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Figure 4.7 (Top panel): Locations where particles were tracked at Maldives (Box 1), Sri 
Lanka (Box 2) and the Sri Lanka Dome (Box 3). (Bottom panel): The percentage of 
particles that arrived in Box 1 and 2 over time from the different seeding locations during 
the NEM. 



Chapter 4. Ocean connectivity pathways between Sri Lanka and the Maldives 

 
 

119 

 

Figure 4.8 (Top panel): Locations where particles were tracked at Maldives (Box 1), Sri 
Lanka (Box 2) and the Sri Lanka Dome (Box 3). (Bottom panel): The percentage of 
particles that arrived in Box 1,2 and 3 over time from the different seeding locations 
during the SWM. Note that the y-axis scale is different for each of the boxes. 

 

4.4.3 DEPTH Experiment  
 
The three locations selected from the “SOURCE” experiment for the NEM 

simulation were 83.5°E, 84.5°E and 83.5°E. For the context of this experiment, 

these locations will be collectively referred to as NMC. The biggest difference 
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between the simulations occurred between the 100m and 150m depths where few 

particles were advected into the Maldives wake zone (Box 2). Most interactions 

between the NMC and the Maldives remained constrained above 5°N of the 

Maldives (Figure 4.10) and particles released from 85.5°E were advected into a 

recirculation feature along the east coast of Sri Lanka. The NMC had the highest 

percentage of particles in Box 1 (Sri Lanka) for both the 50m and 100m depth 

simulations, indicating that many of the particles remained entrained along the 

coastline (Figure 4.10). The NMC during the 50m simulation advected the highest 

percentage of particles to Box 2 (Maldives) with a sharp decrease in the 100m 

and 150m simulations. During the 50m simulation, particles from 83.5°E was first 

advected to the lower half of the Maldives chain followed by particles from the 

84.5°E pathway. At the 100m simulation, the particles from 84.5°E were directed 

to the northern end of the Maldives instead and fewer particles were advected 

into the Maldives wake zone. 
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Figure 4.9 DEPTH –NEM Experiment: Monthly mapped trajectories of particles released 
from 83.5°E (green), 84.5E (yellow) and 85.5°E (orange) at depths (a) 50m (b) 100m (c) 
150m.  

 

The largest vertical displacement of particles occurred during December for all 

three simulations where the maximum depth for particles was ~177m, ~164m and 

~181m for the 50m, 100m, 150m simulations respectively (Figure 4.11). Here, we 

define the vertical excursion distance of a particle as the difference in its minimum 

and maximum depth. The vertical excursion distance of the particles exhibited 

the highest variability in the 50m simulation as well as the largest displacement 

values (Figure 4.11).  In general, the transport pathways for particles released 

from 83.5°E and 84.5°E were similar throughout all the simulations while the 

85.5°E pathway diverged during January for the 100m and 150m experiments 
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(Figure 4.11). Particles from the 84.5°E pathway contributed the highest 

percentage of particles to Box 1 (Sri Lanka) while the 83.5°E pathway had the 

highest contribution to Box 2 (Maldives) (Figure 4.10). By subtracting the release 

depth from the mean depth displacement for each simulation, the NMC was 

shown to effectively transport particles through a maximum depth of 87.6m across 

the region (Figure 4.11).  

 

 

Figure 4.10 The percentage of particles advected into Box 1 (Sri Lanka) and Box 2 
(Maldives) and the depths and locations released from.  
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Figure 4. 11 Mean vertical depth and standard deviation (error bars) of the particles 
during the NEM for particle simulations released at depth (a) 50m (b)100m (c)150m for 
every 7 days.  

 

During the SWM, the particle trajectories followed a strong south-easterly flow, 

resulting in prolonged entrainment around the Maldives. A large proportion of 

particles from the 65.5°E were advected southwards for all three simulations, 

interacting with the northern end of the Maldives before being recirculated along 

the west side of the Maldives (Figure 4.12). Interestingly, the contribution from 

the 65.5°E pathway to the eastern Maldives wake zone (Box 1) is the lowest 

despite this early interaction with the island chain. This is due to the particles 
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remaining on the western side of the Maldives and eastwards advection being 

hindered by the island barrier (Figure 4.12). The largest contribution to Box 1 

(Maldives) originated from the 74.5°E pathway and particles are advected into 

the wake zone before being advected eastwards towards Sri Lanka (Box 2) and 

onto the Sri Lanka Dome region (Box 3) (Figure 4.13). This behaviour is 

consistent across all three depth simulations, with the only variation being the 

density of particles in the wake zones (Figure 4.12, Figure 4.13). The SMC also 

had a larger influence in bringing particles into the Maldives wake zone (Box 1) 

than at Sri Lanka (Figure 4.13). Throughout the SWM, there was high variability 

in the vertical excursion depth of the particles from all three pathways, 

particularly during July and the 50m simulation (Figure 4.14). The mean 

maximum depth for the 50m, 100m, 150m simulations were ~177m, ~164m and 

~181m respectively. The effective transport depth of the SMC across the domain 

was calculated to be a maximum of ~58 m.  
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Figure 4.12 DEPTH –SWM Experiment: Monthly mapped trajectories of particles 
released from 65.5°E (black), 71.5°E (green) and 74.5°E(blue) at depths (a) 50m (b) 100m 
(c) 150m.  

 

 

Figure 4.13 The percentage of particles advected into Box 1 (Maldives), Box 2 (Sri 
Lanka) and Box 3 (Sri Lanka Dome) and the depths and locations released from. Note 
that the colour scale is different for each box.  
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Figure 4.14 Mean vertical depth and standard deviation (error bars) of particles during 
the SWM for particle simulations released at depth (a) 50m (b)100m (c)150m for every 
7 days. 

 

4.5 Discussion  
 
A series of numerical simulations using a Lagrangian model with a regional ocean 

coupled with a hydrodynamic model was carried out to investigate seasonally 

varying connectivity pathways in the NIO (Table 4.1). The key findings of each 

experiments are presented in the Table 4.2. 
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Table 4.2 Summary of key findings from each experimental run for both monsoon 
periods. 

Expt NEM SWM 
SOURCE The branch of the NMC that 

connects Sri Lanka to the 
Maldives is located between 
83.5°E – 85.5°E 

Three separate branches of the 
SMC connect Maldives to Sri 
Lanka and the Sri Lanka Dome 
region – 65.5°E, 71.5°E and 
74.5°E. 

ADVECTION • Local input (Maldives) > 
NMC  

• NMC > Local input (Sri 
Lanka) 

• Local input (Maldives) > SMC 
• SMC > Local input (Sri Lanka) 

DEPTH • NMC 84.5°E branch 
transports particles to Sri 
Lanka during 50m and 100m 
simulations 

• NMC 83.5°E branch 
transports particles to 
Maldives during 50m 
simulations 

• NMC effective depth: 87.6m 
• Largest variability in vertical 

depth in December 

• SMC 74.5°E branch links 
Maldives, Sri Lanka and Sri 
Lanka Dome region across 
50m, 100m and 150m 
simulations 

• SMC effective depth: 57.7m 
• Largest variability in vertical 

depth in July 

 

 

4.5.1 SOURCE Experiment 
 

Particles that were seeded at 80.5°E and 81.5°E were influenced by the EICC and 

WICC and remained close to the coastline of India and Sri Lanka. Interestingly, 

particles that were seeded between 80.5°E to 83.5°E (~ 19 %) had the shortest 

residence time around Sri Lanka (<20 days) despite their proximity and this could 

be due to the role of the southward flowing EICC increasing advection speeds in 

the area. The simulations revealed that the branch of the NMC that facilitates 

connectivity across the model domain, originated from 84.5°E (31.4%) followed 
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by 83.5°E (20.6%) based on the percentage of particles that entered Box 2 on the 

western coastline of the Maldives. Unlike the NMC which had a dominant 

transport pathway originating from 83.5°E to 85.5°E, there were at least three 

separate source points for the SMC to link the Maldives to Sri Lanka and the Sri 

Lanka Dome region - 65.5°E to 66.5°E, 71.5°E and 73.5°E to 74.5°E. 

 

4.5.2 ADVECTION Experiment 
 

To understand the potential contribution of the monsoonal currents in advecting 

input for the IME versus localized entrainment and mixing processes around the 

islands, particles were seeded along the coastline of the Maldives, Sri Lanka and 

India as well as the NMC (SMC) locations from the SOURCE experiment (Figure 

4.7). Nearshore processes from the Maldives had a larger influence on IME input 

while the monsoonal currents had a bigger contribution to the IME around Sri 

Lanka. This supports the hypothesis put forth by Strutton et al. (2015) that high 

chlorophyll concentrations around the Maldives could not be solely due to 

advection based on the extensive distance covered by the monsoonal currents. 

Strutton et al., (2015) also observed that although there was elevated chlorophyll 

variability during distinct forcing events, this was an addition to baseline 

chlorophyll concentrations, suggesting an ongoing process that occurs consistently 

through time. One of the main reasons that particles released near the Maldives 

have longer residence times in the wake zones is due to the island bathymetry 



Chapter 4. Ocean connectivity pathways between Sri Lanka and the Maldives 

 
 

129 

that impedes the advection of water from the (east) west and entrainment by 

local mixing. 

During the SWM, an interesting feature was that the SMC pathways from 70.5°E 

to 72.5°E were advected southwards instead of south-easterly like the inshore 

branch between 73.5°E to 74.5°E. This led to advection of particles directly 

through the Maldives island chain, which explains why more particles from those 

pathways remain trapped within the island chain instead of being advected 

eastwards. The pathways from 65.5°E and 66.5°E also flow towards the southeast 

and are the main link between the Arabian Sea, the Maldives, Sri Lanka and the 

Sri Lanka Dome but only during the surface simulation. During the NEM, the 

NMC’s contribution from the Bay of Bengal was considered insignificant 

compared to the sources at 4°N and 6°N latitude around the Maldives.  

 

In contrast, the south coast of Sri Lanka IME was more heavily influenced by the 

monsoonal currents which advected input from India and Maldives at 6°N. This 

was surprising since it was anticipated that there would be more input locally 

from Sri Lanka as well as the Sri Lanka Dome region. Instead, particles from the 

south coast of Sri Lanka were mostly advected eastwards while particles advected 

by the SMC from the Arabian Sea, Maldives (6°N) and the south point of India 

followed the WICC into the Sri Lanka wake zone and northwards into the Sri 

Lanka dome region. This is corroborated by Schott et al., (1994) who used current 
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meter mooring records to show that the SMC is often separated from the coast of 

Sri Lanka by an opposing narrow westward current. At the east coast of Sri 

Lanka, the SMC bifurcates into two, one branch turns northwards and the other 

branch continues eastward (Vinayachandran and Yamagata, 1998). Taking into 

consideration that the short residence times of the particles seeded from Sri Lanka 

is less than 5 days, we can conclude that the larger component of the SMC is the 

northward branch that flows into the Bay of Bengal and comes from the ~74.5°E 

pathway.  

 

4.5.3 DEPTH Experiment  
 
The third experiment highlighted the vertical variability of the particle depth 

throughout the monsoon. The south-westerly flow of the NMC from 83.5°E to 

85.5°E advected the particles along the south coast of Sri Lanka to the west coast 

of India throughout all the depth simulations (Figure 4.10). The experiment 

established that the NMC’s effective transport depth (~88m) was deeper 

compared to the SMC (~58m) across the domain. These values are within the 

projected range made by Schott et al., (1994) who extrapolated that the decay of 

the SMC was rapid within the top 70m of the vertical water column while the 

NMC’s extent was up till 100m. The highest variability in depth displacement 

occurred during the 50m depth simulation at the start of the NEM during 

December and can be explained by the residual signal of the fall Wrytki jets that 
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are prevalent in the upper 100m of the water column during that period (Schott 

and McCreary, 2001). For the SWM, similar variability is observed during July 

and can be accounted for by the SMC reaching its maximum zonal velocities 

during this period.  

 

4.6 Concluding Remarks 
 
The study identified the source locations in the Bay of Bengal (Arabian Sea) for 

the NMC (SMC) to facilitate connectivity between Maldives and Sri Lanka 

throughout the different monsoon seasons. The results also highlighted the 

importance of nearshore processes as a source of primary production and that in 

general, the monsoon currents did not contribute significantly to IME generated 

below 5°N around the Maldives. The IME around Sri Lanka was more dependent 

on monsoonal transport pathways since input into the wake zone was advected 

from the Arabian Sea, India and the northern tip of the Maldives. There was little 

input locally from Sri Lanka due to the strong advection speeds of the eastward 

branch of the SMC. We also established the maximum vertical displacement range 

by the particles transported by the monsoonal currents at different depths and 

found that the NMC had a larger influence vertically but the SMC had a higher 

spatial influence horizontally. The schematic from de Vos et al. (2013) has been 

updated in Figure 4.15. The outcome of these simulations provided an insight to 

how nutrients, water masses and even non-biological materials such as plastics 
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may travel across the domain based on their release location. By understanding 

where sources of primary production are in an otherwise oligotrophic ocean, these 

results also have implications for migratory patterns of marine megafauna.  This 

highlighted by the  work done by Anderson et al. (2011) who showed the 

relationship between manta ray migrations with the monsoonal current 

directionality around the Maldives. Collectively, these results can be applied to 

understanding where new sources of primary production may originate which have 

long term impacts for local fisheries and migratory patterns of marine megafauna.   

 

For future work, an interesting area to explore would be to run longer simulations 

to examine potential relationships with climate indices like the Indian Ocean 

Dipole Mode. One limitation of this study is the application of a uniform 

diffusivity coefficient throughout the domain whereas in reality, the diffusivities 

are asymptotic across different subregions in the Indian Ocean  (Peng et al., 2015). 

For example, the diffusivity in the equatorial Indian Ocean is different compared 

to the diffusivities in the Arabian Sea and the Bay of Bengal since it is density 

dependent. Furthermore, work done by Zhang and Du (2012) show that increased 

zonal velocities does not always coincide with salinity advection out of the Bay 

of Bengal and Arabian sea, indicating that salinity differences should also be taken 

into account for the transport processes across the model domain.  
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Figure 4.15 Schematic illustration of current systems and nearshore inputs to the IME in 
the NIO. Currents and recirculation features occurring during the NEM (SWM) are 
depicted in blue (red) while year-round currents like the SECC are shown in black. The 
size of the coloured arrows around the Maldives, India and Sri Lanka show the 
directionality and relative contribution of particles to the wake zones (boxes).  
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“... the smallest eddies are almost numberless, 

and large things are rotated only by large eddies and not by small ones, 

and small things are turned by small eddies and large.” 

- Leonardo da Vinci 
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Chapter 5 
Indian Ocean Dipole Influence on 
Island Wake Development 
 

5.1 Summary 
 

The circulation in the Northern Indian Ocean (NIO) is influenced by two major 

climate modes, the El Niño Southern Oscillation (ENSO) and the Indian Ocean 

Dipole (IOD) Mode. During the occurrence of strong IOD events, anomalous wind 

forcing affect current intensity which drives island wake development and 

associated primary productivity. Island wakes and subsequent eddy shedding are 

prevalent around Sri Lanka and the Maldives but few studies have examined the 

role of ENSO/IOD on the wake structures during IOD and non-IOD years. The 

present study aimed to investigate the role of the IOD on island wake 

development and associated productivity through analysing annual model output 

from a high resolution hindcast model for IOD and non-IOD years. During the 

positive phase of the IOD, primary productivity was low throughout the study 

region compared to the negative IOD and neutral IOD years. For the negative 

IOD year, wake structures around the Maldives and Sri Lanka were more coherent 

with higher vorticities. Energy budget analyses identified barotropic instabilities 

as the main eddy generation mechanism for the Maldives whilst wind forcing was 

more significant around Sri Lanka. In addition, the recirculation feature, known 

as the Sri Lanka Dome was weak during the neutral IOD year due to the 
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intensification of the East India Coastal Current (EICC). In contrast, during the 

IOD years, the EICC is weaker and when it impinges on the SMC, this contributes 

to the circulation of the Sri Lanka Dome.  

 

5.2 Introduction 
 
“Island-stirring” has long been used to describe the role of islands in changing the 

regional circulation in the ocean (Munk and Wunsch, 1998). Through 

observations and numerical simulations, island wakes have been shown to be 

energetic locations of vertical and horizontal transport (Pattiaratchi et al., 1987; 

Tomczak, 1988; Dong and McWilliams, 2007; Dong et al., 2007; Caldeira and 

Sangrà, 2012; Chang et al., 2013; Wolanksi et al., 1996 ; Jia et al., 2011; White 

and Deleersnijder, 2007). These wakes are determined by the incoming current 

flow speed, geometry and size of the island; and the horizontal eddy viscosity 

(Tomczak, 1988). Often, it is the combination of several factors such as wind, 

topography or strong currents that result in the unique wake dynamics around 

islands as assessed by various case studies; in Hawaii (Kersalé et al., 2011), the 

southern California Bight (Dong et al., 2007), Madeira Island (Caldeira and 

Sangrà, 2012), Aldabra atoll in the Indian Ocean (Heywood et al., 1990a), Green 

Island (Chang et al., 2013) and the island of Gran Canaria (Jiménez et al., 2008). 

 

There are two main classifications of island wakes, shallow and deep water wakes. 

The main difference between them is that bottom friction dominates as the 
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primary source of vorticity in shallow water wakes whilst for deep water wakes, 

bottom friction is considered negligible and topographic and wind forcing are the 

primary sources of vorticity generation (Barton, 2001; Furukawa and Wolanski, 

1998; Tomczak, 1988; Wolanski et al., 1984, Dong et al., 2007). Deep water wakes 

can occur leeward of tall islands such as the Hawaiian archipelago where wind 

forcing also known as “wind shadowing” drives Ekman pumping and eddy 

variability behind the islands (Yang et al., 2008; Yoshida et al., 2010; Jia et al., 

2011; Kersalé et al., 2011; Wallcraft et al., 2016). 

 

In the Northern Indian Ocean (NIO), several locations have been observed via 

remote sensing to have characteristic island wakes (Sasamal, 2007; Vos et al. 

2013). Of interest, is the flow interaction around the Maldives and Sri Lanka 

where high chlorophyll concentrations are found in the island wake regions 

(Vinayachandran et al., 2004; Sasamal, 2006; de Vos et al., 2013; Strutton et al., 

2015; Hood et al., 2017; Chapters 3 and 4). However, the NIO circulation is unique 

since it is influenced by the bi-annual monsoon wind forcing and interannual 

climate modes like the El Niño Southern Oscillation (ENSO) and the Indian 

Ocean Dipole (IOD) Mode. ENSO is characterized by recurrent warming and 

cooling of the eastern equatorial Pacific (El Niño) and changes in the zonal 

pressure gradient over the western equatorial Pacific. During El Niño years, the 

NIO warms up but experiences cooling during La Niña years (Chowdary and 

Gnanaseelan, 2007). IOD events are characterized by anomalous wind forcing that 
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result in differential temperature anomalies on either side of the Indian Ocean 

basin, depending on the phase of the climate mode. These climate modes have 

implications for island wake variability since they influence wind and current 

intensity, both key drivers of island wake genesis (Nagura and McPhaden, 2010; 

Deshpande et al., 2014; Sachidanandan et al., 2017; Nagura and Masumoto, 2015).  

 

While these studies have provided important information about the influence of 

the ENSO/IOD on the equatorial zonal currents, few have compared the role of 

the ENSO/IOD on two systems that are topographically different and influenced 

by both the monsoonal (Sri Lanka and Maldives) and equatorial currents 

(Maldives).  

 

Historically, ENSO was thought to be the primary mode of variability in the 

Indian Ocean basin but recent studies have established the dominant role of the 

IOD (Cai, 2005; Aparna et al., 2012; Dayan et al., 2014). The late emergence of 

the IOD in the scientific literature was due to the strong tendency for ENSO and 

IOD to co-occur, making it difficult to separate the signals associated with each 

of these modes (Sachidanandan et al., 2017). However, although ENSO events 

increase the likelihood of IOD occurrences, the IOD can occur independently 

which is why it is considered its own climate mode (Ashok et al., 2001; Meyers et 

al., 2007). The IOD can impact both local and remote regions and is characterized 

by sea surface temperature (SST) anomalies in the eastern and western Indian 
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Ocean (Saji et al., 1999). An IOD event can be either positive or negative and is 

defined by the Dipole Mode Index (DMI), derived from the difference of SST 

anomalies in the western and south-eastern Indian Ocean (Saji et al., 1999). 

During a positive IOD event, anomalous easterly winds drive upwelling along the 

south and west coasts of Java and Sumatra coast, resulting in cooler SST 

anomalies. Together with the off-equatorial Rossby wave response, the overall 

result is a deeper thermocline in the eastern Indian Ocean basin and warmer SST 

anomalies in the western basin. In contrast, negative IOD events feature opposite 

SST anomalies over similar regions, i.e. warmer SST anomalies in the eastern 

Indian Ocean and cooler SST anomalies in the western Indian Ocean. 

 

Previously, Gnanaseelan et al. (2012) suggested that both ENSO and the IOD 

have a considerable impact on the Indian Ocean surface currents with IOD 

affecting currents throughout the equatorial IO and ENSO mainly affecting the 

eastern part of the basin. This was later disproved by  Sachidanandan et al. (2017) 

who found that ENSO does have a delayed influence on the wind signal 

throughout the basin and that its effects show up in the late winter and early 

spring of the following year, albeit still weaker than the direct IOD influence on 

currents. In contrast, IOD influence does not extend into the following year but 

it does control most the equatorial current variability throughout the seasons 

(Sachidanandan et al., 2017). For example, the IOD is responsible for the fall 

Wyrtki jet intensity by modulating the equatorial wind intensity. It also 



Chapter 5. Indian Ocean Dipole Influence on Island Wake Development 
 

 141 

influences strong subsurface current variations until December, induced by the 

delayed effect of the IOD wind signal onto the equatorial thermocline tilt. 

 

Most IOD studies have focused on the role of the IOD on the Wyrtki jets since 

they have the largest current amplitude in the equatorial Indian Ocean at 

approximately 1.5 ms-1 (Wyrtki, 1973). Nagura and Masumoto (2015) examined 

the role of the fall Wyrtki jets on wake generation around the Maldives and found 

that the Maldives wake was only generated when the Wyrtki jet was eastward in 

the fall but not during spring. In addition, Sachidanandan et al (2017) looked at 

the role of ENSO and the IOD on surface and subsurface equatorial zonal currents 

and found that the IOD has a stronger influence on the subsurface currents. 

However, Wrytki jets and the equatorial currents control the zonal water 

transport between 2°S and 2°N while the monsoonal currents dominate water 

mass exchanges north of 4°N (Chapter 3). This means that part of the Maldives 

archipelago is influenced by the equatorial currents while the atolls above 4°N, 

along with Sri Lanka are affected by the monsoonal currents (Chapter 3). By 

extension, this could also imply that island wake formation around parts of the 

Maldives and Sri Lanka would be sensitive to various IOD/ENSO scenarios since 

these climate modes affect the monsoonal and equatorial current systems 

differently.  
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Thus, the aim of this study is to determine the influence of the IOD and ENSO 

on island wake circulation and upwelling processes. In particular, the interannual 

variability of wake structures around the Maldives and Sri Lanka; and dominant 

forcing mechanisms for eddy generation within the wakes systems are addressed. 

 

The chapter is arranged as follows – first, several non-dimensional numbers were 

used to characterize the nature of the wakes around the Maldives and Sri Lanka. 

Following which, the inter-annual variation of these wakes was examined with 

respect to its flow structure. An energy budget analysis was conducted to identify 

the dominant eddy energy generation mechanism during IOD and non-IOD years. 

 

5.3 Methodology 
 

5.3.1 Numerical Model 
 
We adapted the Regional Ocean Modelling system (ROMS) for use in the NIO 

with a focus on the Maldives and Sri Lanka as described in detail in Chapter 3. 

The model domain and bathymetry along with an inset detailing the atoll names 

and geographic features are shown in Figure 5.1. Model output provides a regular 

spatial and temporal sampling of the variables throughout the ocean column at a 

desirable resolution, thus it allows for a more detailed study of island wakes and 

eddies. Here, we used the output from the model that had been previously 
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validated in Chapter 3 to provide a good representation of the main oceanographic 

features.  

 

5.3.2 Non-dimensional parameters for island wakes 
 

Island wake dynamics are generally characterized by several non-dimensional 

numbers derived from geophysical fluid dynamics, the most frequently used being 

the Reynolds number, Re which is defined in Equation 5.1.  

𝑅𝑒 = 	
𝑈𝐿
𝜈 					 

(Eq 5. 1) 

Where U is the incoming flow velocity, L is the dimension of the obstacle 

perpendicular to the flow and 𝜈 is the kinematic viscosity of the fluid.  

 

In practice, it is difficult to estimate the Re around islands since Re is based on 

the kinematic viscosity of the fluid whereas in the ocean, it is the turbulent 

viscosity that dominates (Tomczak, 1988). This further complicates estimations 

for a critical threshold for vortex shedding. Nevertheless, if the current magnitude 

is strong enough, a periodic eddy shedding is expected to occur, as well as the 

case for the classical two-dimensional Von Karman vortex street (Tomczak and 

Godfrey, 1994). In such circumstances, the size of the wake vortices is comparable 

to the effective island width, L while the eddy intensity is mainly controlled by 

the incoming current velocity, U. As Re increases, eddies alternating in sign form 
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in the wake, propagate away while expanding in size further downstream (Umr 

et al., 2002; Andrade et al., 2014; Southwick et al., 2015). 

 

For shallow water wakes, the island wake parameter, P, formulated as 𝑃 =

(𝑈𝐻+/𝐾.𝐿) where H is the water depth and 𝐾. is the vertical diffusion coefficient, 

was found to be a better alternative than the Reynolds number (Wolanski et al.,  

1984a; Pattiaratchi et al., 1987). However, for deep water wakes, the Reynolds 

number is sufficient with the appropriate use of the kinematic viscosity. 

 

When a horizontal eddy viscosity value of  n=100 m2 s-1 was applied to Equation 

5.1 (Heywood et al., 1990; Jiménez et al., 2008; Raapoto et al., 2018) along with 

a mean current speed of 0.1m s-1, we obtained 4 locations in the model domain 

that had Re>60, which was recommended by Jiménez et al. (2008) as a good 

threshold for eddy shedding to occur. The locations were (1) Thiladhunmathi 

atoll, Maldives (6.7° N, 73.0° E); (2)  Ari atoll, Maldives (3.8°N, 72.8° E); (3) 

Huvadhoo atoll, Maldives (0.5°N, 73.3°E); and, (4) Sri Lanka (8° N, 80.7° E) and 

are shown in Figure 5.1. 

 

Two additional dimensionless parameters were used for characterizing the nature 

of the wakes – the Rossby number (Equation 5.2) and the Burger number 

(Equation 5.4). Previously, it was thought that the influence of the Earth’s 

rotation may not be important for small islands. In this context, an island is 
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defined as “small” when the island radius is much smaller than the first baroclinic 

radius of deformation, 𝑅/ (Equation 5.3). However, to account for ageostrophic 

instability, the Earth’s rotation should be considered even for small-scale islands 

(Caldeira and Sangrà, 2012). Hence, the Rossby number, Ro, which is the ratio 

of relative vorticity to planetary vorticity, is used to identify the extent of 

influence of these forces on the wake structures. The smaller the Rossby number, 

the stronger is the rotation effect, and the larger is the Coriolis force compared 

with the inertial force. For all the Maldives atolls and Sri Lanka except for 

Haddumathi atoll and Huvadhoo atoll, Ro << 1, indicating that the Coriolis force 

is dominant.  

𝑅𝑜 = 	
𝑈
𝑓𝐿				 

(Eq 5. 2) 

Where U is the incoming flow velocity, L is the dimension of the obstacle 

perpendicular to the flow and the Coriolis force, 𝑓 = 2Ω	𝑠𝑖𝑛𝜙. 

 

Recent studies have shown that it should also consider the relative size of the 

island in comparison with the first baroclinic deformation Rossby radius, 𝑅/	 

calculated from the local stratification (Southwick et al., 2015; Chang et al., 2013). 

The Rossby radius of deformation is a length scale describing the effects of the 

Earth’s rotation on fluid motion (Osiński et al., 2010). The scale of the mesoscale 

eddies is of the order of the first baroclinic Rossby radius of deformation.  
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𝑅/ = 	 8
𝑁𝐻
𝑓 :					 (Eq 5. 3) 

Where N is a representative value for local buoyancy frequency (≈3 x 10-3 /s). On 

average, when the depth, H was approximated to 200m, there was large variation 

for 𝑅/ across the Maldives with a range from 34 km (Ihavandhoo) to a maximum 

of 942 km (Huvadhoo). Two Maldives atolls, Thiladhunmathi and Ari, along with 

Sri Lanka had island width, D > 𝑅/.  

 

The Burger number, which quantifies the ratio of the kinetic to the potential 

energy, must also be considered. The Burger Number is understood to have 

dynamical importance in distinguishing barotropic and baroclinic dynamics 

(Babin, 1997). Motions are baroclinic when B>>1 and barotropic <<1. Sri Lanka 

and all the Maldives had a Burger number <1 indicating that the origin of the 

EKE may be barotropic in nature.  

𝐵𝑢 =	8
𝑅/
𝐿 :

+

					 (Eq 5. 4) 

Where 𝑅/ is the first baroclinic radius of deformation and L is the radius. 
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Figure 5.1 Bathymetry map of Maldives and Sri Lanka and locations where the flow 
structure of the island wakes were compared (red boxes).  

  

As island wakes are areas of both strong horizontal and vertical transport, the 

Okubo-Weiss (OW) criterion was used to detect the vortex within the wake and 

to quantify shear and vorticity dominated flow within the island wake (Equation 

5.5). The OW parameter, which describes the relative dominance of deformation 

with respect to the rotation of the flow is one of the most widely used physical 

quantities to detect eddies (Vortmeyer-Kley et al. 2016). In general, this 

parameter divides the ocean into regions dominated by vorticity and regions 
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dominated by strain or deformation and a background where neither effect is 

dominant. Regions dominated by vorticity, i.e. large negative values of OW, are 

potentially core domains of eddies and the locations of strong meanders of jet 

currents. Eddies can be identified where the calculated OW values exceed a given 

threshold, usually OW< - 2𝜎?@. An eddy consists of a region of high vorticity 

(the core) surrounded by a circulation cell (the ring) which experiences high rates 

of strain. Large positive values of OW are also characteristic to areas of intense 

divergence or convergence and identify domains with strong shear. At smaller 

scales, they may become evident as regions hosting strong local upwelling or 

downwelling regardless of sign (Viikmäe and Torsvik, 2013). 

 

The OW parameter (Okubo, 1970; Weiss, 1991) is defined as  

𝑂𝑊 = 	𝑆D+ +	𝑆F+ −	𝜔+				 (Eq 5. 5) 

Where 

			𝑆D = 	
𝜕𝑢
𝜕𝑥 −	

𝜕𝑣
𝜕𝑦				 

(Eq 5. 6) 

	𝑆F = 	
𝜕𝑣
𝜕𝑥 +	

𝜕𝑢
𝜕𝑦 

(Eq 5. 7) 

	𝜔 = 	
𝜕𝑣
𝜕𝑥 −	

𝜕𝑢
𝜕𝑦	 

(Eq 5. 8) 

𝑆D and 𝑆F are the normal and shear components of strain respectively and 𝜔 is 

the relative vorticity of the flow. 

Using the above dimensionless parameters, four locations in the model domain 

were identified to have fulfilled the condition for the development of a stable, 
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coherent wake as well as potential eddy shedding. We compared the surface and 

vertical vorticity of the wake structure (till 150m depth) at: (1) Thiladhunmathi 

atoll; (2) Ari atoll; (3) Huvadhoo atoll in the Maldives; and, (4) Sri Lanka during 

the month of July for IOD years. The month of July was chosen it is usually the 

peak phase for the SWM with stronger wind and current forcing.  

 

5.3.3 Data Sets 
 
The Southern Oscillation Index (SOI) reflects the quasi-periodic fluctuations of 

the ENSO across the Indo-Pacific region. The SOI values were obtained from 

NOAA/CPC website (NOAA/CPC, 2016) and displayed in Figure 5.2 (a). The 

Indian Ocean Dipole Mode Index (DMI) was obtained from NOAA/OOPC 

website and shown in Figure 5.2 (b). To characterize the IOD variability, we used 

the standard definition of the DMI which is calculated as the difference between 

the inter-annual sea surface temperature (SST) anomalies in the western and 

southeaster equatorial Indian Ocean. Pure IOD events and combined events are 

considered following the definition by Aparna et al. (2012). A pure IOD event is 

one which occurs in the absence of an ENSO event. A positive (negative) IOD 

that co-occurs with an El Niño (La Niña) is considered a combined IOD event. 

Negative (n-IOD) and positive IOD (p-IOD) years are defined where June-

September DMI is <-0.75 standard deviations of the DMI (Cai, 2005). Following 

this definition, the pure IOD events chosen from our model simulation period 

between 2006-2016 were: 2008 (p-IOD), 2014 (neu-IOD) and 2013 (n-IOD) 
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(Figure 5.2). Pure IOD years were defined as years that had low mean SOI but 

with a strong DMI index (Figure 5.2). The years 2008, 2014, and 2013 were found 

to be representative of pure positive (p-IOD), neutral (neu-IOD) and negative (n-

IOD) and compared in terms of their current velocities, SST anomalies and 

surface chlorophyll-a concentrations and wind speeds as shown in Figure 5.3 and 

5.4. 

 

 

Figure 5.2 (a) Southern Oscillation Index (SOI) and (b) Indian Ocean Dipole Mode Index 
(DMI). The shaded boxes identify the pure IOD years used for comparison, 2008 (positive 
IOD, red), 2014 (neutral IOD, green) and 2013 (negative IOD, blue) 

 

5.3.4 Eddy Kinetic Energy Budgets 
 
To quantify the relative importance of instability and eddy-mean interaction 

mechanisms on the EKE generation, we considered the different terms of energy 
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budgets relative to the EKE generation (Chen et al., 2018, Raapoto et al., 2018). 

The eddy kinetic energy (EKE) was defined as the energy due to transient 

dynamics and defined in Equation 5.10. Energy conversion due to wind, 𝐹𝑒𝐾𝑒, 

the barotropic KmKe and baroclinic conversion	𝑃𝑒𝐾𝑒 are defined in Equations 

5.11 to 5.13.  

		𝐸𝐾𝐸 = 	
1
2		
P𝑢Q+ +	𝑣Q+R (Eq 5. 9) 

Where 𝑢Q and 𝑣Q are the zonal and meridian components of the surface 

current velocity anomalies.  

𝐹𝑒𝐾𝑒 = 	−
1
𝜌T
		P𝑢Q𝜏VQWWWWWWW + 𝑣Q𝜏XQWWWWWWWR					 (Eq 5. 10) 

FeKe is the EKE generated due to wind and when FeKe > 1, it implies energy 

input to the system while FeKe <1 indicates a damping effect on the sea surface.  

	𝜏VQ and  𝜏XQ	are the meridian and zonal components for wind stress anomalies 

from the annual mean,  𝜌T = 1030 kg m -3. 

𝐾𝑚𝐾𝑒 =	−

⎝

⎜
⎛𝑢

Q𝑢QWWWWWW 𝜕𝑢W
𝜕𝑥 +	𝑢

Q𝑣QWWWWWW 𝜕𝑢W
𝜕𝑦 + 𝑢

Q𝑤QWWWWWW 𝜕𝑢W
𝜕𝑧 + 𝑣

Q𝑢QWWWWWW 𝜕�̅�
𝜕𝑥

+	𝑣Q𝑣QWWWWWW 𝜕�̅�
𝜕𝑦 + 𝑣

Q𝑤QWWWWWW 𝜕�̅�
𝜕𝑧 ⎠

⎟
⎞
				 (Eq 5. 11) 

 

KmKe is the energy conversion between mean currents and EKE. When 𝐾𝑚𝐾𝑒 

> 1, it is an indicator of eddy formation through barotropic instabilities of the 

mean flow (mean kinetic to eddy kinetic). When 𝐾𝑚𝐾𝑒 < 1, it represents eddy 
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dissipation towards the mean flow (Kundu, 1990; Biastoch and Krauss 1999; Halo 

et al., 2014). 𝑤Q represents the vertical velocity anomalies.  

	𝑃𝑒𝐾𝑒 = −	
𝑔
𝜌T
	𝜌Q𝑤QWWWWWW (Eq 5. 12) 

𝑃𝑒𝐾𝑒 is the energy conversion between available potential energy and EKE and 

indicates baroclinic instability when 𝑃𝑒𝐾𝑒 > 1. 	𝑔 is the gravity and 𝜌Q is the 

density anomaly deviation from the mean. The other transfer term defined by 

PeKe describes the conversion of energy from eddy potential to eddy kinetic 

“buoyancy production” (Kundu 1990; Marchesiello et al., 2003). It represents the 

work performed by turbulent buoyancy forces on the vertical stratification, 

leading to changes in potential energy and is known as the second phase of 

baroclinic instability. 

 

The mean eddy kinetic energy (EKE) was mapped separately for Maldives and 

Sri Lanka and compared for p-IOD, neu-IOD and n-IOD years. The EKE was 

superimposed separately with the different energy budget terms for the Maldives 

and Sri Lanka and compared for each of the IOD years. In addition, each of the 

energy conversion terms was calculated as a percentage of the sum to look at the 

monthly variability within the year. Both	𝑃𝑒𝐾𝑒	and 𝐾𝑚𝐾𝑒	were averaged over 

the top 100m of the model, which had a minimum depth of 10m. This approach 

has been used in various studies  around the Kuroshio (Kamidaira et al., 2017), 

French Polynesia, South Pacific (Raapoto et al., 2018), the Bay of Bengal (Chen 
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et al., 2018), south of Madagascar (Halo et al., 2014) and in the southern 

California Bight (Marchesiello et al., 2003).  

 

5.4 Results 
 
The simulation results of the climate mode variability of wakes are presented in 

three main parts that include island wake variability during IOD years, inter-

annual variability of the wake flow structure and the energy budget analysis 

during IOD years. 

 

5.4.1 Inter-annual circulation variability  

When compared to the p-IOD and neu-IOD years, the n-IOD year was found to 

have the strongest surface current velocities, highest chlorophyll-a (chl-a) 

concentrations, warmer surface SST anomalies along the equator and cooler 

surface SST anomalies above 4°N (Figure 5.3). In contrast, the p-IOD year had 

the weakest current velocities, low chl-a concentrations and lower SST anomalies 

(Figure 5.3).  The n-IOD year had current speeds that were 25% faster compared 

to the p-IOD year and 12% faster than a neu-IOD year (Figure 5.3). For both n-

IOD and neu-IOD years, a chlorophyll plume was observed along the west coast 

of the Maldives but did not appear during the p-IOD year (Figure 5.3).  

 

Wind forcing varied between the IOD and non-IOD years, with the n-IOD year 

having the strongest wind speeds (>0.3ms-1) (Figure 3.4). The highest wind 
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speeds were localized south of Sri Lanka and the shelf region between India and 

Sri Lanka for both the n-IOD and neu-IOD years. For the p-IOD years, the 

highest values for wind speed were along the west coast of India and west of Sri 

Lanka while the opposite occurs during the n-IOD year where the highest wind 

speeds are along the east coast of India (Figure 3.4). The winds also differ 

significantly in the equatorial region closer to Maldives where the n-IOD has 

stronger wind forcing compared to the p-IOD year. The Sri Lanka Dome (SLD) 

is an anticyclonic eddy that is prominent during the SWM and centred along 

84°E. However, during the neu-IOD year, it did not develop. Instead, the east 

coast of India had a stronger equatorward flowing current compared to the IOD 

years (Figure 5.3).   
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Figure 5.3 From top to bottom: Annual mean of surface current speeds (colourmap) and 
velocities (arrows), SST anomalies and chlorophyll concentrations during (a) Positive 
IOD year (b) Neutral/Weak IOD year and (c) Negative IOD year. Current velocities and 
SST anomalies were obtained from the current ROMS model (Chapter 3), Chl-a were 
obtained from MODIS-AQUA. 
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Figure 5.4 Mean wind speed and direction during July for (a) Neutral/Weak (neu-IOD) 
year (b) Positive (p-IOD) year and (c) Negative (n-IOD) year. Wind velocities were 
obtained from the ECMWF-ERA Interim dataset and gridded to the model domain.  

5.4.1 IOD influence on island wake structures 
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At Thiladhunmathi atoll (Figure 5.1), the wake is strongly anticyclonic and flows 

eastwards (Figure 5.5). During neu-IOD and n-IOD years, the wake is shown to 

converge behind Thiladhunmathi atoll and remains coherent up till depths of 

150m. The wake structure during neu-IOD years remains structurally coherent at 

greater depths with greater negative vorticity but the spatial extent of the wake 

during n-IOD years is wider and dissipative beyond 100m depth (Figure 5.5). 

 
Figure 5.5 Vorticity profile at Thiladhunmathi atoll during (a) Positive IOD – July 2008 
(b) Neutral/Weak IOD – July 2014 (c) – July Negative IOD 2013. Top panel displays the 
surface vorticity while the bottom panel shows the variation of the vorticity through depth 
at 50m intervals up till 150m. The red line is a reference point for the wake through depth.  

At Ari Atoll (Figure 5.1), the dominant wake feature develops on the western 

side of the atoll instead of the eastern side like Thiladhunmathi atoll (Figure 5.5). 
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Here, the wake is mostly cylonic during p-IOD and neu-IOD years but during n-

IOD years, it is the stronger anticylonic shear that dominates through depth. The 

wake structure at Ari Atoll was also more coherent during IOD years compared 

to the neutral IOD year and had higher vorticities through depth (Figure 5.6).  

 

Figure 5.6 Vorticity profile at Ari Atoll during (a) Positive IOD – July 2008 (b) 
Neutral/Weak IOD – July 2014 (c) – July Negative IOD 2013. Top panel displays the 
surface vorticity while the bottom panel shows the variation of the vorticity through depth 
at 50m intervals up till 150m. The red line is a reference point for the wake through depth.  

 

At Huvadhoo atoll, the wake developed during neu-IOD years and n-IOD years 

is anticylonic and has a larger spatial extent during n-IOD years. At the surface, 

the n-IOD wake had the largest vorticity compared to the other years. However, 
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the wake decreased in negative vorticity with depth compared to the neu-IOD 

year. An interesting feature of the wake during the p-IOD year was that the wake 

has strong negative vorticity at the surface layer but strong positive vorticity at 

depths greater than 50m (Figure 5.7).  

 

Figure 5.7 Vorticity profile at Huvadhoo atoll during (a) Positive IOD – July 2008 (b) 
Neutral/Weak IOD – July 2014 (c) – July Negative IOD 2013. Top panel displays the 
surface vorticity while the bottom panel shows the variation of the vorticity through depth 
at 50m intervals up till 150m. The red line is a reference point for the wake through depth.  

At Sri Lanka, a strong cyclonic curl developed along the south coast while a 

strong anti-cylclonic wake develops on the eastern coastline (Figure 5.8). The 

cyclonic wake was observed to be mostly a surface feature that gradually became 

anticylconic with depth. During the n-IOD year, the wake along the south coast 



 

 160 

develops as a dipole of both positive and negative vorticity that remains coherent 

up till depths of 150m (Figure 5.8).  

 

 
Figure 5.8 Vorticity profile at Sri Lanka during (a) Positive IOD – July 2008 (b) 
Neutral/Weak IOD – July 2014 (c) – July Negative IOD 2013. Top panel displays the 
surface vorticity while the bottom panel shows the variation of the vorticity through depth 
at 50m intervals up till 150m. The red line is a reference point for the wake through depth.  

 

 

5.4.3 Okubo-Weiss Parameter and Climate Indices 
 
An exceedance matrix was created for the strain dominated (OW > 2𝜎?@) and 

vorticity dominated (OW< - 2𝜎?@) flow and a monthly snapshot with the high 

strain and vorticity for the Maldives and Sri Lanka was shown in Figure 5.9 and 
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Figure 5.10 respectively. The OW parameter forms the basis for most eddy 

detection algorithms, however, as we are interested in characterizing the overall 

wake flow for both the shear and vorticity components, the positive OW is 

significant as well. The relationship between the vorticity and the SOI and DMI 

were determined by calculating the correlation coefficients between the climate 

indices and the domain averaged OW from the model simulations. When the 

correlation was done across the entire grid, no significant correlation was found 

between the monthly mean OW and the IOD.  

 

Figure 5. 9 (a) Spatial distribution of Okubo-Weiss (OW) Parameter around the Maldives 
during November 2011 with positive OW (red) being shear-dominated and negative OW 
(green) being vorticity dominated and the (b) shear-dominated exceedance profiles where 
OW > 2 standard deviations of the regional mean OW (𝜎ghWWWW) and (c) vorticity-dominated 
exceedance profiles where OW < -2𝜎ghWWWW.  
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Figure 5.10 (a) Spatial distribution of Okubo-Weiss (OW) Parameter around Sri Lanka 
during November 2011 and the (b) shear-dominated exceedance profiles where OW > 2 
standard deviations of the regional mean OW (𝜎ghWWWW) and (c) vorticity-dominated 
exceedance profiles where OW < -2𝜎ghWWWW.  

 

5.4.4 Energy Budget Analysis 
 
Around the Maldives, the highest EKE (>120cm2s-2) for all the years was 

consistently localized in the equatorial zone between 2°S and 2°N around 

Huvadhoo Atoll (Figure 5.11). The KmKe and EKE had high values around 

Huvadhoo Atoll for all the years with the key difference being that KmKe was 

more positive during the n-IOD year, indicating higher barotropic instability 

(Figure 5.11). PeKe remained relatively consistent across all the years and was 

mostly negative. The largest variability occurred for the FeKe, where the p-IOD 

and n-IOD years mostly had FeKe <1, indicating damping by the wind on the 

sea surface (Figure 5.11). When the monthly energy budget terms were compared 

for each year, a clearer picture of the variability emerges, i.e. the EKE during the 

p-IOD year is inverse to the FeKe while for the n-IOD and neu-IOD years, the 
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EKE and FeKe follow similar trends (Figure 5.11). In addition, a strong 

relationship was found between KmKe and EKE (R2 >0.8) which is unsurprising 

since their derivations both rely on the zonal and meridional current velocities. 

 

During the p-IOD year, the largest baroclinic instabilities occurred during March 

and September, both intermonsoon periods. For the rest of the year, the FeKe 

also formed the largest component of the energy budget in terms of percentage. 

The highest KmKe were present during the month of December which coincided 

with the EKE maximum during that year (Figure 5.12). An interesting feature 

was that during the months of June to July, when FeKe input was the largest, 

EKE was the second highest for the year in June despite low KmKe and PeKe 

values. However, in July, even though there was high FeKe, EKE was extremely 

low. Although there were low KmKe and PeKe values for both June and July, 

the main difference between those months was that KmKe was more positive 

during June compared to July, which may explain the variation in EKE better 

than the FeKe (Figure 5.12).   

 

There was a large shift in the main influence of the energy budget during the neu-

IOD year. Here, PeKe formed the largest proportion of the energy flux terms, 

with increasing activity between June to September (Figure 5.13). Between 

January to April, the FeKe was inversely proportional to the EKE variation. The 

FeKe signature was also different from the IOD years since the annually averaged 
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FeKe was on the eastern coast of the Maldives, with positive FeKe between 2°N 

and 2°S while negative values of FeKe was localized on the northern end of the 

Maldives (Figure 5.11). Throughout the year, KmKe was <1, indicating eddy 

dissipation towards the mean flow. However, EKE was at a maximum when the 

KmKe component was > 20% of the energy budget which was during the months 

of May and November to December. This period also coincided with the monsoon 

transition. 

 

The n-IOD year was characterized by higher PeKe contribution to the monthly 

energy budget (Figure 5.14). During February, the high KmKe accounts for the 

high EKE but fails to explain why there is high EKE in May despite lower values 

of KmKe (Figure 5.14). From May to September, the proportion of PeKe increases 

and reaches its maximum in October (Figure 5.14). High values of FeKe coincided 

with the high EKE values and may be a better explanation for EKE variability 

during the n-IOD year despite forming a smaller component of the energy budget. 
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Figure 5. 11 Energy budget analysis around the Maldives during p-IOD, neu-IOD and n-
IOD years where (a)-(c) shows the annual mean EKE and the spatial distribution of (d) – 
(f) KmKe (barotropic) (g)-(i) PeKe (baroclinic) and (j-l) FeKe (wind). 
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Figure 5.12 (a) Time series of barotropic (KmKe), baroclinic (PeKe) and wind (FeKe) 
energy on the left axis and mean EKE (black) on the right axis for a positive IOD year. 
Note the different units for both axes. (b) Percentage distribution of KmKe (red), PeKe 
(green) and FeKe (blue) from the sum of KmKe, PeKe and FeKe. Note that the sum of 
the energy budget terms does not necessarily equate to the total mean EKE in (a). 
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Figure 5.13 (a) Time series of barotropic (KmKe), baroclinic (PeKe) and wind (FeKe) 
energy on the left axis and mean EKE (black) on the right axis for a positive IOD year. 
Note the different units for both axes. (b) Percentage distribution of KmKe (red), PeKe 
(green) and FeKe (blue) from the sum of KmKe, PeKe and FeKe. Note that the sum of 
the energy budget terms does not necessarily equate to the total mean EKE. 
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Figure 5.14 (a) Time series of barotropic (KmKe), baroclinic (PeKe) and wind (FeKe) 
energy on the left axis and mean EKE (black) on the right axis for a negative IOD year. 
Note the different units for both axes. (b) Percentage distribution of KmKe (red), PeKe 
(green) and FeKe (blue) from the sum of KmKe, PeKe and FeKe. Note that the sum of 
the energy budget terms does not necessarily equate to the total mean EKE in (a). 

 

At Sri Lanka, the highest EKE values are located along the southern coast and 

there is a dipole of positive and negative values of KmKe in this area for all the 

years (Figure 5.15). The highest EKE values were during the n-IOD years with a 

energetic structure located along the east coast of Sri Lanka (Figure 5.14). This 

area of high EKE coincides with the known location of the Sri Lanka Dome, an 

anticyclonic eddy. For both IOD and non-IOD years, positive KmKe is mostly 

along the west coast of Sri Lanka while negative KmKe is along the south coast, 

indicating that barotropic instabilities dominate on the west coast while there is 

more dissipative flow along the south coast (Figure 5.15). All the energy budget 
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terms are the lowest during the p-IOD year (Figure 5.15). FeKe is mostly negative 

throughout all the years, especially along the south coast of Sri Lanka (Figure 

5.15).  

 

In the context of the energy budget, the FeKe was the largest component for all 

the years. The highest EKE values were during March to May, followed by 

November (Figure 5.16) and were accompanied by the highest FeKe components 

in the energy budget. During the p-IOD year, KmKe was positive throughout the 

year with the highest values in May and July (Figure 5.16). Baroclinic instabilities 

were highest during June and December with a maximum proportion in July 

(Figure 5.16).  

 

During the neu-IOD year, the highest EKE was during the months of February 

and June and could be accounted for by highly negative values of FeKe, both 

periods of the NEM and SWM respectively (Figure 5.17). KmKe was negative 

throughout the year, favouring a dissipative flow. PeKe was positive during 

February, June and September and formed the largest component of the energy 

budget in May and October (Figure 5.17). 

 

The n-IOD year was characterized by KmKe <0 with the highest percentage in 

September (Figure 5.18). The highest percentage of PeKe was also during 

September (Figure 5.18). The highest EKE values occurred during June, where 
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FeKe had the largest percentage of the energy budget and the second highest 

value of PeKe. FeKe had mostly negative values throughout the year with the 

largest negative values occurring in June (Figure 5.18).  
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Figure 5.15 Energy budget analysis around the Maldives during p-IOD, neu-IOD and n-
IOD years where (a)-(c) shows the annual mean EKE and the spatial distribution of (d) – 
(f) KmKe (barotropic) (g)-(i) PeKe (baroclinic) and (j-l) FeKe (wind). 
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Figure 5.16 (a) Time series of barotropic (KmKe), baroclinic (PeKe) and wind (FeKe) 
energy on the left axis and mean EKE (black) on the right axis for a negative IOD year. 
Note the different units for both axes. Also, KmKe and PeKe were scaled by 10^2 for 
plotting clarity. (b) Percentage distribution of KmKe (red), PeKe (green) and FeKe (blue) 
from the sum of KmKe, PeKe and FeKe. Note that the sum of the energy budget terms 
does not necessarily equate to the total mean EKE in (a).  
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Figure 5.17 (a) Time series of barotropic (KmKe), baroclinic (PeKe) and wind (FeKe) 
energy on the left axis and mean EKE (black) on the right axis for a negative IOD year. 
Note the different units for both axes. (b) Percentage distribution of KmKe (red), PeKe 
(green) and FeKe (blue) from the sum of KmKe, PeKe and FeKe. Note that the sum of 
the energy budget terms does not necessarily equate to the total mean EKE in (a). 
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Figure 5.18 (a) Time series of barotropic (KmKe), baroclinic (PeKe) and wind (FeKe) 
energy on the left axis and mean EKE (black) on the right axis for a negative IOD year. 
Note the different units for both axes. (b) Percentage distribution of KmKe (red), PeKe 
(green) and FeKe (blue) from the sum of KmKe, PeKe and FeKe. Note that the sum of 
the energy budget terms does not necessarily equate to the total mean EKE in (a). 

  



Chapter 5. Indian Ocean Dipole Influence on Island Wake Development 
 

 175 

5.5 Discussion  
 
The study compared island wake variability around Sri Lanka and the Maldives 

between non-IOD and IOD years in terms of physical parameters (current 

velocity, temperature, chlorophyll-a concentrations), flow structure and eddy 

kinetic energy budget.  

 

During the positive IOD year, primary productivity was low compared to the 

negative and neutral IOD years. A plausible explanation for this would be due to 

the current strength and the island wake intensity. Wake structures were found 

to be shallower, had weaker vorticities and less coherent through depth across the 

Maldives and Sri Lanka. Current velocities were also weaker compared to the 

negative IOD and neutral IOD years. The weakening of the equatorial currents 

and the monsoonal current, in this case, the Southwest Monsoon current (SMC) 

can be attributed to the wind forcing. Anomalous easterly winds are associated 

with positive IOD events which weaken the eastward flowing SMC and has also 

been evidenced to weaken equatorial current flow in other studies (Mcphaden et 

al., 2015; Zhang  et  al., 2014; Saji et al., 1999). 

 

In contrast, the negative IOD year was characterized by cooler SST throughout 

the model domain, higher primary productivity and island wakes that were deeper 

and more coherent through depth. The negative IOD year also had higher current 

speeds and this can be accounted for by the stronger wind forcing. Negative IOD 
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events are characterized by westerly winds (Saji et al., 1999)which in this case, 

enhance the SMC and equatorial currents. The significance of the wind forcing is 

also reflected in the eddy kinetic energy budget around the Maldives where the 

flow is predominantly influenced by barotropic instabilities and peaks when the 

FeKe component corresponds to higher eddy kinetic energy in the system.  

 

The neutral IOD year presented an interesting result where the Sri Lanka Dome 

located along the east coast of Sri Lanka did not develop during this period. 

Instead, the East India Coastal current (EICC) had a strong equatorward flow 

that changed its usual interaction with the SMC. In general, the Sri Lanka Dome 

develops as a wake in the lee of Sri Lanka and as a response to the wind curl due 

to the orography of Sri Lanka, and has been previously described as the equivalent 

of a headland eddy (de Vos et al., 2013). Previous studies have shown that the 

wind forcing is key to enhancing the interaction between the EICC and the SMC 

as it flows along the Sri Lanka coastline (Schott et al., 1994; Vinayachandran and 

Yamagata, 1998; Yapa, 2009; Vos et al., 2013; Suresh et al., 2016). However, this 

interplay between the EICC and the SMC and the wind forcing is responsible for 

the Sri Lanka Dome development and when the EICC overwhelms the SMC at 

the east coast of Sri Lanka, the Sri Lanka Dome does not form. During the SWM, 

the EICC is weakened and its usual poleward flow is cancelled out by local wind 

forcing while the equatorward flow of the EICC is forced by interior Ekman 

pumping in the Bay of Bengal (Shankar et al., 1996). Model studies by McCreary 
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et al., (1996), Vinayachandran et al.,(1996) suggest that the EICC is forced 

remotely and that IOD events weaken the EICC. However, the EICC is generally 

a discontinuous flow with several recirculation features along the coast that have 

been documented to reverse independently (Durand et al., 2009). This makes it 

difficult to confirm that a strong EICC is a feature of all non-IOD years or whether 

it is due to the local wind forcing in the region.  

 

5.6 Concluding Remarks 
 
This chapter examined the interannual variability of island wake circulation, 

specifically the influence of the IOD. Positive IOD year had lower productivity 

and may be linked to weaker current strengths which created shallower, less 

stable, island wakes. In contrast, the negative IOD year has higher primary 

productivity, stronger current speeds and deeper, stable island wakes. This 

difference could be explained by the directionality of the wind forcing between 

both IOD phases. The Sri Lanka Dome was weakest during the neutral IOD year 

due to the intensification of the EICC flow. The Sri Lanka Dome is a product of 

the wind forcing and the interaction between the EICC and the SMC. It develops 

as an anti-clockwise eddy when the equatorward flowing EICC impinges onto the 

eastward flowing SMC. Lastly, Energy budget analyses identified barotropic 

instabilities as the main eddy generation mechanism for the Maldives whilst wind 

forcing was more significant around Sri Lanka.  
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“The beginning of knowledge is  

the discovery of something we do not understand.” 

- Frank Herbert 
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Chapter 6 

Synthesis 
6.1 Summary 
 
The Island Mass Effect (IME) is a geographically ubiquitous phenomenon around 

island-atoll systems and is analogous to “an oasis in a desert” for the high primary 

productivity present in the island’s nearshore waters in an otherwise oligotrophic 

ocean (Hamner and Hauri, 1981; Caldeira et al., 2002; Elliott et al., 2012; Andrade 

et al., 2014; Gove et al., 2016). These regions of productivity often coincide with 

regions of relatively cooler SST due to the injection of deep, nutrient rich water 

into the photic zone, stimulating phytoplankton growth (Caldeira and Sangrà, 

2012). In the Northern Indian Ocean (NIO), evidence of the IME has been 

documented (Vinayachandran et al., 2004;  Sasamal, 2007; de Vos et al., 2013 ; 

Strutton et al., 2015), particularly around the island of Sri Lanka and the 

Maldives archipelago. Here, the seasonally reversing monsoon forcing provides a 

natural laboratory to understand how the IME develops as a result of the flow 

topography interaction between the topographically distinct islands and the 

monsoonal currents. There are several physical mechanisms, such as internal 

waves, tidal mixing, eddies that can facilitate IME development (Gove et al., 

2016) but the scope of the thesis focused on island wake circulation and upwelling 

processes. The overarching theme throughout the thesis was to understand the 

temporal and spatial variability of the physical mechanisms behind the IME 
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around the Maldives and Sri Lanka and in particular, the seasonal (derived from 

the monsoon) and inter-annual (derived primarily from IOD) variability. 

 

As such, this thesis was designed to address the following objectives (Chapter 1):  

1. Examine the influence monsoon currents on the variability of the Island 

Mass Effect around Sri Lanka and the Maldives (Chapter 3). 

 

2. To define the role of monsoon currents in the connectivity between the 

Maldives and Sri Lanka (Chapter 4) 

 

3. To determine the influence of the Indian Ocean Dipole and El Nino 

Southern Oscillation (ENSO) events on island wake circulation and 

upwelling processes (Chapter 5) 

 

These objectives were addressed through the application of a high resolution 

three-dimensional numerical model based on the Regional Ocean Modelling 

System (ROMS) configured for Sri Lanka and the Maldives in the NIO. Multi-

year model runs were undertaken over the period 2005 to 2016 and simulated the 

seasonal (monsoon; Chapter 3) and inter-annual (IOD; Chapter 5) time scales.  A 

Lagrangian particle tracking model (Ichthyop) was used to examine the 

connectivity across the study region (Chapter 4).  
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6.2 Findings and Conclusions 
 
The numerical model for the NIO was implemented and extensively assessed 

through comparisons with available in-situ and satellite data and was also found 

to be in good agreement with the literature (Chapter 3). The high resolution of 

the model (< 3km) enabled identification of mesoscale and submesoscale features 

that were not previously captured by satellite imagery or coarser regional/global 

models. The depth variability of the 26°C isotherm confirmed that there was 

regional variability in downwelling and upwelling throughout the model domain 

during the Northeast Monsoon (NEM) and Southwest Monsoon (SWM) 

respectively as well as intra-seasonal variability. The physical mechanisms for 

IME development were different between the Maldives and Sri Lanka where island 

wake processes were found to be key to IME development while flow convergence 

and divergence along the Sri Lanka coastline generated upwelling and 

downwelling. Across the Maldives, there were latitudinal variations in the 

directionality and intensity of the island wakes due the influence of the monsoonal 

currents. However, this was only applicable for latitudes above 4°N since the atolls 

that were located south of 4°N were influenced by the non-reversing equatorial 

currents.  

 

The high-resolution model output was then used to drive the Langrangian 

tracking tool, Ichthyop, to elucidate sources of IME input and identify seasonal 

transport pathways between Sri Lanka and the Maldives (Chapter 4). Particles 
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were released across 12°N in the Bay of Bengal (Arabian Sea) during the NEM 

(SWM) as well as the nearshore regions around the Maldives, Sri Lanka and the 

south tip of India to investigate potential connectivity. The general pathway of 

the particles following release highlight dominant pathways consistent with the 

monsoonal circulation. The main branch of the Northeast Monsoon Current 

(NMC) that links Sri Lanka to the Maldives during the NEM originated from 

83.5°E – 85.5°E in the Bay of Bengal while the SMC comprised of several separate 

branches (65.5°E, 71.5°E and 74.5°E.) from the Arabian Sea during the SWM. 

IME input around Sri Lanka was reliant on advection by the monsoonal currents 

whereas nearshore mixing processes were key to the Maldives IME. Overall, there 

was higher connectivity between the Maldives and Sri Lanka during the SWM in 

contrast to the NEM.   

 

Remote sensing data revealed that IME primary productivity around Sri Lanka 

and the Maldives differed between years that were influenced by a IOD. IOD 

events are characterized by anomalous wind forcing that result in differential SST 

anomalies on either side of the Indian Ocean basin, depending on its phase. 

Several studies have confirmed the influence of the IOD on the equatorial currents 

and its influence on upwelling processes in the Indian Ocean (Nagura and 

McPhaden, 2010; Deshpande et al., 2014; Chen et al., 2015; Sachidanandan et al., 

2017;Vallivattathillam et al., 2017) but none have examined its influence on island 

wake circulation and upwelling process with respect to Sri Lanka and the 
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Maldives. The study revealed that the difference in the IME between IOD years 

and neutral IOD years could be accounted for by the depth and intensity of the 

wake structures. For example, negative IOD years were found to intensify island 

wakes around the Maldives (above 1°N) through depth while positive IOD years 

had wakes that were weaker and less coherent. Meanwhile, the Sri Lanka Dome, 

located east of Sri Lanka, was weakest during the non- IOD due to the 

intensification of the East Indian Coastal Current. Energy budget analyses also 

confirmed that the dominant eddy forcing mechanisms were due to barotropic 

instabilities but that wind forcing was more significant around Sri Lanka and 

during the negative IOD  

 

6.3 Implications 
 
The IME is ecologically intrinsic to fisheries and ecosystem productivity and 

understanding the temporal and spatial variability of its underlying physical 

mechanisms has direct societal impacts. This is especially relevant to the Indian 

Ocean region where about a third of the world’s population resides around the 

rim (Lu et al., 2017). As the world enters a new normal of climate extremes, 

monsoons are predicted to become stronger (Lu and Ren 2016b, Jin and Wang, 

2017), along with increasing frequency of IOD events that may worsen flooding 

and droughts (Lu et al., 2017). In the context of the current study, stronger 

monsoons could potentially increase IME development since a stronger monsoon 
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is tied to stronger wind forcing and precipitation. However, the strength of the 

monsoons is linked to its atmospheric variability such as ENSO and IOD. 

Furthermore, Ashok et al. (2003) predicted that with climate change, an increased 

frequency of extreme positive IOD events is anticipated due to the weakening of 

the westerly equatorial winds and faster warming in the western basin. Taking 

into account the predictions from the current literature and the results from this 

thesis, the concluding hypothesis is that the IME would be reduced around Sri 

Lanka and the Maldives as the effects of climate change become prevalent.   

 

6.4 Recommendations for future work  
 
Although the current ROMS configuration could satisfactorily simulate the 

monsoonal circulation, there is still scope for improvement. Some modifications 

would include but are not limited, to riverine inputs to better constrain the 

freshwater fluxes, especially in the Bay of Bengal region as well as running the 

hindcast model for longer inter-annual simulations for a more comprehensive 

assessment of ENSO and IOD influences in the study region. Extending the 

western and southern boundaries of the model domain up to 34°E and 18°S would 

also have provided further detail on the variability of the Southern Equatorial 

Current and the reflected Southern Equatorial Counter Current before the latter 

flows eastward towards the Maldives.  
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The results from the model provided insight on two of the three IME processes 

proposed by Hasegawa et al. (2009) i.e. the topographic shedding of eddies from 

wakes formed in the lee of the islands and the subsequent vertical mixing in the 

water column due to upwelling. However, to further investigate the third process, 

i.e. the uplift of nutrient-rich waters to the surface by the eddies, the use of a 

coupled physical-biogeochemical numerical model is required. One such 

recommendation would be the Pelagic Interaction Scheme for Carbon and 

Ecosystem Studies (PISCES) biogeochemical model that had been successfully 

used to simulate phytoplankton blooms in the Indian Ocean (Aumont and Bopp, 

2006; Koné et al., 2009) However, the caveat here is that unless there is improved 

observational capacity in the region to provide in-situ measurements and improve 

model parameterizations, there will remain unresolved bias in the models.    

 

However, there are advantages to using models since it allows enables simulations 

of scenarios that may not or have yet to occur in the natural world. For example, 

idealized experiments could also be performed to assess the sensitivity of the IME 

around Sri Lanka and the Maldives to different wind forcing and topographical 

configurations. This could be further used with the biogeochemical model to 

develop the earlier hypothesis about how extreme positive or negative IOD events 

would affect the IME. For example, what is the minimum wind stress or island 

shape combination required to trigger a biological response? Conversely, we could 

also examine various forcing combinations to obtain the largest IME possible. 
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  These are some of the suggestions that would be worthwhile investigating for 

future work and may be potentially answered in time, especially with the renewed 

interest in the Indian Ocean such as the ongoing Second International Indian 

Ocean Expedition. Ideally, this would motivate well-designed observing programs 

with complementary modelling studies to shed further light on the dynamics of 

this highly variable and complex region.  
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