level from the CTL experiment can be written as:  

 

!" !"# = !" !"# + !" !"# + !" !"## + !" !"" + !" !"  

                                    +!" !"!# + !" !"# + !" !"#$ + !" !"#     ------(Eqn. 5.1) 

 

where sl(X) (on the right hand side) refers to the sea level due to the process ‘X’. 

 

Following McCreary et al. [1996], a series of model sensitivity experiments is 

performed by applying dampers and/or special boundary conditions (SBC) (Section 3.3) 

in specific regions to isolate the sea level due to each process from the CTL sea level. 

The details of the LCS model sensitivity experiments are given below and are 

summarized in Table 5.1. The method for obtaining the sea level corresponding to each 

process is provided in Table 5.2. 
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Table 5.1: Details of LCS model sensitivity experiments. In the table, “No” implies that the condition is 
not applied. Dampers are used to damp out the waves within the region encompassed the box boundaries. 
Special boundary conditions (SBC) are used to filter out the coastal Ekman pumping, and hence no KW is 
generated along the coastline encapsulated by the box boundaries. The regions specified in the table are 
shown on Figure 5.7. 
!

LCS model 
Experiments 

Description of Exp. and 
process 

Damper SBC 

NAFBB Same as CTL, but with 
SBC imposed off the coast 
of BoB 

No  Coastline 
within BB box 
shown in pink 
color  

NAFST Same as CTL, but with 
SBC imposed over the 
coast in the STIP region 

No Coastline 
within black 
box  

NAFAS Same as CTL, but with 
SBC imposed on the 
coastline in the AS 

No Coastline 
within blue 
box 

NAFNIO 
 

 

Same as CTL, but with 
SBC imposed all over the 
NIO coastline;  
Equivalent to 
NAFBB+NAFST+NAFAS 

No SBC applied 
over the entire 
NIO coastline  

DSIO Same as CTL, but with a 
damper in the southern 
Indian Ocean 

Cyan box  
[31oE -109oE; 15oS-6oS]  

No 

NAFNIODSIO Same as NAFNIO, but 
with damper in southern 
Indian Ocean 

Cyan box  
[31oE -109oE; 15oS-6oS] 

SBC applied 
over the entire 
NIO coastline 

DSWT Same as DSIO, but with 
SBC over entire NIO and a 
“wave trap” in Somalia 
region  

1) Cyan box 
 [31oE-109oE; 15oS-6oS] 
2) Light-shaded green 
box on Somalia coast 

SBC applied 
over the entire 
NIO coastline 

DSBWT Same as DSWT, but with 
an additional “wave trap” 
at the entrance of coastal 
waveguide of Bay of 
Bengal 

1) Cyan box 
 [31oE-109oE; 15oS-6oS] 
2) Light-shaded green 
box 
3) Dark-shaded green 
box  

SBC applied 
over the entire 
NIO coastline 

NAFNIODEQ Same as NAFNIO, but 
with a damper in the 
equatorial region 

Red box  
[35oE-105oE; 4oS-4oN] 

SBC applied 
over the entire 
NIO coastline 

NAFNIODEQBB Same as NAFNIODEQ, 
but with an additional 
damper in the Bay of 
Bengal 

1) Red box  
[35oE-105oE; 4oS-4oN] 
2) Within pink frames 
over Bay 

SBC applied 
over the entire 
NIO coastline 

NAFNIODEQBBTIP Same as 
NAFNIODEQBB, but 
with an additional damper 
in the STIP region 

1) Red box  
[35oE-105oE; 4oS-4oN] 
2) Within pink frames 
over Bay 
3) Black box over STIP 
region 

SBC applied 
over the entire 
NIO coastline 

!
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Table 5.2: The processes and the method for obtaining the processes using LCS model sensitivity 
experiments, whose details are provided in Table 5.1.  The processes are shown schematically in Figure 
5.5. 
!

Process Process 
abbrevi-

ation 

Method  

Signals forced by alongshore 
forcing in BoB 

AFBB sl(NIO) - sl(NAFBB) 

Signals forced by alongshore 
forcing in STIP region 

AFST sl(NIO) - sl(NAFST) 

Signals forced by alongshore 
forcing in AS 

AFAS sl(NIO) - sl(NAFAS) 

Signals forced by alongshore 
forcing in the entire NIO 

AFNIO sl(AFBB) + sl(AFST) + sl(AFAS) 

Signals due to SIO forcing SIO sl(NIO) - sl(DSIO) 
Signals originating from the NIO 
that propagate into the equatorial 
band at the western boundary and 
back into the NIO  

TrEQ sl(NAFNIODSIO) - sl(DSWT) 

Equatorial signals through 
classical pathway 

EQB sl(DSWT) - sl(DSBWT) 

Equatorial signals through direct 
pathway 

EQD sl(DSBWT) - sl(NAFNIODEQ) 

Signals forced by interior BoB 
forcing 

IBB sl(NAFNIODEQ) - sl(NAFNIODEQBB) 

Signals forced by interior AS 
forcing 

IAS sl(NAFNIODEQBBTIP) 

Signals forced by interior forcing 
in the STIP region 

IST sl(NAFNIODEQBB) - sl(NAFNIODEQBBTIP) 

 
 
 

 
 
Figure 5.7: Map showing the boxes over which Special Boundary Conditions (SBCs) and dampers are 
applied for isolating the processes listed in Section 5.4 (schematically shown in Figure 5.5 with the same 
color code).  The box boundaries are indicated in Table 5.1. 
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40E 60E 80E 100E
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Sensitivity experiments for isolating the alongshore forcing: The effect of the 

alongshore forcing (the coastal KW generation) over a section of coastline is isolated 

from the CTL solution with an experiment in which SBC is imposed over that section. 

For filtering the AFBB process, the SBC is applied over the entire BoB coast starting 

from (98.5oE, 5oN) to (79.5oE, 9oN), i.e., coastline within the pink color frame in Figure 

5.7. This sensitivity experiment is referred to as NAFBB (“No alongshore forcing in the 

BoB”). The sea level due to AFBB process is then obtained as the difference between 

CTL and NAFBB.  

 

!" !"## = !" !"# − !" !"#$$  

 

The AFAS process is isolated with SBC applied to the AS coastline from (76oE, 9oN) to 

(40oE, 5oN), i.e. coastline within the blue frame in Figure 5.7 (NAFAS – “No 

alongshore forcing in the AS”).  

 

!" !"!# = !" !"# − !" !"#"$  

 

As discussed in Section 5.3, sl(ST) in Eqn. 5.1 combines the influence of the alongshore 

forcing (AFST) as well as the Ekman pumping (IST) in the STIP region. That is, 

 

!" !" = !" !"#$ + !" !"!  -----------------(Eqn. 5.2) 

 

The AFST process is extracted in an experiment (NAFST – “No alongshore forcing in 

the STIP region”) with SBC applied within the black box (Figure 5.7) bounded by 

76oE-89oE and 5oN-9oN.  

 

!" !"#$ = !" !"# − !" !"!"#  

 

The sum of the above sensitivity experiments (NAFBB, NAFST, and NAFAS) is 

equivalent to applying SBC over the entire NIO coast and will be referred to as 

NAFNIO (“No alongshore forcing in the NIO”).  

 

!" !"#!$% = !" !"#$$ + !" !"!"# + !" !"#"$  
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Equivalently, the effect of alongshore forcing in the entire NIO (AFNIO) is the sum of 

the effects due to alongshore forcing in the BoB, the STIP region, and the AS. That is,  

 

!" !"#$% = !" !"## + !" !"#$ + !" !!"#  ----------(Eqn. 5.3) 

 

Combining Eqns. 5.2 and 5.3, Eqn. 5.1 can now be rewritten as: 

 

!" !"# = !" !"# + !" !"# + !" !"#$% + !" !"" + !" !"#  

                                   +!" !"# + !" !"#$ + !" !"#  ---------------(Eqn. 5.4) 

 

Separation of SIO process: The experiment that filters out the effect of SIO process in 

the NIO sea level has the same set up as the CTL experiment, but with a damper 

imposed over the cyan box bounded by 31oE-109oE and 15oS-6oS (Figure 5.7), with a 1o 

ramp at the boundaries to minimize distortion of the signals (see Section 3.3 for a 

discussion on the ramp). This sensitivity experiment is denoted as DSIO (“Damper in 

the SIO”). The SIO process is then obtained by taking the difference between the CTL 

and the DSIO experiments.  

 

!" !"# = !" !"# − !" !"#$  

 

Separation of TrEQ process: Extraction of TrEQ signals involves a set of two 

sensitivity experiments: DSWT and NAFNIODSIO. The DSWT experimental set up is 

same as the CTL, but with the following conditions: SBC applied all along the NIO 

coast (NAFNIO), the damper used for isolating the SIO process (DSIO), and a “wave 

trap” (see Section 3.3 for a discussion on the wave trap) on the Somalia coast as shown 

by the light-shaded green box in Figure 5.7. The wave trap involves modifying the land 

points to ocean and damping out the signals within the box. This trap when used at the 

Somalia coast damps out all the signals at this coast, thereby blocking the signals 

entering into the equatorial waveguide from NIO, implying that the solution will be free 

from TrEQ. Thus the overall effect of DSWT is to remove the contribution from 

AFNIO, SIO and TrEQ. From Eqn. 5.4,  
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!" !"#$ = !" !"# + !" !"# + !" !"" + !" !"# + !" !"#  ----(Eqn. 5.5) 

 

In NAFNIODSIO experiment, SBC is applied over the entire NIO in addition to 

imposing the SIO damper in CTL. The resulting sea level is: 

 

!" !"#!$%&'$% = !" !"# + !" !"# + !" !"" + !" !"#  

                                                          +!!" !"# + !"(!"#$) ----------------(Eqn. 5.6) 

 

The difference, Eqn. 5.6 – Eqn. 5.5 (or) sl(NAFNIODSIO) - sl(DSWT), then yields the 

sea level due to TrEQ process, that is, 

 

!" !"#$ = !" !"#!"#$%"# − !" !"#$  

 

Separation of EQB and EQD processes: The EQB and EQD signals are separated out 

with a set of three experiments, which are referred to as NAFNIODEQ, DSWT, and 

DSAWT. NAFNIODEQ experiment is the same as the CTL, but SBC is applied over 

NIO (NAFNIO) along with a damper imposed over the entire equatorial band extending 

from 4oS to 4oN (red box in Figure 5.7), with a 1o ramp at the northern and southern 

edges to reduce distortion of the signal near the edges. The solution with this damper 

has no equatorial variability, and hence no equatorial signal propagates to the NIO. The 

equatorial damper also damps out the TrEQ and SIO signals. As a result, 

 

!" !"#!$%&'( = !" !"" + !" !"# + !"(!"#) -----------(Eqn. 5.7) 

 

The DSWT has already been discussed above and is given by Eqn. 5.5. In addition to 

the SBC over the entire NIO, SIO damper, and the wave trap at the Somalia coast, 

DSBWT uses an additional “wave trap” in the eastern boundary of BoB as shown by 

the dark-shaded green box in Figure 5.7. This trap damps out the coastal KWs (excited 

on reflection of equatorial KWs at the eastern boundary) that enter the coastal 

waveguide of the BoB (i.e., the EQB signals are damped out). The DSBWT sea level 

can then be written as: 

 

!" !"#$% = !" !"# + !" !"" + !" !"# + !" !"#  -------(Eqn. 5.8) 
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The EQB signal is obtained as the difference between DSWT (Eqn. 5.5) and DSBWT 

(Eqn. 5.8), i.e.,  

 

!" !"# = !" !"#$ − !" !"#$%  

 

and the EQD signal is obtained as the difference between DSBWT (Eqn. 5.8) and 

NAFNIODEQ (Eqn. 5.7). 

 

!" !"# = !" !"#$% − !" !"#!$%&'(  

  

Separation of interior BoB forcing: When considering the interior BoB forcing, the 

strong wind-stress curl forcing off the east coast of Sri Lanka (STIP region) is treated 

separately under the ST process. The interior Bay forcing mainly refers to the forcing by 

the winds in the pink (BB) box in Figure 5.7 and is extracted using two sensitivity 

experiments: NAFNIODEQ and NAFNIODEQBB. NAFNIODEQ has already been 

described above and is given by Eqn. 5.7. NAFNIODEQBB is similar to NAFNIODEQ, 

but with an additional damper over BB box, which damps out the IBB signals. The 

resulting sea level is given by,   

 

!" !"#!$%&'()) = !" !"# + !"(!"#) -----------(Eqn. 5.9) 

 

The sea level due to IBB process is obtained from the difference, Eqn. 5.9 – Eqn. 5.7. 

 

!" !"" = !" !"#!$%&'( − !" !"#!$%&'())  

 

Separation of IST and IAS processes: The interior forcing near the southern tip of 

India and off the east coast of Sri Lanka (IST), and that in the AS are isolated with an 

additional experiment (NAFNIODEQBBTIP), which involves imposing SBC over the 

entire NIO and dampers over equatorial region (red box), BB box (pink), and STIP 

region (black box) (Figure 5.7) in the experimental set up of CTL. This yields:  

 

!" !"#) = !"(!"#!$%&'())*$+  -----------(Eqn. 5.10) 
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sl(IST) is computed as the difference between Eqn. 5.9 and Eqn. 5.10: 

 

!" !"# = !" !"#!$%&'()) − !" !"#!$%&'(()*+  

 

The processes isolated using the above-described method of decomposition add up to 

CTL, with almost negligible residual, thus emphasizing the accuracy of this method. 

While the focus of this chapter is on the intraseasonal timescale, the method of 

decomposition of processes presented in this section is independent of the timescale. 

The above CTL and the process solutions will also be analyzed at seasonal and 

interannual timescales in Chapter 6. Though many studies [McCreary et al., 1996; 

Shankar et al., 2002] have already used similar approach for isolating the processes 

using model sensitivity experiments, the method presented above is quite innovative in 

that it allows isolating some of the processes (e.g., EQD, TrEQ) that could not be 

separated by the earlier studies. 

 

5.6 Results 
 

5.6.1 Model validation 

 

EOF modes and their relationship in the model and observations: The large-scale 

intraseasonal sea level patterns in the observations and CTL solution are extracted using 

EOF analysis (see Section 3.4). Because of the strong mesoscale eddy activity in the 

western AS in observations, the sea level EOF domain is restricted to the east of 55oE in 

the NIO for both observations and model. In addition, the observations are smoothed 

spatially over a 2o box before computing the sea level EOF patterns to reduce the 

influence of eddies within the EOF computational domain (for e.g., western BoB). The 

sea level patterns corresponding this EOF analysis over the entire NIO domain are 

obtained through regression onto the normalized PCs. Figure 5.8 shows the explained 

variance of the first five EOF modes. It clearly indicates that the first EOF mode is well 

separated from the rest both in model and observations. The first two EOF sea level 

modes explain 58% of the variance, with EOF1 explaining 42% in the model. The 

variance explained by the first two modes is much less (35%) in observations due to the 

influence of mesoscale eddies in the observed intraseasonal sea level, but the ratio 
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between EOF1 and EOF2 explained variances is reasonably similar to that of the model. 

Figure 5.8 also shows the lagged auto-correlations of the first and second principal 

components and the lag correlations between them for both CTL and observations. 

Auto-correlations of PC1 and PC2 indicate that the first two EOF modes are associated 

with ~90-day timescale both in model and observations [Han, 2005]. The lag 

correlations between PC1 and PC2 peak (~0.8 correlation in both model and 

observation) at ~-21 days, indicating that the first two EOFs are in phase quadrature, 

which usually corresponds to propagating signals in EOF analyses. As will be seen 

later, the remarkable agreement between the EOF2 spatial pattern and patterns of lead-

regression to PC1 at 21 days confirms that EOFs 1 and 2 together represent propagating 

patterns associated with the leading mode of intraseasonal sea level variability. Because 

of their dominance and the quadrature relationship, only the first two modes are 

considered for the rest of the analysis. 

 

 
Figure 5.8: The EOF analysis of the intraseasonal sea level from the CTL run (top row) and observations 
(bottom row). (a) Explained variance of the first five EOF modes (modes 1 and 2 explain ~58% in the 
model); (b) Autocorrelation of PC1 (blue) and PC2 (red) and lag-correlation (black) of PC1 and PC2 in 
the model (-ve correlation indicates that PC1 leads PC2). Panels (c, d) are same as (a, b), but for the 
observations. EOF modes 1 and 2 explain ~34% in the observations. 
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Figure 5.9: Spatial patterns of the EOF modes from the model (left panels) and observations (right 
panels). (a) and (b) show spatial patterns of the 1st and 2nd EOF modes. (c) Map showing the percentage 
of variance in sea level ISV explained by EOF modes 1 and 2. (d, e, and f) are same as (a, b, and c), but 
for observations.  
 

Validation of basin-scale patterns and their explained variance: Figure 5.9 displays 

the spatial patterns of the first two EOF modes for both CTL (Figure 5.9a,b) and 

observed (Figure 5.9d,e) intraseasonal sea levels and related wind pattern, and the 

variance explained (in %) by them (Figures 5.9c,f). Despite a slight underestimation in 

the amplitude, the model is able to capture the observed EOF patterns remarkably well. 

The first EOF shows the downwelling equatorial KWs reaching the eastern boundary 

and propagating as the downwelling coastal KW along the BoB rim and the upwelling 

coastal KW propagation along the WCI. The second EOF shows the same propagating 

patterns, but with the above-mentioned (discussion on Figure 5.8) quadrature shift in the 
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90-day timescale. The second EOF shows the downwelling equatorial RWs excited by 

the reflection of downwelling equatorial KWs and also the downwelling coastal KWs 

that have already reached the WCI. In the mean time, the equatorial westerly winds 

have turned to easterlies, leading to generation of upwelling equatorial KWs. In the 

model, the first two sea level EOF modes together explain more than 80% of variance in 

the eastern equatorial IO and along the eastern rim of the BoB (Figure 5.9c,f). The 

explained variance progressively decreases around the rim of the Bay, reaching 20-30% 

along the ECI, probably due to destructive interference between signals from the 

equator and those generated by winds in the Bay (e.g., winds associated with PC1 

exhibit a positive curl in the Bay favoring upwelling signals). The variance explained by 

the two modes in CTL sea level along the WCI is 50-60%, as for observed sea level. For 

the BoB, the eddy activity results in a reduction of explained variance in the 

observations compared to that in the model. In addition to these spatial EOF patterns, 

the modeled sea level PCs exhibit a very good phase agreement with that of the 

observations (Figure 5.10), with a correlation of 0.85 for PC1 and 0.75 for PC2. The 

good performance of the model suggests that this model is well suited for studying the 

dynamics of sea level ISV in the NIO. 

 

 
Figure 5.10: Comparison of modeled (black line) and observed (red line) PC1 (top panel) and PC2 
(bottom panel). Correlation of 0.85 for PC1s and 0.75 for PC2s.  
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5.6.2 Dynamics of sea level ISV 

 

Basin-scale intraseasonal patterns in the sea level and wind forcing: Left panels (a-f) 

of Figure 5.11 display the modelled sea level and wind-stress patterns obtained from a 

lag-regression onto the sea level PC1, similar to those shown in Figure 4.3, but for more 

lags here. In spite of using a different product for the wind-stress forcing in the present 

CTL simulation (TropFlux) as compared to the one in Chapter 4 (QuikSCAT), the two 

sea level patterns (Figure 5.11 vs. Figure 4.3) are almost the same and remarkably 

similar to those in the observations (Figure 2.17) shown by Vialard et al. [2009], though 

they used a different method of analysis. This suggests that these large-scale 

intraseasonal patterns are very robust and essentially reveal the same underlying 

dynamics as that described in Section 4.3.2. The patterns of wind-stress curl and 

alongshore forcing obtained by a similar lag-regression onto sea level PC1 are also 

displayed on the right panels (g-l) of Figure 5.11 to allow discussing the main dynamics 

of sea level ISV in terms of the forcing. The westerly wind anomalies in the equatorial 

region force a downwelling equatorial KW (Figure 5.11a), which enters into the BoB 

coastal waveguide as a downwelling coastal KW and further propagates along the rim 

of the Bay (Figures 5.11a-d). The strong positive curl (Figures 5.11g,h) in the interior 

Bay from lag -14 to 0 day excites upwelling signals, which propagate westward as 

upwelling RWs, potentially leading to a destructive interference at the northwestern and 

western rims of the BoB, thereby diminishing the downwelling KW signals along these 

coasts. There is a strong coastal alongshore forcing at the southern tip of India and Sri 

Lanka (Figures 5.11g,h) that can trigger upwelling coastal KW signals at these coasts. 

The STIP region also exhibits strong positive curl (Figures 5.11g,h) that helps 

reinforcing the above upwelling signals, which further propagate to the WCI (negative 

sea level anomalies along WCI in Figures 5.11a-c). From +7-day lag onward (Figure 

5.11j-l), the STIP forcing reverses its sign (compared to Figures 5.11g,h) both in terms 

of alongshore forcing and wind curl forcing, and strengthens further within a week to 

induce downwelling coastal KW signals along the WCI (Figure 5.11e). In the mean 

time, part of the energy of the incoming equatorial KW is reflected (Figure 5.11d and e) 

at the Sumatra coast as downwelling equatorial RW. This westward-propagating RW 

interacts with the Sri Lankan coast and reinforces the downwelling coastal signal in the 

STIP region (Figure 5.11e-f) that further propagates poleward along the WCI (Figure 

5.11f). At +7-day lag (Figure 5.11d), the equatorial winds (westerlies in Figure 5.11a) 
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shift to easterlies, which force upwelling equatorial KWs (Figure 5.11e and f), leading 

to sea level signals of opposite polarity, and hence to the opposite phase, to complete 

the cycle (of ~90 day period; Figure 5.8b).  

 
Figure 5.11: The lag-regression (the lags are indicated in each panel) patterns of intraseasonal (left 
panels) sea level (cm; from CTL; color bar below the left column) and wind stress (N/m2), and (right 
panels) wind stress curl (×107; N/m3; color bar below the right column) and alongshore wind forcing 
(N/m2) to the normalized PC of the EOF1 of CTL intraseasonal sea level. The sea level pattern at lag 0 
shows the spatial structure of the EOF1 (see Figure 5.9a), and negative lags indicate the sea level 
patterns that lead the PC. TropFlux wind stresses have been used. The alongshore wind forcing is 
indicated with a different color shading (see color bar above the right column) along the coastline on the 
right panels. 
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Figure 5.12: Decomposition of the amplitude (standard deviation, see Section 5.6.2 for details) of 
intraseasonal sea level from (a) CTL into that from the process: (c) EQD, (d) EQB, (e) AFBB, (f) IBB, (g) 
ST, (h) AFAS, (i) IAS, and (j) TrEQ+SIO.  Panel (b) shows the sum of the amplitudes of all the processes 
that add up to the CTL (panel a).  The residual (CTL minus sum of all processes) is negligible.  
 

Decomposition of the CTL into processes: Figure 5.11 provides qualitative insights on 

the dynamics of large-scale wind-driven intraseasonal sea level patterns in the NIO. 

However, it does not allow to quantify the contribution of each process to the sea level 

ISV, particularly along the NIO coastal waveguide. Figure 5.12 shows the 
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decomposition of the amplitude of CTL sea level ISV into that of each process, which is 

calculated as the coefficient of correlation between each process and CTL sea levels 

multiplied by the standard deviation of the corresponding process sea level (this is same 

as the regression coefficient of process sea level onto CTL sea level, multiplied with 

standard deviation of CTL sea level). EQB is the process that contributes most to sea 

level ISV in the BoB coastal waveguide, whereas EQB, EQD and ST all contribute to 

the sea level ISV on the coastal waveguide off WCI. Spatial pattern in each map exactly 

depicts how the process is expected to behave. The amplitude of the signals resulting 

from the interior forcing increases progressively westward due to integration of forcing 

along the RW path (Figure 5.12f) and the amplitude of the signals forced by alongshore 

forcing increasing along the coastal KW path (Figures 5.12e and 5.12h). TrEQ+SIO 

plays a role in the western equatorial IO, where as EQD dominates east of 60oE. EQB 

influences the coastal waveguide through coastal KW propagation and the interior Bay 

and eastern AS through RW radiation from the eastern boundaries. As expected from 

the critical latitudes of the intraseasonal frequencies (see Section 2.1), the RW 

propagation is restricted to the southern BoB and AS. Figure 5.12 thus demonstrates 

that the method of decomposition indeed works as expected. 

 

Driving processes of the CTL sea level ISV: Figure 5.13 shows the decomposition of 

CTL sea level pattern (shown in Figures 5.11a-f) into each of the above processes. 

These snapshots clearly demonstrate how each of the processes operates as the CTL sea 

level evolves. The EQB signals contribute to CTL sea level both along the coastal 

waveguide and in the interior BoB through coastal KWs and RW radiation from the 

eastern boundary. This offshore radiation from the eastern rim of the Bay is confined to 

~15oN probably because the critical period at this latitude is ~95 days [Vialard et al., 

2009; Suresh et al., 2013] (Section 2.1). The equatorial signals have shorter periods 

[Han, 2005], implying that these waves remain trapped at the coast north of their critical 

latitude 15oN (Section 2.1). Figure 5.13 also illustrates the EQD process, which 

involves westward propagation of the reflected equatorial RW and its subsequent 

interaction with the Sri Lankan landmass (seen especially at lags 7, 14 and 21 days), 

roughly in 28 days, which is consistent with the phase speed of the first baroclinic first 

meridional mode (50 ± 10 cm/s) estimated by Webber et al. [2012] or Dhage and Strub 

[2016]. The downwelling signal along the WCI at 21-day lag in CTL is mainly driven 

by EQD. The strong wind forcing (alongshore and Ekman pumping) in the STIP region 
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(Figure 5.4) drives a KW response, which influence the CTL sea level through ST 

process (Figure 5.13m-o). A detailed evaluation of the contributions from each of the 

processes to the CTL sea level ISV is provided in the next section.  

 

 
 
Figure 5.13: Decomposition of sea level (cm) from CTL shown in Figure 5.11a-f into that from (a-f) 
EQB, (g-l) EQD, and (m-r) ST processes at the same lags. Other processes are not shown due to their 
relatively less contribution to the sea level ISV along the NIO coastal waveguide. 
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Figure 5.14: The map showing the distances along the NIO coastal waveguide to help interpreting the 
Figures 5.15 - 5.17. The distances are marked in km along the NIO coastal waveguide, starting from the 
tip of Sumatra (0 km), and form abscissa in the Figures 5.15 - 5.17. The blue tick marks the entrance of 
BoB coastal waveguide.  The region between pink (black) tics is the northwestern BoB (STIP) region. The 
red tic marks 15oN latitude on the WCI.  These color codes are used for shading the corresponding 
regions in Figures 5.15-5.17. 
 

 

5.6.3 Process contributions to the sea level ISV in the NIO coastal waveguide 

 

Estimation of process contributions: Figure 5.15 presents the decomposition of 

amplitude of the CTL intraseasonal sea level (Figure 5.15a) and the percentage 

contribution of each process to that sea level variability (Figure 5.15b) as a function of 

distance along the NIO coastal waveguide starting from the Sumatra coast (Figure 

5.14). The percentage contribution is nothing but the regression coefficient of each 

process sea level to that of CTL, expressed in percentage. As in Section 4.3.2, these 

contributions are estimated over the entire time series and are not restricted to the sea 

level associated to the EOF1 (which gives similar results; not shown), allowing a 

general evaluation of the process contributions. The regression values are averaged over 

a 20-km cross-shore extent. It is verified that the sea level amplitudes add up to that of 

the CTL (black dashed line; Figure 5.15a) and that the sum of percentage contributions 

of processes (Figure 5.15b) almost equal 100%, as expected from the linearity of the 

model.  
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Figure 5.15: (a) Standard deviation of intraseasonal sea level from CTL (dashed black curve) and its 
decomposition into each process (see Table 5.2), as a function of distance along the NIO coastal 
waveguide (Figure 5.14). The quantities are averaged over a 20-km cross shore extent. The entrance of 
BoB waveguide (marked with a tic of same color in Figure 5.14) is indicated with dashed blue vertical 
line at a distance of ~390 km.  The region between dashed pink vertical lines (marked with same color in 
5.14) indicates the northwestern BoB, where local alongshore forcing is important.  The dashed, black 
vertical lines (tics of same color in Figure 5.14) enclose the STIP region. The dashed, red vertical line 
(tic of same color in Figure 5.14) at the right extreme (~6300 km) marks the position of WCI box. (b) 
same as panel (a), but for regression coefficient (given in %) of each process to CTL. 
 

Process contributions in BoB waveguide: The CTL intraseasonal sea level amplitude 

(black dashed curve; Figure 5.15a) is nearly 4.5 cm at the entrance of the BoB 

waveguide (~390 km) and decreases gradually to ~1.5 cm at the exit north of Sri Lanka 

(~4200 km). The sea level ISV along the BoB coast is dominated by EQB (red dashed 

line; Figure 5.15a), whose amplitude decreases from ~3.5 cm at the entrance to ~0.8 cm 

the end of the rim of the Bay. EQB contributes 80-90% to the sea level ISV in the 

eastern rim of the Bay (red dashed line; Figure 5.15b), but decreases counter-clockwise 

around the rim to ~50% along the ECI, in agreement with the results of the previous 
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chapter (Section 4.3.2). The contribution of the alongshore forcing in the Bay starts 

increasing in the northwestern rim of the Bay (AFBB; pink line; Figure 5.15b), as 

expected from the strong alongshore forcing in this region (Figure 5.4) and reaches 

~25% along the ECI (~0.5 cm). On the other hand, the interior forcing contributes to 

less than 10% of the sea level ISV along the East Indian coast (IBB; pink dashed line; 

Figure 5.15b). There is also a marginal contribution (~10%) from the combined effect 

of TrEQ and SIO along the rim of the Bay (cyan line; Figure 5.15b), with slightly more 

contribution from the latter. The rest of the processes do not contribute to the sea level 

ISV in the Bay, but they become important for the WCI, as discussed below.  

 

Process contributions along WCI: The CTL sea level ISV (black dashed line; Figure 

5.15a) is nearly constant along the WCI (~2.5 cm) and results from ST, EQD, EQB, and 

AFAS (~ 0.9, 0.8, 0.5 and 0.4 cm respectively). The STIP forcing dominates the WCI 

sea level ISV (black line; Figure 5.15b). Its contribution is maximum at the southern tip 

of India (~40%) and reduces poleward along the coast, both because of its 

dissipation/leakage of energy offshore and increasing AFAS contribution, reaching 30% 

off Goa. The new EQD process also contributes substantially to the sea level ISV along 

the WCI (red line; Figure 5.15b), driving ~30% of the variability over the entire coast, 

except for a slight frictional damping on the coastal KW pathway. EQB still contribute 

~20% to the WCI sea level ISV (red dashed line; Figure 5.15b), making the total 

contribution of equatorial forcing to nearly 50%, which is 10-20% lesser compared to 

the earlier estimate (60-70%) provided in Section 4.3.2. This is because the equatorial 

signals in the previous chapter do include a part of the STIP forcing, resulting in 

overestimation of its contribution to the WCI sea level ISV. The contribution of AFAS  

increases poleward along the WCI due to integration of forcing along the wave path 

(blue line; Figure 5.15b), reaching ~10% off Goa, in contrast to that estimated as 30% 

in Section 4.3.2. This is because the AS wind forcing in Chapter 4 includes part of the 

wind forcing in the STIP region. More precisely, the STIP forcing in the present setup is 

redistributed among the equatorial (alongshore forcing at the southern tip of Sri Lanka), 

BoB (Ekman pumping off the east coast of Sri Lanka), and AS (both Ekman pumping 

and alongshore forcing at the southern tip of India) wind forcing, which led to the above 

differences in the estimated contributions. Finally, AFBB, which is suggested to be 

important for WCI at the seasonal timescale [Shankar and Shetye, 1997], contributes 

only negligibly to the sea level ISV off the WCI (pink line; Figure 5.15b). 
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5.6.4 Seasonality in the process contributions 

 

Seasonality in the process sea level amplitudes: Seasonal variations of the 

intraseasonal wind forcing have already been discussed in detail in Section 4.3.3 

(Figures 4.6a,b). The contributions of the processes to the sea level ISV in the NIO 

coastal waveguide, similar to those shown in Figure 5.15, are presented separately for 

boreal summer (Figure 5.16) and winter (Figure 5.17). In general, CTL sea level ISV 

amplitude (black dashed line; Figure 5.16a) during boreal summer is slightly larger than 

that during winter (black dashed line; Figure 5.17a), in agreement with Section 4.3.3, 

except for the SIO (cyan lines; Figures 5.16a and 5.17a). During boreal winter, the wind 

forcing is stronger in the SIO, leading to larger amplitude of SIO during that time. The 

strong wind forcing in the NIO during summer results in larger amplitudes of the 

AFBB, IBB, AFAS and ST process sea levels as seen in Figures 5.16 and 5.17.  

 

 
 
Figure 5.16: Same as Figure 5.15, but for boreal summer (JJAS). 
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Figure 5.17: Same as Figure 5.15, but for winter (DJFM). 
 

Seasonality in the process contributions along BoB coast: The stronger alongshore 

forcing in the northwestern rim of the Bay results in two-fold increase in the 

contribution of the AFBB process (pink lines; Figures 5.16b and 5.17b) during summer 

(up to 35%) compared to winter (up to 17%) along the northwestern and western 

boundaries of the Bay. Similar increase (10% in summer and 5% in winter) is seen in 

the IBB contribution (pink dashed lines; Figures 5.16b and 5.17b) along the ECI. This 

increase in the local forcing of the BoB results in reduced contribution of the EQB 

signals, from 60% to 40%, along those parts of the BoB coast. On the other hand, the 

contribution of the SIO signals is larger during winter (20%) than during summer (10%) 

along the BoB coast.  

 

Seasonality in the process contributions along WCI: As with the BoB, the local 

forcing becomes stronger in the AS, leading to increased contribution of the ST and 

AFAS processes by 10-15% to the WCI sea level ISV during summer compared to 
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winter, while the EQD and EQB contributions remain nearly the same at this coast 

during both seasons. 

 

5.7 Summary  

 

An overview of the chapter: This chapter investigates extensively the dynamics of the 

wind-driven, intraseasonal sea level variability in the NIO. Using a series of idealized 

LCS experiments, this chapter provides the first ever demonstration of the direct link 

between the equatorial waveguide and the coastal waveguide off the WCI. This 

connection involves the interaction of equatorial RWs with the Sri Lankan coast, which 

excites coastal KWs that eventually propagate poleward along the WCI. The chapter 

also provides new insights on the intraseasonal forcing hotspots, namely the regions 

with strong alongshore forcing and Ekman pumping velocity. With this background, the 

chapter identifies and gathers an exhaustive list of mechanisms that can potentially 

drive the NIO sea level ISV. This chapter also develops an innovative method of 

process decomposition that involves a suite of carefully-designed LCS model sensitivity 

experiments to extract the processes and to estimate their relative contributions to the 

sea level ISV along the NIO coastal waveguide. 

 

Main findings: The sea level ISV in the coastal waveguide of the BoB is dominated by 

EQB, whose contribution decreases progressively from 80-90% at the eastern rim of the 

Bay to ~50% on the ECI. The alongshore forcing in the northwestern rim of the Bay 

contributes ~25% downstream the coastal KW pathway in the Bay. The WCI sea level 

ISV is dominated by the wind forcing in the STIP region and the EQD signals, each 

with ~30% contribution. The EQB signals make their way all through the BoB rim to 

contribute ~20% to the WCI sea level, with alongshore forcing off the western Indian 

shelf contributing to the remaining small fraction of the sea level ISV. In addition, the 

above contributions are modulated seasonally owing to dominant modes of atmospheric 

variability, namely, the MJO during winter and the active/break phases of the boreal 

summer, with the local wind forcing (its various components such as alongshore and 

interior forcing) contribution is higher during summer than winter. 
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Chapter 6 

Comparison of sea level dynamics between 

intraseasonal, seasonal, and interannual timescales 

 
 
Overview: The previous two chapters deal extensively with the dynamics of 

intraseasonal sea level variability in the NIO coastal waveguide. This chapter examines 

the differences in the sea level dynamics between intraseasonal and other (seasonal and 

interannual) timescales. In doing so, this chapter revisits the sea level dynamics at 

seasonal (in Section 6.1) and interannual (in Section 6.2) timescales and refines the 

findings from the earlier literature, in wake of the new process decomposition proposed 

in this thesis (Sections 5.4 and 5.5.2; Figure 5.5; Table 5.2), particularly the role of the 

newly-established direct connection between the equatorial waveguide and the WCI 

(EQD process), and the strong localized STIP wind forcing (ST process). Moreover, 

this chapter (Section 6.2) provides new insights into the IOD influence on the NIO 

interannual sea level variability. Finally, Section 6.3 provides an inter-comparison 

between the intraseasonal, the seasonal, and the interannual sea level dynamics. 

 

 

6.1 Dynamics of seasonal sea level  
 

6.1.1 Introduction 

 

Background: In the past three decades, numerous studies have focused on describing 

and understanding the dynamics of sea level and surface currents in the NIO, 

particularly along the coast of India, at the seasonal timescale based on both 

observations and numerical models (see Section 2.2 for a review). These studies, 

however, provided only a qualitative rather than quantitative assessment of the relative 

importance of remote against local wind forcing for the seasonal variability along the 

Indian coast. Moreover, these studies did neither assess in detail the forcing fields (the 

potential hotspots of wind forcing, see below), nor account for the EQD pathway, both 
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of which have been demonstrated in the previous chapter to be important for the sea 

level ISV on the WCI. 

 

 
 
Figure 6.1: Standard deviation of the seasonal Ekman pumping velocity (color shaded) and the 
alongshore wind stresses (grey shades along the coastline; grey scale inset). The coastlines along 
northwestern BoB and STIP region that are referred to in Figure 6.2 are marked in blue and red colors 
respectively. The green asterisk marks 15oN on the WCI (off Goa). 
 

The hotspots of seasonal wind forcing: Figure 6.1 highlights the regions with strong, 

localized seasonal variations in the alongshore wind stress and Ekman pumping velocity 

in the NIO. The hotspots of seasonal wind forcing almost coincide with those of 

intraseasonal forcing (Figure 5.4). The northwestern BoB and the STIP regions exhibit 

strong alongshore wind-stress forcing as the southwest and northeast monsoon winds 

blow parallel to the coast there (Figures 2.5a,b). A strong Ekman pumping signal is also 

evident off the east coast of Sri Lanka in Figure 6.1. The sea level anomalies that result 

from the above forcing will propagate westward as RWs and induce signals at the Sri 

Lankan coast, which can, in principle, set up coastal KWs and impact the sea level and 

currents downstream along the WCI. Figure 6.2 shows the amplitude (standard 

deviation) of the observed sea level seasonal cycle in the NIO coastal waveguide. 

Though coastal sea level amplitude starts increasing in the region of strong alongshore 

forcing in the northwestern BoB, the increase is far larger in the vicinity of STIP region, 

strongly suggesting that the wind variations in this region are important for the large-

amplitude seasonal cycle (Figure 6.3; see Section 2.2) downstream on the WCI. Thus 

the alongshore wind stress and offshore Ekman transport variations in the STIP region, 

which accounts for less than 20% of the total area of the BoB, could play a dominant 
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role on the WCI seasonal variability. Though the earlier modeling studies [McCreary et 

al., 1993; Shankar et al., 2002] did include forcing by the STIP wind variations, its 

importance and a precise evaluation of its contribution to the WCI seasonal cycle has so 

far not been assessed. 

 

 
 

Figure 6.2: Standard deviation of the seasonal sea level normalized by the square root of the Coriolis 
parameter, averaged over a 50-km cross-shore extent, plotted as a function of distance along the NIO 
coastal waveguide from the entrance of BoB waveguide at its eastern rim (see Figure 5.14). The above 
normalization eliminates the increasing wave amplitude associated with the narrowing coastal 
waveguide towards higher latitudes [e.g., Gill, 1982]. The blue (red) shaded vertical band marks the 
region of strong alongshore forcing in the northwestern BoB (STIP) identified by a marker of the same 
color in Figure 6.1. The green vertical line marks 15°N on the WCI, also marked with a green star in 
Figure 6.1 and black frames in Figure 6.3. 
 

Goal of section 6.1: In order to evaluate precisely the differences or similarities in the 

sea level dynamics between intraseasonal and seasonal timescales (later in Section 6.3), 

it is necessary to perform beforehand a thorough analysis of the seasonal sea level in the 

NIO coastal waveguide, following the strategy adopted for the NIO sea level ISV in 

Chapter 5. This section, hence, aims at providing a detailed investigation of the 

processes that drive the sea level seasonal cycle along the NIO coastal waveguide and to 

quantify their contributions using the same set of LCS model sensitivity experiments 

and subsequent process decomposition as in Chapter 5. In particular, the importance of 

ST and EQD processes for the WCI seasonal sea level variability has been assessed in 

detail.  Robustness of the results of this section to various choices, including the model 

parameters, has also been evaluated at the end of this section.  
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Figure 6.3: Standard deviation of the observed (top panel) and the modeled (CTL; bottom panel) 
seasonal sea levels. The regions, where the correlation between the observed and CTL seasonal sea 
levels is more than 0.8 are hatched in black in the bottom panel.  
 

6.1.2 Model and the sensitivity experiments  

 

The Model and its validation: The model configuration and the experimental setup are 

the same as those described in Chapter 5 and hence only the model validation at the 

seasonal timescale is presented here. The seasonal sea level from the CTL experiment is 

validated against the AVISO altimeter observations (see Section 3.2). Figure 6.3 

suggests that the linear model correctly reproduces the observed amplitude and phase of 

the sea level seasonal cycle in most of the basin (hatched regions indicate where the 

correlation of CTL with the observed seasonal cycle is greater than 0.8), except in eddy-

dominated regions (western BoB and western AS), where nonlinear effects are 

important. The agreement is especially good all along the WCI (correlations exceeding 

0.8 along the entire coast). The model also reproduces well (Figure 6.2) the amplitude 
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of the seasonal cycle all along the rim of the NIO (though with a slight 

underestimation), particularly the increase in sea level amplitude in the vicinity of the 

STIP region. The model thus displays a good performance not only at the intraseasonal 

timescale (validation presented in Chapter 5), but also at the seasonal timescale.  

 

The Process solutions: The method for isolating the processes (Section 5.5.2; Figure 

5.5; Tables 5.1 and 5.2) that influence the NIO sea level variability can be applied 

irrespective of the timescale, and will hence be applied to the seasonal sea level in the 

present chapter. As with the case of intraseasonal timescale, the results are not very 

sensitive to other reasonable choices of the dampers used for the process solutions (see 

Section 6.1.6). In the following, the point-wise contribution of each process to the CTL 

seasonal sea level over the entire year is quantified by estimating the regression 

coefficient of the sea level seasonal cycle in each process solution to that in CTL 

solution. By construction, those coefficients add up to 1 (100%) and can be negative if a 

process interferes destructively with the other to contribute to the CTL seasonal sea 

level. 

 

6.1.3 Overview of the basin-scale sea level and wind forcing patterns 

 

Basin-scale sea level patterns and wind forcing: Figure 6.4 presents the spatial patterns 

of the climatological sea level, wind stress, wind-stress curl, and alongshore forcing 

during December-March (DJFM; winter), April-May (AM; spring inter monsoon), 

June-September (JJAS; summer), and October-November (ON; Fall inter monsoon). 

These patterns are consistent with the description of seasonal cycle of winds and sea 

level presented elsewhere in the literature [e.g., McCreary et al., 1993; Schott and 

McCreary, 2001]. Of particular interest here is the STIP forcing. The STIP region 

displays strong wind-stress curl (and hence intense Ekman pumping velocity) and 

alongshore forcing (Figures 6.4g,e), which are upwelling (downwelling) favorable 

during summer (winter). The WCI sea level is consistent with the above forcing, 

exhibiting upwelling (downwelling) signals during summer (winter), with a phase 

transition during the inter-monsoon periods. The northwestern part of the BoB also 

possesses strong wind-stress curl and alongshore forcing in phase with the STIP 

forcing, but of weaker amplitude (Figures 6.4g,e). In addition, the southeastern BoB 

region exhibits (Figures 6.4g,e) strong wind-stress curl forcing of opposite polarity to 
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that of STIP forcing. Figures 6.4c,a also show that the sea level anomalies in those 

regions are consistent with the above forcing. On the other hand, intrusion of seasonal 

KWs from the equatorial region into the BoB waveguide is evident in Figure 6.4c 

(6.4a), with signatures of downwelling (upwelling) signals during summer (winter) 

along the eastern rim of the BoB as an extension of the equatorial signals. The 

contributions from various processes to the CTL seasonal cycle of sea level along the 

NIO coastal waveguide are evaluated below, following the analyses performed in 

Chapter 5. 

 
 
Figure 6.4: Seasonal climatology of (a-d) CTL sea level (cm; shaded) and TropFlux wind stresses (N.m-2; 
vectors) and (e-h) curl of the wind-stress field (X107; N/m3; shaded) and alongshore wind forcing (N/m2) 
during (a, e) DJFM, (b, f) AM, (c, g) JJAS, and (d, h) ON.  The alongshore wind forcing is indicated with 
a different color shading along the coastline on top of the right column (negative values indicating 
upwelling-favorable winds). 
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Figure 6.5: Decomposition of the amplitude (standard deviation; similar to Figure 5.12) of intraseasonal 
sea level (cm) from (a) CTL into that from each process (b) ST, (c) EQB + EQD, (d) AFBB + IBB, (e) 
AFAS + IAS, and (f) TrEQ + SIO. See the text for a justification of grouping some of the processes. The 
residual (CTL minus sum of all processes) is negligible.  
 

CTL sea level and evaluation of process contributions:  Figure 6.5 (similar to Figure 

5.12 for sea level ISV) shows the decomposition of the amplitude of CTL seasonal sea 

level into that of each process, calculated as the coefficient of correlation between CTL 

and process sea levels multiplied by the standard deviation of the process sea level. 

Additionally, the contributions of each process to the CTL seasonal sea level, computed 

as regression coefficient of process sea level onto the CTL sea level, are presented in 

Figure 6.6 (similar to Figure 4.5). As these figures suggest, the seasonal sea level along 

the eastern rim of the BoB is dominated by the EQB process (Figures 6.5c and 6.6b; 

note that, by definition, EQD=0 in the BoB) and that along the western rim by a 

combination of AFBB and IBB processes (Figures 6.5d and 6.6c). The WCI seasonal 

sea level cycle is dominated by the ST process (Figures 6.5b and 6.6a), with some 

contribution from the wind forcing in the BoB (combination of AFBB and IBB 

processes; Figures 6.5d and 6.6c). Due to their moderate contributions along WCI, the 

AFBB and IBB processes are presented together. The equatorial processes (EQB and 
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EQD) do not appear to contribute significantly to the seasonal cycle along the WCI 

(Figures 6.5c and 6.6b; detailed in the discussion of Figure 6.11) and are combined. For 

a similar reason, the AFAS and IAS are also shown together. However, individual 

process contributions along the NIO coastal waveguide will be presented later in Figure 

6.11 and that will further justify the above choices. The CTL sea level climatological  

seasonal cycle (Figures 6.4a-d) decomposed into each process (grouped as discussed 

above) is shown in Figures 6.7-6.10 to help understanding how each process contributes 

to the CTL seasonal sea level in the NIO. 
 

 
Figure 6.6: Contribution of each process (a) ST, (b) EQB + EQD, (c) AFBB + IBB, (d) AFAS + IAS, and 
(e) TrEq + SIO to CTL sea level seasonal cycle, computed as the regression coefficients of the respective 
process seasonal sea level to that of CTL experiment. The sum of the contributions is equal to 1 (100%) 
by construction.  



! 101!

 
 
Figure 6.7: Climatological sea level (cm) for winter (DJFM) from (a) CTL experiment and its 
decomposition into processes (b) ST, (c) EQB + EQD, (d) AFBB + IBB, (e) AFAS + IAS, and (f) TrEQ + 
SIO. 
 

 

 
Figure 6.8: Same as Figure 6.7, but for spring (AM). 
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Figure 6.9: Same as Figure 6.7, but for summer (JJAS).  

 

 

 
Figure 6.10: Same as Figure 6.7, but for fall (ON). 
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Figure 6.11:  (a) Standard deviation of seasonal sea level (cm) from CTL (dashed black) and its 
decomposition into each process (see Section 5.4 and Table 5.2), plotted as a function of distance along 
the NIO coastal waveguide. The quantities are averaged over a 50-km cross-shore extent. It is verified 
that the sum of processes standard deviations (dashed brown) matches the CTL standard deviation. (b) 
The coefficient of regression (in %) of seasonal sea level from each process onto CTL solution, shown as 
a function of alongshore distance.  In both the panels, the entrance of BoB waveguide (marked with a tic 
of same color in Figure 5.14) is indicated with dashed blue vertical line at a distance of ~390 km.  The 
region between dashed pink vertical lines (marked with same color in 5.14) indicates the northwestern 
BoB, where local alongshore forcing is important.  The dashed, black vertical lines (tics of same color in 
Figure 5.14) enclose the STIP region. The dashed, red vertical line (tic of same color in Figure 5.14) at 
the right extreme (~6300 km) marks the position of WCI box. 
 
 
Seasonal sea level along the NIO coastal waveguide: Figure 6.11 (similar to Figure 

5.15, but for the seasonal timescale) presents the decomposition of amplitude of 

seasonal sea level from CTL into that from each process (Figure 6.11a) and the 

percentage contribution of each process to the CTL seasonal sea level (Figure 6.11b), 

both as a function of distance along the NIO coastal waveguide. Figure 6.11b is 
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basically derived from Figure 6.6 by averaging the regression coefficients along the 

NIO coastline over a 50-km cross-shore extent.  This provides better insights into 

process contributions along the coastal waveguide. The sum of amplitudes of the 

seasonal sea level from each process is equal to that of the CTL (Figure 6.11a), as 

ensured by the linearity of the model and the preciseness of the process decomposition.   

 

6.1.4 Processes contributing to BoB sea level seasonal cycle 

 

Equatorial forcing contribution:  The amplitude of the CTL sea level seasonal cycle, 

on an average, is ~4-5 cm along the BoB rim (Figures 6.5a and 6.11a), and is dominated 

(2-3 cm) by the EQB process (Figures 6.5c and 6.11a,b) along the eastern and northern 

rims of the Bay. Figure 6.11b further indicates that the contribution of EQB to the CTL 

seasonal sea level variations along these coasts is 40-60%. The EQB contribution 

decreases rapidly in the northwestern BoB, probably due to the following reason. The 

EQB process includes both the coastal KWs propagating around the BoB rim and the 

RW radiation transiting through the interior BoB from its eastern rim (Figures 6.7c to 

6.10c). These RWs propagate much slowly compared to the coastal KWs around the 

BoB rim. As a result, the upwelling (downwelling) coastal KW signal during winter 

(summer) due to EQB is counteracted by the arrival of downwelling (upwelling) signal 

of the previous cycle RWs at the northwestern and western BoB coasts (Figures 6.7c-

6.10c), leading to a rapid southward decrease of the EQB process contribution to the 

CTL seasonal sea level amplitude along the northwestern rim of the Bay (Figures 6.6b 

and 6.11a,b).  

 

BoB forcing contribution: The CTL experiment seasonal sea level amplitude displays a 

local minimum along the northwestern and western rims of the BoB, that is also seen in 

the observations (Figure 6.3). This minimum can be traced back to the BoB forcing 

contribution (Figure 6.5d), and in particular the alongshore forcing (Figure 6.11). As a 

consequence of the BoB geometry and of the alignment of the northeast and the 

southwest monsoonal winds, the alongshore forcing (Figures 6.4e,g) tends to produce 

signals of opposite polarity along the eastern and western rims of the Bay (Figures. 6.7d 

and 6.9d). As the propagation time (~1 week) of the coastal KW between the eastern 

and western BoB rims is relatively short compared to the seasonal timescale, the above-

mentioned phase opposition would result in a weak coastal KW amplitude in the 
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northwestern BoB. The local minimum in coastal sea level amplitude along the 

northwestern BoB (Figures 6.3 and 6.5a,d) primarily results from the destructive 

interference of sea levels driven by the local upwelling-favorable winds with those 

driven by the upstream downwelling-favorable winds during summer (Figure 6.4g) (and 

opposite signals during winter; Figure 6.4e). The wind-stress curl in the southern 

Andaman Sea (Figures 6.1 and 6.4e and g) provides for the southern BoB another 

source of destructive interference: this wind-stress curl indeed forces RWs of opposite 

polarity to coastal KWs in the western BoB rim (Figures 6.7d and 6.9d). During 

summer, for example, the anticyclonic wind-stress curl (Figure 6.4g) forces a 

downwelling RW in the southern BoB that interferes destructively with the upwelling 

signals propagating in the coastal waveguide east of Sri Lanka (Figure 6.9d). The 

destructive interferences between eastern and western BoB signals resulting from both 

alongshore and interior forcing lead to an overall reduction of the amplitude of the 

coastal KW signals along western and southwestern BoB rim (see the decrease of 

AFBB and IBB processes contribution to the total sea level amplitude along the east 

coast of Sri Lanka; Figures 6.11a and b). Though the contribution of AFBB increases 

sharply to ~80% in the northwestern BoB coast (amplitude ~3 cm; Figure 6.11a) along 

the coastal KW path, it drops rapidly to ~20% (~1 cm; Figure 6.11a) along the east 

coast of Sri Lanka, as illustrated by Figure 6.11b. On the ECI, the sea level seasonal 

cycle is modulated by AFBB (~70%, on average) and IBB (~40%, on average), with a 

negative (-10%, on an average) contribution from the EQB. 

 

Process contribution to interior BoB: The sea level signals along the eastern BoB rim 

radiate westward as RWs, which combine with the signals induced by the interior BoB 

forcing to influence the sea level in the interior BoB. Figure 6.6b indeed demonstrates 

that the seasonal sea level variations in the eastern BoB are modulated by the RW 

signals radiated by the coastal KWs associated with EQB. On the other hand, the 

seasonal sea level in the western BoB is almost entirely due to the interior BoB forcing 

(Figure 6.6c) through the RWs generated by the strong wind-stress curl forcing (Figures 

6.1 and 6.4e-h). The offshore maximum in the seasonal sea level amplitude in the 

western part of the BoB results from the interior BoB wind-stress curl forcing (Figures 

6.5a vs. 6.5d) associated with a wind stress decrease near the coast (Figures 6.4a,c), 

probably due to stronger friction over land. 
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6.1.5 Processes contributing to AS sea level seasonal cycle  

 

Dominance of ST process on the WCI:  Consistent with observations (Figures 6.2 and 

6.3), Figure 6.11a indicates that the amplitude of the CTL seasonal sea level along the 

WCI (~7 cm, on average) is larger than that along the BoB coast (4 cm), mainly as the 

result of the ST process (~5 cm, on average). As illustrated in Figure 6.9b (Figure 6.7b), 

the Ekman pumping induced by the strong cyclonic (anticyclonic) wind-stress curl 

(Figure 6.4g (6.4e)) east of Sri Lanka during summer (winter) results in upwelling 

(downwelling) RWs, which propagate westward and set up upwelling (downwelling) 

KWs along the southeast coast of Sri Lanka. This upwelling (downwelling) signal is 

further reinforced by the winds, which blow parallel to the coast during summer 

(Figures 6.4g and 6.9b) (winter; Figures 6.4e and 6.7b) monsoon. Figure 6.11b indicates 

that the ST process dominates the CTL seasonal sea level all along the WCI. The 

contribution of ST process to the CTL seasonal sea level variability is largest (~70%) 

near STIP and is 60% at 15°N (off Goa) on the WCI. Its contribution decreases 

gradually towards north to ~55% at the northern end of the WCI (Figures 6.6a and 

6.11b), probably due to westward radiation of the RWs from the WCI (Figures 6.7b-

6.10b). The ~60% contribution of STIP forcing to the off Goa sea level seasonal cycle is 

dominated by alongshore forcing (~40%), with Ekman pumping off the east coast of Sri 

Lanka contributing to the remaining ~20% (not shown).  

 

BoB forcing contribution to the WCI: Though BoB wind forcing (AFBB and IBB 

considered together) is the second largest contributor to the WCI sea level seasonal 

cycle, it is much weaker (< 30%) than that of the ST process (Figures 6.5d, 6.6c and 

6.11a,b). This weaker contribution (amplitude ~1.5 cm; Figure 6.11a) from BoB forcing 

is due to a combination of factors. First, the weak amplitude of coastal KW signals from 

BoB results from the aforementioned destructive interferences between eastern and 

western parts of the BoB. Another probable cause for the weaker effect of BoB forcing 

than STIP forcing is that the Ekman pumping east of Sri Lanka, due to its proximity to 

the equator, is much stronger than that in the rest of the BoB (Figure 6.1). Finally, the 

dissipation may act more on the BoB signals, which have a longer pathway along the 

coastal waveguide to travel to the WCI. All of these factors collectively tend to produce 

a weak contribution of BoB forcing to the WCI sea level seasonal cycle. The RW 



! 107!

radiation off the WCI also reduces the contribution from BoB forcing as the coastal 

KWs propagate poleward along the WCI (Figures 6.7d-6.10d). 

 

Equatorial forcing contribution to the WCI: As discussed in the previous section, the 

amplitude of the signals from EQB process decreases rapidly along the ECI, ultimately 

resulting in a very weak signal along the WCI. Subsequently, the EQB contribution to 

the WCI is negligible (Figure 6.11b). The EQD process, on the other hand, contributes 

10-15% to the seasonal sea level along the WCI (Figure 6.11b). This weak contribution 

from EQD (~1 cm) to WCI results from the weak-amplitude, reflected equatorial RW 

signal at the east coast of Sri Lanka (Figures 6.11a, 6.7c-6.10c). This equatorial wave is 

relatively weak because the zonal component of seasonal monsoon winds is relatively 

weak along the equatorial waveguide (cf. Figure 6.24a). Furthermore, this EQD signal 

interferes destructively with the EQB signals at this coast.  

 

Local forcing on the WCI: The WCI wind seasonal anomalies blow almost normal to 

the coast during both summer and winter monsoons (Figures 6.4c,g and 6.4a,e), 

resulting in weak amplitude alongshore component (Figure 6.1). Consequently, the 

AFAS contribution is rather weak (amplitude < 1 cm, on average) and accounts for only 

~10% (on average,) of the WCI seasonal sea level variations (Figures 6.6d and 6.11b). 

There is some northward increase in the AFAS contribution that results from the 

integration of forcing downstream along the wave path (Figures 6.6d and 6.11b). Earlier 

studies [e.g., McCreary et al., 1993; Shankar et al., 2002] noted that the phasing of the 

local forcing is not consistent with the WCI upwelling. This study suggests that the 

remote processes (ST, AFAS+IBB and EQD) drive the WCI upwelling signals and are 

almost in phase with WCI seasonal sea level over the entire year (Figures 6.7-6.10).   

 

Processes contributing to the interior AS sea level seasonal cycle: The sea level 

signals along the WCI radiate westward as RWs, which combine with the signals 

induced by the interior Ekman pumping to influence the sea level in the interior AS 

(Figures 6.7-6.10). The STIP wind variations, being the dominant process in driving the 

seasonal sea level along the WCI, extend their strong influence westward into the 

interior AS through RWs (Figures 6.7b-6.10b). Figure 6.6a indeed demonstrates the 

dominant role of the STIP forcing (~60% contribution) for the LH/LL region. Farther 
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west, the local AS Ekman pumping dominates the sea level seasonal cycle (Figures 6.6d 

and Figures 6.7e-6.10e), especially in the Somali upwelling region. 

 

6.1.6 Robustness of the model results 

 

Robustness of the results: An exclusive exercise has been carried out to test the 

sensitivity of the model results to the choice of wind forcing, dampers and model 

parameters. Similar results are obtained by repeating the model experiments using 

QuikSCAT (details in Section 3.2) wind-stress fields (referred to as EXPQSCAT), 

which also shows dominance of ST process in driving the WCI seasonal sea level 

variability (Table 6.1).  

 
Table 6.1: Contribution from each process to the WCI sea level seasonal cycle at 15°N (representative of 
what happens along the entire coast) from CTL (TropFlux forcing, friction coefficient 5000 m2/s, 1° 
ramps near the edges of each damper), EXP500 (TropFlux forcing, friction coefficient 500 m2/s, 1° ramps 
near the edges of each damper), EXPQSCAT (QuikSCAT forcing, friction coefficient 5000 m2/s, 1° ramps 
near the edges of each damper), and EXPRAMP (Tropflux forcing, friction coefficient 5000 m2/s, 2° 
ramps near the edges of each damper) simulations. This table illustrates robustness of the results 
presented in Section 6.1. 
!

Process Percentage Contribution (%) 
CTL EXP500 EXPQSCAT EXPRAMP 

EQD + EQB 7 -5 10 5 
AFBB + IBB 23 25 20 20 

ST 60 70 60 65 
AFAS 10 10 10 10 

 

The dampers used in the experiments are designed to minimize the distortions in the 

model solutions, especially at the edges of the dampers by ramping the signals linearly 

to zero within 1o from the edges (see Section 3.3). Repeating the experiments with a 2o-

ramp for dampers (EXPRAMP) yields nearly identical contributions (Table 6.1), 

indicating that the results are not sensitive to the exact design of these dampers. 

Experiments with other dampers (e.g., a damper in the eastern IO as in McCreary et al. 

[1996] to isolate the equatorial process) also give very similar results (not shown). 

Finally, the lateral friction may also influence the results, since the coastal KWs have 

narrow offshore structure and propagate over long distances. Reducing the frictional 

coefficient by an order of magnitude (EXP500) results in contributions similar to those 

in CTL (Table 6.1), with ST process still being the major driver of the seasonal sea level 

variations along WCI. The results presented here are thus robust and insensitive to 
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different observational wind products, the model parameters and the choices of 

experimental setup, with ST process being the major contributor to the WCI seasonal 

cycle, followed by a modest contribution of forcing from the BoB forcing (AFBB and 

IBB processes). 

 

 

6.1.7 Summary 

 

Salient findings: The EQB process contributes 40-60% to the seasonal sea level 

variations along the eastern and northern coasts of BoB. The strong alongshore forcing 

arising from the monsoonal winds along the northwestern rim contributes significantly 

(contribution sharply rising to ~80%) to the sea level seasonality at this part of the 

coast. This alongshore forcing (~70%, on an average), combined with the interior BoB 

forcing (~40%, on an average), control the seasonal sea level variability along the ECI. 

While the RW radiation resulting from the coastal KWs at the eastern BoB rim 

influences the seasonal sea level variations in the eastern BoB, the interior BoB forcing 

dominates those variations in the western BoB.  The major source (~60% at 15oN) of 

seasonal sea level variability along the WCI is the seasonal wind variability in a 

relatively small region (less than 20% of the area of total BoB basin) near the southern 

tip of India and Sri Lanka (with respective contributions of ~40% by winds along this 

convoluted coast and ~20% by Ekman pumping induced by the strong wind-stress curl 

off the east coast of Sri Lanka). Furthermore, the contribution from the BoB, which 

includes alongshore winds and interior forcing, is less than 30% of the total WCI 

seasonal sea level cycle. This is partly due to the geometry of the BoB basin and the 

dominant wind forcing patterns, which result in the partial cancelation of signals forced 

in the eastern and western portions of the BoB. This refines findings from the previous 

literature [e.g., McCreary et al., 1993; Shankar et al., 2002]. Using a similar approach to 

that followed in this chapter, those studies concluded that the west India coastal current 

and the associated sea level changes along the WCI are primarily driven by the BoB 

alongshore winds, but did not offer any quantification. The dominant role of wind 

forcing in the STIP region relative to the rest of the BoB was also not identified before. 

The equatorial wind forcing, which was also emphasized by the previous studies for the 

WCI seasonal cycle, contributes less than 15% (EQB and EQD process) to the seasonal 

sea level along WCI. One reason is that the seasonal monsoon wind patterns have a 
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relatively weak projection onto equatorial zonal wind stress. Consistent with earlier 

studies, the local alongshore winds are relatively less important for the seasonal cycle 

along WCI, with only ~10% contribution, mainly during the summer monsoon. This 

weak contribution results from the monsoonal wind seasonal variations along WCI 

(north of 10oN) being nearly normal to the coast, with a weak alongshore component, 

driving a weak coastal KW response. The STIP wind forcing is also an important 

contributor (>50%) to sea level seasonal cycle in the eastern AS, especially in the 

LH/LL region (~60%). Farther west (west of 65°E), the strong interior AS forcing 

dominates. 
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6.2 Dynamics of interannual sea level  
 

6.2.1 Introduction 

 

Background: A detailed survey of the studies discussing the IAV of the NIO sea level 

and circulation is provided in Section 2.3. Though some of those studies did investigate 

the controlling mechanisms of the NIO sea level IAV, they did not specifically assess 

the importance of the EQD and ST processes, and focused mainly on the BoB [e.g., Han 

and Webster, 2002; Aparna et al., 2012]. The WCI sea level IAV has received 

considerably less attention, probably because of its much weaker amplitude compared 

to that in the BoB [Aparna et al., 2012]. Nevertheless, the weak amplitude of sea level 

IAV along the WCI has important consequences for the biogeochemistry in this region, 

which experiences seasonal hypoxia in conjunction with the WCI upwelling during 

summer (see Sections 2.2 and 2.3). During some years, these poorly-oxygenated 

hypoxic waters off the WCI become anoxic by late summer or fall (September – 

November; SON), with potentially strong impacts on the regional fisheries and 

ecosystems [Naqvi et al., 2009] (see Section 2.3 for details). Using a coupled physical-

biogeochemical model simulation, Parvathi et al. [2017] demonstrated that the 

interannual oxycline/thermocline/sea level variability off the WCI during SON is 

strongly influenced by the IOD events: they imprint their signatures on the wind 

anomalies at the STIP region that, in turn, influence the WCI through coastal KWs. 

Parvathi et al. [2017] suggested the importance of the ST process for the IAV off the 

WCI on the basis of correlations between STIP winds and the WCI sea level anomalies, 

but did not explicitly isolate the signals associated with the STIP winds. Similarly, 

Parvathi et al. [2017] did not discuss the potential role of the direct connection between 

the WCI and the equatorial band (EQD process) that has been established to operate at 

intraseasonal timescales (see Chapter 5). As for intraseasonal and seasonal timescales, 

there could also be localized hotspots of the interannual wind forcing (discussed below) 

that still remain to be identified. 
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Figure 6.12: Standard deviation of the interannual anomalies of (a) the wind-stress curl (shaded; scale 
at the bottom; X107 N/m3) and alongshore wind stress (grey shades along the coast; scale at the top; 
N/m2), (b) the Ekman pumping velocity (m/day) and (c) the 2oN-2oS average zonal wind stress N/m2. 
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Hotspots of interannual wind forcing: Figure 6.12 highlights the regions with strong, 

localized interannual variations in the wind forcing (alongshore wind stress, wind-stress 

curl, Ekman pumping velocity, and equatorial zonal wind stress) in the NIO. The 

hotspots of interannual wind forcing almost coincide with those at intraseasonal (Figure 

5.4) and seasonal (Figure 6.1) timescales. The northwestern BoB and STIP regions 

exhibit strong alongshore wind-stress forcing (Figure 6.12a) that can potentially 

contribute to the coastal sea level IAV by exciting coastal KWs. Strong Ekman 

pumping signals are found at the STIP region and also off the Sumatra coast (Figure 

6.12b). As pointed out earlier for seasonal and intraseasonal timescales, the sea level 

anomalies excited by the above Ekman pumping signal will propagate westward as 

RWs and induce signals at the Sri Lankan coast, which can, in principle, set up coastal 

KWs and impact the sea level and currents downstream along the WCI. The amplitude 

of the equatorial zonal wind stress (i.e. the forcing in the equatorial waveguide) peaks in 

the eastern equatorial IO (maximum within 80o-90oE) (Figure 6.12c). The equatorial 

KWs resulting from this forcing will propagate to the NIO through EQB and EQD 

processes and influence the sea level IAV there. None of the previous studies have 

assessed the importance of the above hotspots of wind forcing to the NIO sea level IAV, 

particularly in the coastal waveguide. 

 

Goal of section 6.2: As for the seasonal timescale, a thorough analysis of the sea level 

IAV on the NIO coastal waveguide will help contrasting the sea level dynamics at 

intraseasonal and interannual timescales (discussed later in Section 6.3). The goal of 

this section is hence to provide a description of the NIO sea level IAV and a detailed 

investigation of its driving processes, especially along the NIO coastal waveguide, and 

to quantify their contributions using the set of LCS model sensitivity experiments and 

process decomposition described in Chapter 5. In particular, the importance of the ST 

and EQD processes for the WCI sea level IAV will been discussed in detail, as this was 

not done previously. This section also provides a detailed investigation of the IOD 

influence on the NIO sea level IAV. 
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6.2.2 Model and the sensitivity experiments  

 

The Model and the process solutions: The model configuration and the experimental 

setup for the present study are same as those described in Chapter 5. Moreover, the 

method described in Chapter 5 (Sections 5.4 and 5.5.2; Tables 5.1 and 5.2) has been 

employed here for isolating the various processes that contribute to the NIO sea level 

IAV. As for the seasonal timescale (Section 6.1.4), the results are not very sensitive to 

other reasonable choices of the dampers used for the process solutions (not shown). 

 

 
Figure 6.13: Map of correlation between observed and modeled sea level interannual anomalies. 
 

 

Model validation: The interannual sea level in the model is validated against AVISO 

altimeter observations (see Section 3.2). Figure 6.13 indicates that correlations between 

the modeled and the observed interannual sea level are high over most of the basin 

except in the eddy-dominated western BoB and western AS, where nonlinear effects are 

important. The model is particularly accurate in the eastern equatorial IO, all along the 

eastern and northern rims of the BoB (correlation coefficient greater than 0.8), and 

along the WCI (0.7 correlation, on average). The model performance is further assessed 

below through EOF analysis of the interannual sea level from the model and the 

observations.  
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Figure 6.14: Sea level interannual anomalies EOF analysis. Note that the observed EOFs 2 and 3 will be 
interchanged for further analysis, as observed EOF (and PC) 3 is strongly correlated to modelled EOF 
(and PC) (see text for details) (a) and (b) display the explained variance of the first five EOFs computed 
from altimetry and the CTL interannual sea level, respectively (modes 1 and 2 collectively explain ~62% 
of the variance in observations and ~76% in the model); (c) Modeled (black line) and observed (red line) 
first principal component (Correlation = 0.96). 
 

EOFs from observations and model: The large-scale interannual sea level patterns in 

the observations and in the model (CTL simulation) are extracted using EOF analysis 

described in Section 3.4. As for the ISV (Section 5.6.1), the EOF analysis of the 

observed sea level is restricted to the east of 55oE in order to avoid distortions in the 

EOF patterns arising from the strong meso-scale eddy activity in the western AS. 

Furthermore, the observed sea level has been smoothed spatially over a 2o box before 

computing the EOF patterns to reduce the influence of eddies within the EOF 

computational domain (for e.g., eddy-dominated western BoB region). For the sake of 

uniformity, the same domain (eastward of 55oE) has been retained for the EOF 

computations of the modeled interannual sea level, though it is free from eddy effects 

and the EOF patterns are almost the same (except for slight changes in the explained 
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variance, not shown) even if the entire NIO domain is considered. The corresponding 

EOF patterns of the interannual sea level and the wind stresses for the entire NIO 

domain are obtained through regression onto the normalized PCs. A careful inspection 

of the spatial patterns of the EOF modes indicates that the second (third) EOF computed 

from the observations is very similar to the third (second) EOF from the CTL. 

Moreover, the correlation between observed and modeled PC2 is 0.52, whereas the 

correlation between observed PC3 and modeled PC2 is 0.67, strongly suggesting that 

the third EOF mode extracted from the observations represents the same physical mode 

of variability as the second EOF mode from the CTL experiment. The third and second 

EOFs from the observations will henceforth be reordered as EOF2 and EOF3, and so 

are the PCs. Figures 6.14a and 6.14b show the explained variance of the first five EOF 

modes from the observations and the CTL, respectively. The first EOF mode is well 

separated from the rest in both observations and model. The first EOF mode in the 

observations (model) explains 56% (69%) of the variance, while the second and third 

EOF modes explain, respectively, 10% and 7% (7% and 6%) of the variance. The 

reduced explained variance by the observed EOF1 compared to that in the model is 

probably due to the influence of meso-scale eddies, which are not produced in the linear 

model but present in observations. 

 

Validation of basin-scale patterns: The spatial patterns of the first two EOF modes and 

the % of variance explained by them are shown on Figure 6.15, both for observed (left 

panels) and CTL (right panels) interannual sea level along with the wind patterns 

regressed onto the corresponding PCs. Despite a slight amplitude underestimation, the 

model reproduces the observed EOF patterns of sea level IAV remarkably well. The 

EOFs capture the eastern boundary reflection and the subsequent coastal KW 

propagation in the NIO coastal waveguide. In the model (observations), the first two sea 

level EOF modes together explain more than 90% (80%) of variance in the eastern 

equatorial IO and along the eastern and northern rims of the BoB (Figure 6.15f,c). The 

CTL (observed) explained variance progressively decreases around the rim of the Bay, 

reaching ~60% (~50%) along the ECI. The variance explained by the two modes in the 

CTL (observed) interannual sea level along the WCI is ~70% (~30%). The weaker 

explained variance in the observation could be due to the presence of mesoscale eddies. 

Besides these spatial EOF patterns, a comparison of the modeled and observed sea level 

PCs indicates a very good phase agreement of the basin-scale sea level IAV, with a 
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correlation of 0.96 for PC1 (Figure 6.14c) and 0.67 for PC2 (not shown). The good 

performance of the model in reproducing the characteristics of EOFs and the 

corresponding PCs suggests that this model is not only well suited for studying the sea 

level dynamics at the intraseasonal (see Chapters 4 and 5) and seasonal (Section 6.1.2) 

timescales, but also at the interannual timescales. In the following section, the climate 

phenomenon associated with those EOFs in the model and observations have been 

identified. 

 

 
Figure 6.15: Spatial patterns of the EOF modes from the observations (left panels) and model (right 
panels). (a) and (b) show spatial patterns of the 1st and 2nd EOF modes, respectively. (c) Map showing the 
percentage of variance in sea level IAV explained by EOF modes 1 and 2. (d, e, and f) are same as (a, b, 
and c), but for model. 
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6.2.3 IOD influence on the NIO sea level IAV 

 

Similarity between the EOF patterns and the IOD: The modelled (Figure 6.15d) and 

observed (Figure 6.15a) first EOFs are reminiscent of those associated with a positive 

IOD (see Section 2.3 for a detailed description of the IOD patterns), with easterly wind 

anomalies in the central equatorial IO forcing negative sea level anomalies in the 

eastern IO (which further propagate into the BoB as coastal KWs) and positive sea level 

south of the equator in the central IO, associated with the wind stress curl of the 

equatorial wind stress anomalies. The main patterns of the second EOF tend to be 

shifted westward (Figures 6.15e,b), i.e. to represent the typical RW phase propagation. 

In other words, EOF1 seems to represent the patterns (sea level, winds) of IOD peak in 

SON, while EOF2 is more representative of the patterns after this peak. It will be 

verified below if those two EOFs together describe sea level evolution associated with 

an IOD event. 

 

 
Figure 6.16: (a) Comparison of CTL PC1 (black line) with DMI index (red line); Correlation=0.7. (b) 
Lag-correlation of CTL PC1 (black) and PC2 (blue) with SON averaged DMI. (c) Same as (b) but for 
NDJ averaged MEI.  
 



! 119!

IOD or ENSO?: As pointed out earlier in Section 2.3, ENSO and IOD are the two 

prominent modes of natural climate variability that influence the NIO. It is however 

sometimes difficult to identify whether a given IO signal is associated with one rather 

than the other of these two modes, due to the tendency of El Niño (La Niña) events to 

induce positive (negative) IODs in the IO (e.g. Annamalai et al. [2003]; the correlation 

between the SON DMI and NDJ (November – January) MEI indices is ~0.4 over the 

period considered). Figures 6.16b and 6.16c display the lead-lag correlations of PC1 and 

PC2 with the SON DMI and NDJ MEI indices, respectively. The lead/lag correlations 

with the DMI are systematically higher than those with the MEI, clearly indicating that 

IO sea level variations are dominated by the IOD, not by ENSO. I.e. in most cases, an 

El Niño will force a positive IOD, with the sea level signals associated with EOFs 1 and 

2. But if the Niño fails to induce an IOD, the sea level signals will be much weaker in 

the IO, since they occur as a response to the IOD typical wind pattern. This agrees with 

the results of Currie et al. [2013], who showed using partial regressions applied to a 44- 

yearlong OGCM simulation that most of the thermocline depth interannual variability in 

the IO is driven by IOD rather than ENSO.  

 

Lead-lag relations between PCs and the IOD: In SON, PC1 is strongly correlated with 

the DMI (Figure 6.16a), i.e. EOF1 describes the sea level pattern of an IOD at its peak. 

By construction, the EOF method ensures that the correlation between PC1 and PC2 is 

zero at lag zero, i.e. in SON. PC2 is however positively correlated with PC1 during the 

preceding months (i.e. the IOD development phase) and negatively correlated with PC1 

during the IOD decay phase. I.e. the IOD development is described by EOF1+EOF2 

and its decay by EOF1-EOF2. Together, those two PCs describe the sea level changes 

and propagations during an entire IOD event. This is further demonstrated by the fact 

that the description of the sea level IAV obtained either by lead-lag regression onto the 

DMI/PC1 (Figure 6.17, described in the following paragraph) or by the projection of the 

full sea level anomalies onto PC1 and PC2 are equivalent (not shown). 
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Figure 6.17: (a-d) Patterns of CTL interannual sea level (cm) and wind stress (N/m2) obtained by lead-
lag regression onto the normalized SON DMI index, shown selectively for the months of (a) August (2 
months lead), (b) October (0 month lead), (c) December (2 months lag) and (d) February (4 months lag). 
Panels (e-h) show the corresponding wind-stress curl (X107; N/m3) and alongshore wind forcing (N/m2) 
patterns. The alongshore wind forcing is indicated with a different color shading (see color bar above the 
right column panels) along the coastline. TropFlux wind stresses have been used. 
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Typical IOD wind stress and sea level patterns: As already discussed above, the IOD 

basin-wide pattern more or less remains the same throughout the IOD (left panels on 

Figure 6.17). Equatorial easterlies drive an upwelling equatorial KW in the eastern 

equatorial IO, which further propagates around the BoB rim as upwelling coastal KW, 

in a similar way as that at the intraseasonal timescale. Since the KW propagates fast 

relative to the timescale of the forcing, this pattern is more or less balanced with the 

wind stress, being weak in August (onset; Figure 6.17a), peaking in October (Figure 

6.17b), starting to decay in December (Figure 6.17c) and having almost disappeared by 

February (Figure 6.17d). The asymmetric wind pattern south of the equator is associated 

with a strong curl that drives positive sea level anomalies between 5°S and 15°S (right 

panels on Figure 6.17), in line with Tozuka et al. [2010]. Since RWs are slower at this 

latitude, this pattern displays a westward propagation (Figure 6.17a-d) and peaks a bit 

later than the equatorial KWs (i.e. in December; see Figure 6.17c). During the IOD 

onset (August), there are relatively strong interannual wind anomalies in the NIO 

(Figure 6.17a), probably owing to the interaction with the monsoon, which drive 

negative curl and alongshore anomalies in the BoB. This negative curl remains strong in 

the southern BoB until October (Figure 6.17e-f). The August, October, December sea 

level sequence in the NIO is clearly associated with upwelling RWs radiating westward 

from the BoB eastern rim (Figure 6.17a-c). This is different from what happens at 

intraseasonal timescales, for which the critical latitude does not allow offshore 

propagation. In February, there is a clear sea level sign change along the WCI (Figure 

6.17d). I.e. the sea level is positive before (and hence cannot be explained by coastal 

KW propagation from the BoB, where the sea level is negative), and only becomes 

negative in February. Since this is an important region for biogeochemistry, as 

discussed in the introduction, the processes that allow this change of sign of IOD-

induced sea level signals on the WCI will be assessed in detail. 

 

Dominant processes in the eastern BoB: To better grasp how the different processes 

combine to induce the sea level sequence in the NIO coastal waveguide during a typical 

IOD evolution, Figure 6.18 provides monthly time series of regressed sea level from 

CTL and its different contribution onto DMI at three selected coastal locations, 

representative of the different regions: along the eastern BoB (EBOB box), the western 

BoB (ECI box) and the WCI (WCI box; boxes shown on Figure 6.17a). Figure 6.19 

shows the corresponding regression patterns for the months of October and February. In 
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the eastern BoB, the dynamics is straightforward: the signal is entirely dominated by 

remote forcing from the equatorial region, and is hence in phase with the wind forcing 

due to the fast propagation time of first-baroclinic waves equatorial / coastal KWs to the 

eastern BoB (1-2 weeks).  

 

 
 
Figure 6.18: Monthly time series of the interannual sea level (cm) obtained by lead-lag regression onto 
the SON DMI at coastal locations (marked with black frames in Figure 6.19e) on the (a) eastern BoB, (b) 
east coast of India, and (c) WCI for CTL and the processes. The time series is essentially the one derived 
from Figures 6.17a-d or 6.19 by averaging over the above box locations, but for all months and for each 
process. It is verified that the sum of processes sea levels equals that of the CTL. The two regimes of IOD 
influence are shaded with yellow (October) and orange (February) colors. 
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Figure 6.19: Interannual sea level patterns obtained by lead/lag regression to the SON DMI index for (a-
d) October and (e-h) February: total sea level anomaly (cm) from CTL (panels a and e) and contributions 
from the ST (panels b and f), EQD (panels c and g), and EQB (panels d and h) processes. The 
contributions of other processes are not shown due to their relatively minor contribution to the 
interannual sea level along NIO waveguide. The black boxes in panel e are the WCI, ECI and EBOB 
boxes used for plotting sea level time series in Figure 6.18. 
 
Dominant processes along the east coast of India: The dynamics is more complex for 

the ECI (Figure 6.18b), with more or less three regimes. The strong wind signals 

associated with the IOD in July-August in the northern BOB (Figures 6.17a,b) results in 

an alongshore forcing and positive curl that contributes to the negative sea level signal 

along the ECI (Figure 6.18b), before the EQB signal picks up. EQB increases more 

slowly in the ECI box than in EBOB (Figure 6.18ab): this is because the lower 
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frequency signals allow much more offshore propagation of RWs in contrast to the 

intraseasonal timescale, as discussed above. As a result, a significant fraction of the 

EQB signal transits through the interior BoB as slower upwelling RWs rather than 

following its rim as an upwelling KW. In October, the EQB signal dominates (Figures 

6.18b and 6.19). As discussed above, the wind stress curl in the BoB is mainly negative 

from August to December (Figure 6.17e-g). This negative curl forces downwelling RWs 

in the BoB interior, which eventually reach the ECI where they interfere destructively 

with the EQB signal roughly from November to March (Figure 6.18b). 

 

Dominant processes along the west coast of India: As mentioned above, there are two 

regimes along the WCI, with sea level anomalies shifting from positive values in 

September - October to negative in January - February (Figures 6.18c). This shift in 

sign is broadly due to the balance between the positive ST signals and delayed negative 

EQB signals. The equatorial easterlies induce both downwelling-conducive alongshore 

anomalies at the STIP and are associated with a strong negative curl (and downwelling) 

east of Sri Lanka, due to their strong poleward decrease within ~5-10°N. The resulting 

downwelling KW travels quickly to the WCI, yielding a ST signal almost in phase with 

equatorial zonal wind stress anomalies, with its contribution that peaks in October-

November and rapidly decreases afterwards (Figures 6.18c). The upwelling signal 

associated with EQB has a slower propagating timescale, due to the fact that a 

significant fraction of the signal transits through the interior BoB as slower RWs 

(Figure 6.19d). The EQD process is also not negligible during November-February, and 

has a negative contribution, associated with the reflection of upwelling equatorial KW 

at the eastern boundary. As discussed on the basis of the idealized experiments of 

Chapter 5, this process not only involves the first meridional mode RW, but also higher, 

slower modes, thus explaining its slower timescale relative to the equatorial wind 

forcing. 

 

6.2.4 Processes contributing to the NIO interannual sea level 

 

Evaluation of the process contributions: In the following, a more general assessment 

of the processes contributing to the CTL sea level IAV is provided, without specifically 

focusing on the IOD-induced variability. Figure 6.20 displays maps of regression 

coefficients of the interannual sea level from each process onto that from the CTL 
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experiment. Figures 6.20f indicates that EQB dominates the CTL interannual sea level 

along the entire BoB coastal waveguide through coastal KW propagation as well as over 

the eastern part of the interior BoB through RW radiation from the eastern BoB rim. 

The IBB process (Figures 6.20g) drives most of the sea level IAV over the western 

interior BoB (off the ECI). On the other hand, the WCI sea level IAV is driven by a 

combination of processes: ST, EQD and AFAS (Figures 6.20b,e,c). The contribution of 

IAS process (Figures 6.20h) to the interannual sea level in the interior AS increases 

westward downstream along the RW path through integration of the wind-stress curl 

forcing.  

 

 
Figure 6.20: Contribution of each process (a) AFBB, (b) ST, (c) AFAS, (d) TrEQ + SIO, (e) EQD, (f) 
EQB, (g) IBB and (h) IAS to CTL interannual sea level, computed as the regression coefficients of the 
respective process solution to that of CTL experiment. The sum of the contributions is equal to 1 (100%) 
by construction. Contributions can be negative in case of a negative correlation between a given process 
and the total variability. 
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Figure 6.21: Similar to 5.15 and 6.11, but for interannual sea level variations. (a) Standard deviation of 
CTL interannunal sea level and its decomposition into processes, plotted as a function of distance along 
the NIO coastal waveguide. The quantities are averaged over a 50-km cross-shore extent. The sum of 
contribution from each process (orange dashed) matches the CTL standard deviation (black dashed). (b) 
Regression coefficient of interannual sea level associated with each process to the CTL solution (in %), 
shown as a function of alongshore distance. In both the panels, the entrance of BoB waveguide (marked 
with a tic of same color in Figure 5.14) is indicated with dashed blue vertical line at a distance of ~390 
km. The region between dashed pink vertical lines (marked with same color in 5.14) indicates the 
northwestern BoB, where local alongshore forcing is important.  The dashed, black vertical lines (tics of 
same color in Figure 5.14) enclose the STIP region. The dashed, red vertical line (tic of same color in 
Figure 5.14) at the right extreme (~6300 km) marks the position of WCI box. 
 

Overview of dominant processes in the NIO coastal waveguide: Figure 6.21 finally 

provides a detailed quantitative assessment of the contribution from each of the 

processes to the total sea level IAV along the NIO coastal waveguide (similar to Figures 

5.15 for intraseasonal and 6.11 for seasonal). As shown on Figures 6.21a, the amplitude 

of the CTL interannual sea level gradually decreases anticlockwise along the BoB rim, 

from ~5 cm at the entrance of the BoB waveguide to ~3.5 cm at the northwestern BoB 

coast, and further to ~2 cm along the east and west coasts of India. CTL sea level IAV is 

largely dominated by EQB along the BoB coast: it contributes from almost 100% along 



! 127!

the eastern BoB coast to ~80% in the northwestern and western BoB coasts (Figure 

6.21b), where alongshore forcing also contributes to some extent (up to 20%). The 

rather weak contribution from AFBB and IBB mainly results from the weak amplitude 

BoB wind forcing (Figures 6.12a,b) relative to the equatorial forcing (Figure 6.12c). 

The sea level IAV along the WCI results from a combination of processes, mainly ST, 

EQD and AFAS (Figure 6.21b). ST generally dominates CTL sea level IAV but its 

contribution decreases from 40-50% near the southern tip of India to 20-30% at the 

northern end of the WCI (Figures 6.21b), probably due to westward radiation of the 

RWs from the WCI. The contribution of local alongshore forcing increases 

progressively along the coastal KW path and is ~20% at 15°N (Figure 6.21b). EQD 

drives 20% of the sea level IAV along the WCI (Figure 6.20b). While the analysis 

shown on Figure 6.18c indicates a strong role of EQB in driving sea level IAV along 

the WCI, Figure 6.20f points towards a rather small contribution from EQB: this 

apparently small contribution stems from the fact that this process it actually in phase 

quadrature with CTL sea level IAV (Figure 6.18c) and hence results in a weak 

regression coefficient on Figure 6.20f despite its significant role. 

 

6.2.5 Summary 

 

Process contribution to total IAV: This section assesses the dynamics of the NIO sea 

level IAV, with a particular focus along the coastal waveguide. The process 

decomposition of the total sea level IAV in the NIO indicates that EQB dominates 

(>80%) the CTL sea level IAV along the entire BoB rim. The AFBB and IBB processes 

have a rather modest contribution of 20% along the northwestern and western rims of 

the BoB, because of the weaker amplitude of the wind forcing within the BoB compared 

to the much stronger IOD-induced zonal winds at the equator. The WCI sea level IAV 

is modulated by a combination of ST, EQD and AFAS processes. The contribution from 

ST process to the WCI sea level IAV decreases from 40-50% near the southern tip of 

India to 20-30% at the northern end of the WCI. The EQD pathway has a nearly 

constant contribution of 20% all along the WCI. The contribution of AFAS increases 

from south to north, with a contribution of ~20% at 15°N.  

 

The IOD influence: EOF analysis reveals that the NIO sea level IAV is dominated by 

the IOD. The IOD-driven interannual sea level in the BoB waveguide does not change 
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sign throughout the duration of the IOD. During the entire sequence of a positive IOD, 

anomalous equatorial easterlies drive upwelling equatorial KWs that propagates at the 

eastern boundary reflection as coastal KWs along the BoB rim. On the other hand, the 

IOD-induced sea level anomalies along the WCI change sign, from downwelling signals 

during the initiation through peak stage to upwelling signal during the termination stage 

of a positive IOD. These two distinct regimes of IOD influence on the WCI have so far 

not been discussed in the literature. This arises from the fact that different processes 

govern the IOD-induced sea level variability on the WCI during the growth and the 

demise of an IOD event. During a positive IOD peak, the equatorial easterlies induce 

mass convergence towards the STIP region that drives downwelling coastal KWs 

downstream along the WCI. Boreal fall is associated with the occurrence of anoxic 

conditions along the WCI. The positive IOD induces downwelling sea level signals that 

can prevent the occurrence of anoxic conditions [Parvathi et al., 2017]. In winter, during 

the IOD demise, the IOD-induced winds have almost receded. The longer time scale 

associated with RWs propagation from the eastern to the western BoB rims and that 

from the eastern boundary reflection of the equatorial KWs, however, maintain the 

upwelling signal associated with the EQB and EQD processes for longer duration, thus 

yielding an IOD-induced upwelling along the WCI during the winter season. The 

winter-time IOD-induced signals along the WCI may influence SSTs in the south 

eastern AS through RW radiation from the western Indian shelf that can in turn set 

preconditioning for the onset of the Indian summer monsoon [Masson et al., 2005; 

Vinayachandran et al., 2007].  
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6.3 Comparison of sea level dynamics between timescales 

 

Differences in the sea level variability: Having investigated the sea level dynamics at 

intraseasonal, seasonal, and interannual timescales in the previous sections, this section 

highlights some of the major differences between them. Earlier studies [e.g. Han et al., 

2011; Shankar et al., 2010] have already discussed the sea level variability in the 

equatorial region at a wide range of timescales (90, 120, 180-day modes and interannual 

(>17 months)). The discussion here will hence focus mainly on the NIO sea level 

variability outside the equatorial band. Figure 6.22, which compares the spatial patterns 

of the sea level amplitude at intraseasonal, seasonal, and interannual timescales, 

indicates that their amplitudes are strikingly different in the interior BoB, along the 

WCI, and in the western AS. The specific differences in the sea level variability in the 

interior BoB and along the WCI, and the main reasons behind those differences are 

briefly discussed below. 

 

 
Figure 6.22:  Standard deviation of the sea level at (a) intraseasonal, (b) seasonal, and (c) interannual 
timescales. 
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Figure 6.23: Regression coefficient (in %) of (a) intraseasonal, (b) seasonal, and (c) interannual sea 
level from each process to that in CTL as a function of distance along the NIO coastal waveguide (These 
panels are the same as Figures 5.15b, 6.11b and 6.21b respectively). The quantities are averaged over a 
20 km cross-shore extent. The entrance of BoB waveguide (marked with a tic of same color in Figure 
5.14) is indicated with dashed blue vertical line at a distance of ~390 km.  The region between dashed 
pink vertical lines (marked with same color in 5.14) indicates the northwestern BoB where local 
alongshore forcing becomes important.  The dashed, black vertical lines (tics of same color in Figure 
5.14) enclose the STIP region. The dashed, red vertical line (tic of same color in Figure 5.14) at the right 
extreme (~6300 km) marks the position of WCI box.  
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Figure 6.24: Standard deviation of the (a) zonal wind stress in the equatorial band (2oS-2oN), (b) 
alongshore forcing and (d) CTL sea level both as a function of distance along the NIO coastal waveguide 
at intraseasonal (black), seasonal (red), and interannual (blue) timescales. In panels (b) and (c), the 
entrance of the BoB coastal waveguide is indicated by a dashed blue vertical line at a distance of ~390 
km (marked by a blue tick in Figure 5.14). The magenta-color shaded vertical band indicates the 
northwestern BoB rim (coastline within the magenta ticks in Figure 5.14). The black-color shaded band 
(coastline between the black ticks in Figure 5.14) marks the STIP region.  The dashed, red vertical (red 
tick in Figure 5.14) at the right extreme (~6300 km) marks the position of WCI box. TropFlux wind-stress 
product (described in Section 3.2) has been used. 
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Eastern interior BoB: The sea level variability in the eastern BoB is more confined to 

the eastern rim at the intraseasonal timescale (Figure 6.22a), but progressively extends 

westward into the interior BoB at seasonal (Figure 6.22b) and interannual (Figure 

6.22c) timescales. This feature can easily be explained by the critical latitude that 

increases with decreasing frequency (see Section 2.1 for details), allowing the coastal 

sea level signals to radiate away as westward RWs more efficiently at interannual and 

seasonal than at intraseasonal timescales.  

 

Western interior BoB: The sea level variability has an offshore maximum in the 

western interior BoB at the seasonal timescale, but not at other timescales. This strong 

seasonal variability results from the strong seasonal interior BoB forcing (Figure 6.1) 

related with the intense monsoonal winds. As this interior wind-stress curl forcing in the 

western interior BoB is far weaker at intraseasonal (Figure 5.4) and interannual (Figure 

6.12) timescales, this precludes existence of an offshore maximum at these timescales. 

 

Coastal BoB: The amplitude of the coastal sea level is similar (4 - 5 cm) at the three 

timescales along the eastern BoB coast (Figures 6.22 and 6.24c) and is dominated by 

the signals propagating from the equatorial region, i.e. the EQB process (Figure 6.23). 

This contribution is however weaker at seasonal timescale mainly because the 

amplitude of the zonal wind stress in the eastern equatorial IO (Figure 6.24a) is rather 

low at the seasonal timescale, but larger at interannual and much larger at intraseasonal 

timescales. At all timescales, the alongshore wind forcing (Figures 6.24b) contribution 

(AFBB) along the BoB rim steadily increases anticlockwise (Figure 6.23) as the sea 

level integrates the wind forcing along the coastal KW path. However, this process has 

a larger contribution to the BoB coastal sea level variability at seasonal (Figure 6.23b) 

than at other timescales (Figures 6.23a,c). This is likely due to the net result of stronger 

alongshore wind variability (Figure 6.24b) and weaker equatorial wind forcing (Figure 

6.24a) at the seasonal timescale compared to other timescales. The orientation of the 

monsoonal winds in the northwestern rim of the BoB (which are parallel to the coast) 

indeed allows forcing more energetic coastal KWs at the seasonal timescale. As a result, 

AFBB dominates the coastal sea level variability along the northwestern and western 

rims of the BoB at the seasonal timescale (Figure 6.23b).  
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Sea level variability along the WCI: The WCI sea level variability exhibits a striking 

difference between the three timescales (Figure 6.22). The seasonal variability is 

considerably larger compared to intraseasonal and interannual variability (Figures 6.22 

and 6.24c). This difference largely results from the wind forcing near the southern tip of 

India at this timescale, with both largest alongshore forcing at this convoluted coastline 

(Figure 6.24b) and largest Ekman pumping velocity east of Sri Lanka (cf. Figures 5.4, 

6.1, and 6.12) among all three timescales. Consequently, the contribution of ST to the 

WCI sea level variability is largest at the seasonal timescale (Figure 6.23b) compared to 

intraseasonal (Figure 6.23a) and interannual (Figure 6.23c) timescales. Finally, the 

newly established EQD connection for the WCI does operate at intraseasonal (Figure 

6.23a) and interannual (Figure 6.23c) timescales, but is weaker at the seasonal timescale 

(Figure 6.23b). As noted above, the weaker zonal wind variations at the seasonal 

timescale in the eastern equatorial IO (Figure 6.24a) indeed results in a weaker reflected 

equatorial RWs, leading to weaker EQD contribution at seasonal timescale than other 

timescales. 
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Chapter 7 

Summary and Perspectives 

 
 
7.1 Thesis summary 

 

The subject of the thesis: The dynamics of the wind-driven, intraseasonal sea level 

variability in the northern Indian Ocean, particularly in the coastal waveguide, has been 

extensively investigated in this thesis. In an effort to delineate the differences in the sea 

level dynamics at intraseasonal timescales from that at the seasonal and the interannual 

timescales, the thesis goes beyond its initial scope by refining our current understanding 

on the sea level variability at those timescales. More specifically, this thesis addresses 

the following intriguing science questions: What is the relative importance of local 

against remote wind forcing in driving the sea level variability in the northern Indian 

Ocean? What are the pathways of sea level signals in the north Indian Ocean? Is there a 

direct connection between the equatorial waveguide and the coastal waveguide off the 

west coast of India at the southern tip of Sri Lanka, in addition to the previously-known 

classical connection at the eastern and western boundaries of the equatorial Indian 

Ocean? What are the dominant processes controlling the sea level variability in the 

coastal waveguide? The above issues are addressed in this thesis with the help of a 

linear continuously stratified model that, being linear, allows isolating the contribution 

of each process through sensitivity experiments. The main findings of this Ph.D. work 

are summarized below.  

 

Dominant intraseasonal equatorial remote forcing: The relative importance of the 

remote forcing from the equator and the local forcing in the Bay of Bengal and Arabian 

Sea in controlling the north Indian Ocean intraseasonal sea level variability has been 

assessed in Chapter 4.  This chapter demonstrates that equatorial zonal wind 

fluctuations drive most of the basin-scale sea level intraseasonal variations, their 

contribution decreasing anticlockwise along the rim of Bay of Bengal, from 80 - 90% in 

the Andaman Sea to ~50% northeast of Sri Lanka, and then increasing to 60 - 70% 

along the west coast of India. The equatorial wind contribution to this variability is 

modulated seasonally. The northward shift of the atmospheric intraseasonal variability 
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in summer induces larger fluctuations of alongshore wind stress along the southern tip 

of India and Sri Lanka and on the western rim of the Bay. This results in larger 

intraseasonal sea level variations in the north Indian Ocean coastal waveguide as well as 

a larger contribution of the Bay of Bengal and Arabian Sea winds to this variability on 

the east (up to ~60%) and west (up to ~40%) coasts of India in that season.  

 

The EQD connection: Chapter 5 demonstrates the existence of a direct connection 

between the equatorial waveguide and the west coast of India at the southern tip of India 

and Sri Lanka. This new pathway (referred to as EQD in this thesis) allows equatorial 

signals to directly propagate northward along the west coast of India without transiting 

through the Bay of Bengal waveguide. In this scenario, the westward-propagating 

equatorial Rossby waves, excited by the eastern boundary reflection of the equatorial 

Kelvin waves, interact with the Sri Lankan landmass and set up Kelvin waves at the Sri 

Lankan coast. These coastal Kelvin waves travel around the Sri Lankan coast and 

further off the west coast of India, influencing the sea level there.  

 

The dynamics of intraseasonal sea level variability: Chapter 5 identifies hotspots of 

intense intraseasonal wind forcing in the northern Indian Ocean and quantifies their 

individual contributions to intraseasonal sea level variations. After identifying each 

process that can potentially influence the north Indian Ocean sea level, an innovative 

method to isolate them using a suite of linear model sensitivity experiments is 

presented. The equatorial wind forcing dominates the intraseasonal sea level variability 

along the rim of the Bay through the reflection at the eastern boundary and propagation 

of coastal Kelvin waves into the Bay (EQB process). This contribution ranges from 

about 80% in the Andaman Sea to about 50% on the east coast of India, where the 

remaining variability is largely explained by the alongshore forcing in the Bay of 

Bengal (AFBB process). This chapter also demonstrates that the intraseasonal sea level 

variability along the west coast of India is primarily driven by EQD signals (30-40%) 

and by the remote wind forcing hotspot over the southern tip of India and Sri Lanka 

(~30%) (ST process). 

 

New insights into the seasonal cycle: While there is a wealth of literature on the 

dynamics of the northern Indian Ocean at the seasonal timescale, there is no precise 

quantification of the relative importance of the processes contributing to the sea level 
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seasonal cycle. Hence, Chapter 6 revisited the dynamics of seasonal sea level variability 

using the same set of sensitivity experiments as in Chapter 5. In consistent with the 

earlier studies [e.g. McCreary et al., 1993; 1996], this chapter concludes that the EQB 

process dominates the seasonal sea level variations in the eastern and northern rims of 

the Bay of Bengal (40-60%), whereas that along the east coast of India is largely driven 

(~80%) by the alongshore forcing in the Bay (AFBB process) and interior Bay of 

Bengal wind stress curl forcing (IBB process), due to strong monsoonal winds over the 

Bay. The most original result of this part of the thesis is related to the large-amplitude 

sea level seasonal cycle along the west coast of India. Previous studies suggested that 

the seasonal sea level variability along the this coast was primarily driven by the remote 

wind forcing from the Bay and the equatorial Indian Ocean through coastal Kelvin wave 

propagation. This chapter demonstrates that the main driver (~60%) of the seasonal sea 

level variability off the west coast of India is the wind variability in a relatively small 

region (less than 20% of the total area of Bay of Bengal basin) near the southern tip of 

India and Sri Lanka (with respective contributions of ~40% by alongshore winds along 

this convoluted coast and ~20% by Ekman pumping induced by the strong wind stress 

curl off the east coast of Sri Lanka). 

 

New insights into the interannual sea level variability: Chapter 6 also revisited the 

dynamics of interannual sea level variations in the north Indian Ocean using the same 

decomposition method. The sea level interannual variability is dominated by the 

dominant mode of natural interannual climate variability in the Indian Ocean, namely 

the Indian Ocean Dipole (IOD). This thesis brings new insights on the dynamics of 

IOD-driven interannual sea level variations in the north Indian Ocean. During, e.g. 

positive IOD events, the equatorial easterly wind anomalies induce negative sea level 

anomalies in the eastern equatorial Indian Ocean. As already discussed in the literature 

[e.g. Aparna et al., 2012], those upwelling signals propagate into the Bay of Bengal 

coast as coastal Kelvin waves (EQB process), and dominate the negative sea level 

anomalies there. Along the west coast of India, however, sea level signals indicate a 

transition from downwelling during summer and fall to upwelling during winter. This 

dual influence of IOD can be tracked back to the seasonally-varying contribution of the 

EQB and EQD processes. For example, a positive IOD induces easterly wind anomalies 

near the southern tip of India and Sri Lanka during summer and fall. These winds excite 

downwelling coastal Kelvin waves at the southern tip of India and Sri Lanka that 
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dominate the interannual sea level signal along the west coast of India during the IOD 

onset and peak. But a fraction of the upwelling signal from the eastern equatorial Indian 

Ocean transits more slowly through the Bay of Bengal as off-equatorial Rossby waves, 

inducing a delayed negative sea level contribution (EQB process) that eventually yields 

negative sea level anomalies along west coast of India during winter. While the 

interannual sea level variability along the west coast of India is relatively weak, it is 

large enough to strongly influence the year-to-year variability of anoxic events in that 

region (Parvathi et al. 2017), hence highlighting the potential societal relevance of these 

results. 

 

Comparison of timescales: Similarities and differences in the sea level dynamics 

between the intraseasonal, seasonal, and interannual timescales are also discussed in 

Chapter 6. A key difference is that the direct connection between the equatorial band 

and the west coast of India (EQD process) is important for the sea level variability along 

the Indian west coast at intraseasonal and interannual timescales, but not at the seasonal 

timescale. Other differences are related to the difference in wind patterns. The seasonal 

cycle wind pattern has much larger off-equatorial amplitude, yielding a much more 

prominent effect of off-equatorial forcing at the seasonal timescale. In particular, the 

alongshore and wind curl forcing in the vicinity of Sri Lanka and the southern tip of 

India play a key role for the large sea level seasonal cycle on the west coast of India. 

The intraseasonal and interannual wind stress variability patterns are quite similar. The 

main difference between the two timescales is linked to the critical latitude, which 

allows much more off-equatorial Rossby wave radiation at the interannual timescale, 

while signals are largely trapped at the coast at the intraseasonal timescale. As a result, 

signals transit much faster between the equator and west coast of India through the BoB 

(EQB process) at the intraseasonal than at the interannual timescale. 

 

7.2 Implications and perspectives of this study 

 

7.2.1 Implications 

 

Eddy-induced sea level variability: This thesis deals only with the wind-driven sea 

level variations in the perspective of the linear wave theory, and not of those induced by 

meso-scale eddy variability, which owe their existence to the internal instabilities. The 
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linear model framework used in the thesis cannot allow assessing the variability 

resulting from the barotropic or baroclinic instabilities. Hence the signals studied in this 

Ph.D. will be aliased by sea level variations associated with meso-scale eddies. While 

wind-forced sea level variability dominates in many regions, our results are less relevant 

in eddy-dominated regions such as the western Bay of Bengal and the western Arabian 

Sea, where a large fraction of the sea level variations arise from those nonlinearities. 

However, the results from this Ph.D. remain valid for the deterministic part of the sea 

level signal in those regions (e.g. to understand mean MJO/ISO signature).  

 

Coastal sea level prediction: The results of this Ph.D. work have important 

consequences. A thorough understanding of the dynamics in the north Indian Ocean 

coastal waveguide has direct implications for the forecasting programs, as it could lead 

to improved predictions of sea level and currents variability along the NIO coast. At 

intraseasonal timescales, the dominance of the equatorial forcing in driving the sea level 

variations along the coastal waveguide, especially during winter, implies that the sea 

level variations along the coasts of Myanmar, Bangladesh, and the west coast of India 

can be predicted several weeks in advance from those at the eastern equatorial Indian 

Ocean. It will unlikely be the case for the east coast of India, where the eddy-induced 

variability dominates the wind-forced signals [e.g., Durand et al., 2009]. 

 

Implications for the Biogeochemistry: The shelf off the west coast of India hosts one of 

the largest, natural, seasonally recurring hypoxic systems of the world oceans [Naqvi et 

al., 2009]. During some years, the oxygen-deficient hypoxic conditions along the west 

coast of India become severe, leading to oxygen-depleted anoxic conditions during fall 

that strongly impact the coastal ecosystem and fisheries. By analysing simulations from 

a bio-physical coupled model, Parvathi et al. [2017] demonstrated that these interannual 

oxygen variations along the west coast of India are primarily controlled by the 

interannual thermocline variations there (Figure 7.1). This Ph.D. work demonstrates the 

prevalence of the IOD-related wind forcing near the southern tip of India and Sri Lanka 

in driving the interannual sea level variations along the west coast of India during late 

summer and fall through coastal Kelvin wave propagation. This relationship between 

the IOD and the year-to-year variations of seasonal anoxic conditions off the Indian 

west coast may facilitate advance warning for the possible occurrence of severe anoxic 

events, given that skilful predictions of mature IOD events in fall can be achieved one 
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to two seasons ahead [e.g. Luo et al., 2007; Shi et al., 2012; Parvathi et al., 2017]. 

Results of this thesis may thus have profound implications for the biogeochemistry and 

fisheries along the shelf off the west coast of India. 

 

 
 
Figure 7.1: Spatial map of correlation between the fall (September – November) interannual anomalies 
of thermocline (depth of 23oC isotherm) and oxycline (depth of 100 !mol.L-1) depths. Reproduced from 
Parvathi et al. [2017]. 

 

Implications for the Indian summer monsoon: This thesis also demonstrates the 

influence of the IOD on the Indian west coast sea level not only in fall but also in 

winter. These sea level signatures extend westward into the southeastern Arabian Sea 

through Rossby wave propagation [Shankar and Shetye, 1997] and modulate the 

thermocline. The deep thermocline associated with Lakshadweep high favours the 

development of high sea surface temperatures in the southeastern Arabian Sea before 

the summer monsoon, well known as the “Arabian Sea mini warm pool”, which 

influences the southwest monsoon onset date [Vinayachandran et al., 2007], and total 

rainfall [Masson et al., 2005]. Results from this thesis may lead to an improved 

understanding of the processes controlling the thermocline and sea surface temperature 

variability in such sensitive climatic regions, and hence to an improved predictability of 

the southwest monsoon onset.  
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7.2.2 Perspectives 

 

Long-term sea level variability and the related implications: Understanding the 

processes controlling sea level variability is an important endeavour as this variable is a 

good proxy for the thermocline variability [Fukumori et al., 1998], which in turn affects 

the surface layer oxygen variability (Figure 7.1) [Parvathi et al., 2017; Prakash et al., 

2013] and its productivity. The strategy adopted in this thesis should be extended to 

decadal and multi-decadal timescales. This should lead to a better understanding and 

quantification of the processes responsible for the present and future low frequency sea 

level variations in the Indian Ocean, either from natural or from anthropogenic origin 

(Figure 7.2). This would in turn contribute to better ascertain the expected evolution of 

the oxygen variability in the north Indian Ocean, especially along the Indian coast, and 

would contribute to address the following key questions: will the anoxic conditions 

along the west coast of India intensify in future?  As indicated by Parvathi et al. [2017], 

will the Bay of Bengal turn anoxic in future (Figure 7.3)?  

 

 
 
Figure 7.2: Multi model mean trend of sea level (cm) from the CMIP5 RCP8.5 (Coupled Model 
Intercomparison Project 5 – Representative Concentration Pathways 8.5) simulations. Black dots 
indicate 70% agreement amongst the models on the change. 
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Figure 7.3: Map showing the percentage of hypoxic profiles during fall season in a coupled physical-
biogeochemical simulation. Reproduced from Parvathi et al. [2017]. 
 

 

 
 
Figure 7.4: Schematic of the ocean floor indicating the relevance of the coastal Kelvin wave theory. The 
dashed black vertical line marks the shelf break, considered as a vertical wall for coastal KW 
propagation. The thick red line indicates the coastal KW sea level structure, which has maximum at the 
coast and decays exponentially away from the coast. Studying the open ocean – shelf interaction will help 
understanding the sea level signals on the shelf that is marked with dotted red line. 
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Shelf-Open Ocean Interaction: This thesis explores the sea level dynamics along the 

coastal waveguide in the coastal Kelvin wave theory framework, which treats the shelf 

break as a vertical wall. It hence essentially deals with the off-shore (model coastline 

defines as the 200-m isobath) sea level variations as predicted by the coastal KW theory 

and does account neither for the shelf or near coast bathymetry, nor for the near coast 

processes such as the local hydrographic conditions that can significantly influence the 

coastal sea level. This should be kept in mind in interpreting the results of this thesis for 

the coastal sea level. A more detailed future plan to extend the present results towards 

the coast is presented below. Using a more complete linear theory of “shelf waves” that 

accounts for the off-shore variations in ocean depth and for the local stratification 

[Brink, 1982a,b; Brink and Chapman, 1987] could allow to examine how these coastal 

waves are modified in a more realistic context. The comparison to ocean general 

circulation model experiments could also be helpful in that respect. It is still unclear 

how these signals at the shelf break are related to the signals on the shelf or very near 

the coast (Figure 7.4). This is especially important for the shelf off the west coast of 

India, as its width increases from less than 50 km in the south to more than 200 km in 

the north (Figure 3.4). Exploring how this large-scale sea level variability in the open 

ocean is transmitted to the shelf region is a natural extension of this thesis work that will 

require an in-depth analysis of more accurate coastal sea level observations such as 

those provided by altimeter measurements from SARAL-AltiKa [Verron et al., 2015]. 

This will in turn help to understand how the coastal waves affect the near-shore 

environment, not only the sea level, but also the currents and temperatures. There are a 

number of fine-scale processes that play a strong role on open ocean-shelf exchanges, 

such as internal waves, submeso-scale circulation on the shelf, tides, bottom friction, 

etc. Studying these open ocean - shelf interactions may also benefit from the 

development of a model with a nested grid of very high horizontal resolution (e.g., < 10 

km) along the Indian west coast that could complement these coastal sea level 

observations. 
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