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Figure 3.15 Mapped depths of the 26°C isotherm (D26) relative to the mean during the 
NEM (left column) and SWM (right column). Shallower (deeper) values where the 
colormap is warmer (cooler) identify locations where the 26°C isotherm (D26) is uplifted 
(suppressed). 
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3.5.2 Intra-seasonal circulation variability  

 

Longitudinal transects for temperature were examined along the eastern coastline 

of the Maldives at 73°E and the south coast of Sri Lanka at 81°E for the monthly 

mean average from the model output and compared within each monsoon (Figure 

3.16). The observational data and numerical results show that the formation of 

the island wakes frequently occurs on the downstream of the islands (Figure 3.1, 

Figure 3.14), hence why these locations were selected. For continuity throughout 

this chapter, we define cooler temperatures to be less than 27.5°C and warmer 

temperatures to be greater than 27.5°C.   

 

At the start of the NEM during December, the currents begin the transition from 

the inter-monsoon period and start to flow westwards. The EICC strengthens 

along the east coast of India before making its way to Sri Lanka and the 

interaction along the curvature of the Sri Lanka coastline is accompanied by cooler 

SST and high velocities. The current follows the coastline tightly and part of it 

becomes entrained within a recirculation feature along the south coast before the 

remaining current flows northwards towards India. From the Sri Lanka transect 

at 81°E, the D26 isotherm lies between 50m-110m and warmer temperatures 

extend from the surface to ~40m depth (Figure 3.16). At the 73°E Maldives 
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transect, the deepest position of the D26 is at ~137m depth with warm 

temperatures constrained in the upper 50m of the water column (Figure 3.16). 

 

During January, the mean sea surface temperatures in the model domain decrease 

from 27.9°C to 26.4°C.  Current velocity speeds increase by 23% with the strongest 

velocities arriving from the eastern boundary of the model domain (Figure 3.16). 

A plume of cool SST leaves the south coast of Sri Lanka and a recirculation 

feature develops between Sri Lanka and the south point of India. A warm current 

between 4N-6°N dominates the westward flow towards the Maldives and interacts 

with the recirculation feature at 78°E before flowing through the northern end of 

the Maldives. An interesting feature of this current is the decrease in SST across 

longitude after it passes 78°E and brings cooler SST through the Maldives. From 

the Sri Lanka transect at 81°E, D26 shifts downwards between 90m-120m and 

warmer temperatures extend deeper to 110m depth, indicating downwelling 

(Figure 3.16). At the 73°E Maldives transect, the D26 is uplifted to 80m depth 

and accompanied by an overall decrease in temperatures throughout the water 

column, identifying the process of upwelling (Figure 3.16).Overall, mean SST and 

current velocities continue to decrease throughout the region in February as it 

approaches the end of the NEM. The original inflow current between 4°N -6°N 

reduces in width to 5°N. SST around Sri Lanka and India increased by ~1.5°C, in 

contrast to the Maldives where SST along the western coastline decreased by 
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~1°C. The spatial structure of the wake becomes more coherent around the 

Maldives and a fully developed recirculation feature is observed at 72°E, 5°N. 

Along Sri Lanka at 81°E, D26 remains at a consistent depth of 112m and the 

isotherm layers become spatially uniform throughout the water column with 

warmer temperatures in the upper 60m of the water column.  At the 73°E 

Maldives transect, D26 continues to be uplifted to 60m depth with a continued 

decrease in temperatures throughout the water column, indicating that the 

upwelling process has not only continued but strengthened (Figure 3.16). 
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In a similar approach to the analysis for the NEM, we examine the longitudinal 

transects at 74°E around the Maldives and 81°E for Sri Lanka for the SWM. The 

start of the SWM in June begins with warmer SST throughout the model domain 

with mean temperatures of 28.5°C and mean current speeds at ~0.4 ms-1 (Figure 

3.17) Currents flow from west to east and a cold pool is observed downstream at 

the northern tip of the Maldives at 74°E, 5°N (Figure 3.17). As the currents 

interact with the Maldives, an anticyclonic eddy develops downstream, along the 

eastern coastline of the Maldives at 76°E, 4°N. The directionality of the WICC 

reverses direction to flow southwards and part of it remains close to the coastline 

as it interacts with the south coast of Sri Lanka before progressing on as the 

EICC. However, at this stage of the SWM, the EICC is still transitory in direction 

with weak current speeds (~0.3ms-1). Lower SST are entrained along the south 

coast of Sri Lanka and India and a second anticyclonic eddy develops at 

83°E,10°N. Inflow from the eastern boundary between 0°N - 2°S remains weak 

with mean current speeds less than 0.2ms-1 (Figure 3.17). At 74°E Maldives, the 

D26 lies at 90m depth below 4°N. Isotherm layers are spatially uniform and 

warmer temperatures extend to 70m depth. The 26°C isotherm shifts downwards 

from 90m to 110m depth above 4.6°N, an indication of downwelling. At the south 

coast of Sri Lanka, shoaling occurs as the isotherms are uplifted and the D26 

isotherm is at its shallowest at 40m depth. Mean temperatures throughout the 
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water column are ~24°C and the angle of uplift is at its steepest between 4.5°N to 

5.3°N.   

In July, the region cools by ~38% along with an increase in current velocities 

intensifies at the south point of India and Sri Lanka. The downstream cold pool 

at the northern end of the Maldives extends further to continue as a plume 

towards Sri Lanka. Isotherms begin to dome upwards and the D26 is uplifted by 

10m. As the SMC flows through the Maldives towards Sri Lanka, it merges with 

the southward flowing WICC and the southward flowing EICC to converge along 

the south coast of Sri Lanka. The flow convergence results in a cyclonic eddy at 

81°E and a general decrease of SST in the convergence zone. Part of the SMC 

continues along the Sri Lanka coastline and the shear interaction with the 

coastline is diverted into the cyclonic SLD at 84°E,8°N. In contrast to the month 

of June, the WICC strengthens and drives upwelling along the west coast of India 

and intensifies at the south point of India. In the convergence zone at 81°E Sri 

Lanka, the D26 is uplifted to the surface and the upwelling zone is at its widest 

from 4.5°N to 6°N with water temperatures in the water column less than 27°C 

(Figure 3.17).   

 

SST continues to decrease throughout August with mean SST at ~27°C (Figure 

3.17). However, the SMC and SEC current velocities increase, altering the wake 

structures around the Maldives and Sri Lanka. As the velocities of the westward 
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flowing SEC increases, it brings an inflow of warmer SST and its interaction with 

Kolhumadulu Atoll at 73.5°E, 0.5°N creates a downstream wake with cooler SST. 

In contrast, the strengthened SMC redefined the structure of the anticyclonic 

eddy along the east coast of the Maldives to become more coherent, although still 

spatially smaller than its counterpart in June. At the 74°E transect, the distance 

between the different isotherms is reduced and D26 continues to be shifted 

upwards and its shallowest point lies at 54m depth (Figure 3.17). A warm pool 

(~28°C) between 3°N to 4°N continues to deepen from the previous 20m in July 

to 40m but an upwelling signal remains present above 4.6°N (Figure 3.17). The 

increase in velocity of the SMC also has implications for the upwelling zone along 

Sri Lanka by narrowing its width to be between 5.5°N - 6°N (Figure 3.17). The 

WICC also increases in strength and broadens along the west coast of India and 

is accompanied by a decrease in SST. Similarly, the strengthened EICC reverses 

its directionality and flows southwards, decreasing SST along the east coast of Sri 

Lanka and India. The combined increase in strength of the SMC, WICC and 

directionality of the EICC results in the original upwelling zone around the south 

of Sri Lanka being shifted further eastwards and leaves the Sri Lanka coastline as 

a “tail” of cooler SST and high current velocities. 
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3.5.3 Daily circulation variability 

 

For each monsoon, a daily time series of temperature and zonal velocities were 

extracted for each monsoon period from four locations as indicated in Figure 3.18 

and Figure 3.19. Snapshots of longitudinal or latitudinal transects were extracted 

for days with high upwelling or downwelling intensity (Figure 3.18, Figure 3.19). 

At 72°E, 6.0°N, at the northern end of the Maldives, zonal velocities are weak in 

December and predominantly eastward flowing up to depths of 150m until the 

end of January (Figure 3.18). The currents begin to reverse at the end of January, 

with a strong westward flow till the end of the NEM. Downwelling is at the 

maximum during January but upwelling occurs during February.  

 

At 4.5°N, there are more upwelling events compared to 6.0°N and zonal velocities 

are strongly westward flowing from January onwards with velocities greater than 

0.5ms-1. during January. However, at the start of December, current velocities 

are still in transition and eastward flowing up to 130m depth. A decrease in 

velocities occur during February and the currents become shallower (Figure 3.18). 

For the upwelling event on 27th January, the upwelling zone is approximately 

60km in width (Figure 3.18).  
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At 1.5°N, strong eastward currents dominate up to 170m at the onset of the NEM 

but change directionality towards the end of December. From January onwards, 

current velocities intensify and are strongly westward flowing till depths greater 

than 200m. A point of interest is that although the currents begin to shallow at 

the beginning of February, the highest velocities are constrained in the top 50m. 

This is also accompanied by more frequent upwelling events throughout February 

(Figure 3.18). 

 

Along the south coast of Sri Lanka, a strong eastward flow is prevalent below 

50m throughout December up till depths greater than 200m. Although the 

currents change direction to flow towards the west at the start of January, an 

eastward flowing undercurrent below 50m is observed till mid-January and 

corresponds to a period of downwelling. Strong westward flowing currents can be 

observed from the start of the NEM but deepen from 50m to 200m as the NEM 

progresses. On 8 February, downwelling was observed with D26 being suppressed 

to depth of 156m and was accompanied by strong zonal velocities in the upper 

100m of the water column (Figure 3.18). 
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During the SWM, downstream from the northern end of the Maldives at 73.7°E, 

5.8°N, upwelling becomes more prevalent from mid-June onwards and current 

velocities are weak and fluctuating (Figure 3.19). However, currents begin to 

intensify in mid-July with strong velocities extending past 100m (Figure 3.19). 

The peak upwelling even on 27 July coincides with a strong westward flowing 

surface current during this period, creating a secondary recirculation that might 

have driven the upwelling event. From August onwards, the currents are 

predominantly eastward flowing. (Figure 3.19).  

 

At the mid latitude for the Maldives at 73.7°E, 4.0°N, downwelling is more 

prevalent and current velocities are eastward flowing, weak and shallow (<0.2m 

s-1). 9th July shows the downwelling event where D26 was suppressed to 

approximately 187m and extending across 400km. Upwelling events began to 

occur more frequently towards the end of July as velocities increased. At the south 

coast of Sri Lanka, the strong SMC dominates the eastward flow with velocities 

greater than 1ms-1. Upwelling events coincided with strong eastward zonal 

velocities while downwelling occurred with the strong westward zonal velocities. 

The upwelling event on 13th August had a strong eastward flow and a strong 

westward flow and the convergence of these resulted in the upwelling.  
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The Sri Lanka Dome (SLD) consists of two cyclonic eddies east of Sri Lanka 

where the centres of eddies are 10N, 83E and 8N, 86E. A latitudinal transect was 

extracted at 83.5°E, 8.01°N across the SLD. Zonal velocities were strong and 

downwelling events occurred when the zonal velocities exceed 0.5ms-1 (Figure 

3.19) The inversion of the isotherms on 21 June coincided with weaker westward 

flowing currents (Figure 3.19).  
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3.6 Discussion 
3.6.1 Seasonal mean circulation 

 

From the climatology, it is evident that the directionality of the island wakes 

downstream from the islands (Figure 3.14) correspond to the direction of the 

dominant monsoon current (Figure 2.3, Figure 2.8). The regions where the island 

wakes develop are characterized by faster current speeds (Figure 3.14) and high 

chlorophyll concentrations (Figure 3.1), features characteristic of the IME 

(Caldeira and Sangrà, 2012). This could be a result of the passive advection from 

the deep chlorophyll maximum (George et al., 2013) or via eddy shedding 

(Sasamal, 2006; Hasegawa et al., 2009). The strength of the wakes varied with 

the monsoon currents for the period, with stronger wakes occurring during the 

SWM than the NEM due to the stronger SMC (Schott and McCreary, 2001). The 

directionality of the wake structures along the Maldives island chain varied with 

latitude and shows the extent of influence of the major monsoon current for the 

period. Above 4°N, the wakes flow in the same direction of the incoming monsoon 

current (Figure 3.14). However, below 4°N, particularly around Kolhumadulu 

Atoll (Figure 3.2), the direction of the wake structure is independent of the 

monsoon current influence (Figure 3.14). This is due to the presence of the year 

round Southern Equatorial Counter Current (Figure 2.3, Schott and McCreary, 

2001).  
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3.6.2 Intra-seasonal circulation variability  

 

Intraseasonal variability was observed within each monsoon period with regional 

differences across the domain. Along the east coast of Sri Lanka and India, there 

was a shallowing of D26 throughout the NEM, while D26 was deepening around 

the northern end of the Maldives. The maximum intensity for these processes 

were in January and can be explained by the NMC which reaches its mature 

phase during January Shankar et al., (2002). The upwelling along the southern 

end of the Maldives could be attributed to the end of the NEM and the transition 

to the inter-monsoon period where the Wrytki jets are the dominant zonal current 

in the equatorial region (Wyrtki, 1973; Nagura and Masumoto, 2015). In contrast 

to the NEM, D26 is shallower throughout the SWM for the Maldives region but 

with increased downwelling at the mid-latitudes during the peak of the SWM. 

This could be due to the SECC which shifts northward during the SWM, with 

the combined influence of the stronger SMC (Schott and McCreary, 2001; Shankar 

et al., 2002). At Sri Lanka, D26 shallows and broadens in spatial extent, 

identifying the presence of the Sri Lanka Dome developing (Vinayachandran and 

Yamagata, 1998). In the nearshore regions around the Maldives, the fine-scale 

processes provide a similar picture of the IME. The largest intraseasonal 

variability in terms of temperature and vertical structure occurs within January 

to February for both the Maldives and Sri Lanka, during the peak of the NEM. 

In contrast, during the SWM, upwelling remains prevalent along Sri Lanka and 
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broadens during July and downwelling occurs along the Maldives. These processes 

are closely tied to the onset and phase of the monsoonal currents and reach the 

maximum variability during mature phases of the NMC(SMC) during the 

NEM(SWM) (Shankar et al., 2002).  

 

To summarize the results, there is a strong monsoonal influence on the 

development of the Island Mass Effect which can be characterized by the presence 

of upwelling or downwelling in the near vicinity downstream of islands. The 

monsoonal currents influence the directionality and intensity of the downstream 

wakes but only above latitudes 4°N. Below 4°N, the SEC and SECC has a larger 

influence.  

 
 
3.7 Concluding Remarks 

 

This chapter examined the monsoonal variability of IME processes, such as island 

wake circulation and upwelling. Variation in island wake structure on daily, 

monthly and seasonal time scales were quantified in terms of temperature and 

zonal velocities. A numerical model based on the Regional Ocean Modelling 

System was implemented for Sri Lanka and the Maldives in the Northern Indian 

Ocean. The model was validated with available in-situ and remote sensing 

measurements and could reproduce the unique monsoonal circulation, including 
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the recirculation feature known as the Sri Lanka Dome ,that develops east of Sri 

Lanka during the SWM (Figure 3.20). The main findings of this Chapter are 

summarised in Table 3.6. 

 

 

Figure 3.16  Flow patterns during the SWM showing the presence of the Sri Lanka Done 
to the east of Sri Lanka. 
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Table 3.6 Summary of key findings in Chapter 3. 

 NEM SWM 

 • Downwelling throughout the 
domain 

• Island wakes flow westwards 
• Highest current speeds around the 

eastern coastline of Maldives 

• Upwelling throughout the 
domain 

• Island wakes flow eastwards 
• Highest current speeds at the 

south coast of Sri Lanka 

Maldives • Downwelling begins in December, 
intensifies in January and broadens 
in February.  

• Strong eastward flow at the start of 
December due to Wrytki jets but 
reverse at the start of January to 
flow west. 

• Downwelling occurs on both sides 
of the archipelago in January 

• Upwelling constrained within the 
archipelago throughout the NEM 

• Upwelling occurs at Kolhumadulu 
Atoll due to intensification of SEC 
at the end of the NEM 

• Basin warming with increase in 
SST due to SEC 

• Upwelling frequency increases at 
the end of January along with the 
deepening and increase in velocity 
of the zonal currents 

• Strong upwelling signature at 
the northern end of the 
Maldives chain in June but 
subsides in July. Broadens in 
August 

• Downwelling occurs below 5N 
in July  

• Upwelling occurs at 
Kolhumadulu Atoll in August 
with greater intensity compared 
to upwelling at the end of the 
NEM 

• Basin wide cooling with 
decrease in SST  

• Upwelling is more prevalent 
throughout the SWM at the 
northern end of the Maldives 
due to higher zonal velocities 

• downwelling occurs at 4N 
throughout the first half of the 
SWM before zonal velocities 
increase leading to upwelling 

Sri Lanka • Upwelling signal strongest in 
January around but replaced by 
downwelling in February 

• Upwelling signal strong 
throughout the SWM with high 
zonal velocities 

• Highest velocities in the Sri 
Lanka Dome region 
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“Currents run for a whole six months, each way. If a vessel happens 

to be at the northern extremity of the islands, it is no great matter 

for then it is only carried to Cochin (India) or thereabouts.  

But if it cannot make the islands of Ceylon, they are carried to 

Sumatra; and if ill-luck has it that these currents carry them away at 

the close of the monsoons, and before they make land anywhere, 

they are caught in the other current, they are infallibly lost.” 

- François Pyrard de Laval 
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Chapter 4 

Ocean connectivity pathways between 
Sri Lanka and the Maldives 

  
4.1 Summary 
 
The island of Sri Lanka and the Maldives Archipelago are located at the 

crossroads of two distinct sub-basins, the higher salinity Arabian Sea (AS) and 

the freshwater dominated Bay of Bengal (BoB). Water exchange between the two 

sub-basins is mostly facilitated by the seasonally reversing monsoon currents, the 

Northeast Monsoon Current (NMC) and the Southwest Monsoon Current (SMC) 

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

respectively. Remote sensing data revealed a plume of elevated chlorophyll 

concentrations between Sri Lanka and the Maldives that was present during both 

monsoon periods. This motivated an investigation into identifying potential 

transport pathways and how monsoonal currents may support connectivity 

between Sri Lanka and the Maldives. Using a Lagrangian particle tracking model 

coupled with a hydrodynamic model, passive particles were released in the 

nearshore regions of the Maldives, India and Sri Lanka as well as the BoB and 

AS during the NEM and SWM. Particles were also released at different depths to 

quantify the variability of the particle depth within the identified pathway. 

Results indicated that Sri Lanka and the Maldives were connected by the SMC 

during the SWM but had lower connectivity during the NEM. The main branch 
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of the NMC that links Sri Lanka and to the Maldives originated from 83.5°E – 

85.5°E in the BoB while the SMC comprised of several separate branches (65.5°E, 

71.5°E and 74.5°E.) from the AS during the SWM. Nearshore mixing processes 

also had a larger influence in retaining potential nutrient input around the 

Maldives, compared to Sri Lanka that is more reliant on the monsoonal currents. 

Within the identified monsoonal pathways, there was intra-seasonal variability of 

the particle depth with the largest variability occurring at the start of the NEM 

(December) and during the peak of the SWM (July).  

 

4.2 Introduction 
 
The Island Mass Effect (IME) is characterized by an intensification of oceanic 

primary productivity in the vicinity of island-atoll systems and has been well-

documented around Sri Lanka and the Maldives archipelago in the Northern 

Indian Ocean (NIO) (Anderson et al., 2011; Sasamal, 2006; de Vos et al., 2013; 

Chapter 3). Several mechanisms can generate an IME such as tidal mixing, island 

wake effects, nutrient runoff from the land, upwelling but a common process is 

that all of them involve the horizontal and vertical movement of deep, nutrient-

rich water into the ocean’s photic zone to stimulate primary production 

(Hasegawa et al., 2009; Gove et al., 2016). During the Northeast Monsoon (NEM) 

and Southwest Monsoon (SWM), remote sensing revealed a plume of elevated 

chlorophyll concentrations between Sri Lanka and the Maldives (Figure 4.1a) 

(Figure 4.1b). Recent studies have used remote sensing and mooring data to 
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quantify chlorophyll concentrations around Maldives and Sri Lanka but have 

often been limited by spatial and temporal resolutions in understanding the fine-

scale processes driving the IME. Island wake effects and upwelling processes have 

been known to generate the IME locally (Yapa, 2000; Vinayachandran et al., 

2004; Sasamal, 2007, Strutton et al., 2015) yet few studies have investigated the 

role of the monsoon currents as a transport pathway for IME input and how it 

may facilitate connectivity between Sri Lanka and the Maldives. 

 

The circulation dynamics of the NIO is unique due to the influence of the 

seasonally reversing monsoon winds during the NEM (December to February) 

and SWM (June to August) (Schott and McCreary, 2001, 2004, 2009). During 

the NEM, the Northeast Monsoon Current (NMC) flows westward across the IO 

basin from the Bay of Bengal (BoB) into the eastern Arabian Sea (AS), 

transporting low salinity water (~33 ppt) from the BoB into the more saline AS 

(Schott and McCreary, 2001, 2004, 2009). These differences in salinity between 

the AS and the BoB are due to the higher evaporation rates in the AS while the 

BoB receives large freshwater inputs from river runoff and precipitation exceeds 

evaporation (Howden and Murtugudde, 2001). Between January to April, lower 

salinity water from the BoB moves westward towards the AS. During March to 

September, the salty AS waters extend eastward and southward (Seo et al., 2009). 
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Figure 4.1 Snapshot of high chlorophyll concentrations (green) around Sri Lanka and the 
Maldives for the (a) 28th January 2018 during the NEM and (b) 12th December 2017. The 
yellow arrows represent the general direction of the Northeast Monsoon Current (NMC) 
and the Southwest Monsoon Current (SMC) respectively. Images adapted from EOSDIS 
Worldview.  

 

In contrast to the NMC, the Southwest Monsoon Current (SMC) flows eastward 

during the SWM, transporting the high salinity water (~36.5 ppt) across the IO 

basin from the AS towards the BoB. The presence of the continental landmass in 

the northern boundary of the NIO means that water exchange between the AS 

and BoB is primarily facilitated by the monsoon currents, the NMC and the SMC 
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(Shankar et al., 2002). This places Sri Lanka and the Maldives in the unique 

position of being located at the crossroads of two oceanographically distinct water 

bodies in the NIO and in the direct path of both monsoon currents (Figure 2.8). 

In addition, the southern end of the Maldives island chain (below 4°N) is also 

influenced year-round by the eastward flowing South Equatorial Counter Current 

(SECC) that shifts south (north) of the equator during the NEM (SWM) (Schott 

and McCreary, 2001; Chapter 3).  

 

In-situ measurements by George et al. (2013) revealed the presence of a deep-

chlorophyll maximum (0.3 – 0.5 mg m-3) in the equatorial Indian Ocean between 

65°E, 10°S to 8°N with a depth range of 50 -75m during both monsoons. Similarly, 

modelling studies have predicted the existence of the deep-chlorophyll maximum 

at the 60m depth between 5°S to 10°S, 55°E to 87°E (Wiggert et al., 2006; 

Resplandy et al., 2009). This raises the question whether IME input was sourced 

from the nearshore regions around the Maldives and Sri Lanka or advected from 

the BoB and AS by the monsoonal currents.  

 

Thus, the aim of the present study was to define the role of monsoon currents in 

the connectivity between the Maldives and Sri Lanka.  In particular, to address 

the following: (1) Identify the branch of the NMC (SMC) that links Sri Lanka to 

the Maldives during the NEM (SWM); (2) Determine whether IME input is 
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sourced locally or advected by the monsoon currents; and, (3) Quantify the 

vertical depth variability within the identified transport pathways from (1). These 

aims were achieved using a Lagrangian particle tracking model coupled with a 

hydrodynamic model that was previously described in Chapter 3 with simulations 

performed for both monsoon periods.  

 

The approach of using Lagrangian particle tracking to identify source waters and 

pathways in the Indian Ocean is not a new practice and has been previously 

employed in the works of Miyama et al. (1995) for the Indonesian Through Flow 

(ITF); the Leeuwin current system for  the southeast Indian Ocean (Domingues 

et al., 2007); Binson and Swathi (1999) who examined the passive particle 

movement from the ITF and Arabian Sea due to wind forcing alone. However, 

our work differs from these studies in several aspects: (1) the resolution of the 

circulation model (< 3km) is ideal for investigating fine scale recirculation features 

such as eddies and coastal upwelling around the islands; (2) inclusion of tidal 

forcing as well as air-sea fluxes into the model; (3) previous studies have focused 

on dispersion rates throughout the ocean instead of particle tracking from specific 

locations. Although the latter is important especially since diffusivity coefficients 

have been found to vary across sub-regions in the Indian Ocean (Peng et al., 

2015), the focus of the present study is on identifying the sources and pathways 

of connectivity. The chapter is organized as follows: Section 4.3 outlines the 

circulation model and the particle tracking model as well as experimental design 
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while Section 4.4 presents the results from each experiment. A discussion and 

interpretation of the results is covered in Section 4.5 and a summary is presented 

in Section 4.6.  

 

4.3 Methodology 

4.3.1 Numerical Models 
 
The hydrodynamic model used was the Regional Ocean Modelling System 

(ROMS) and was configured over a grid domain from 7°S to 15°N, 65°E to 88°E 

with a resolution of less than 3 km for each cell (Chapter 3). ROMS is a split-

explicit free surface, terrain-following vertical coordinate oceanic model and 

resolves the Navier–Stokes equations by using the Boussinesq approximation and 

hydrostatic vertical momentum balance (Shchepetkin and McWilliams, 2003, 

2005). The vertical configuration for the model was discretised into 30 sigma 

layers with a depth range of 10-5000m. At the surface, the model was forced by 

long and shortwave radiation surface fluxes, freshwater fluxes (precipitation, 

humidity), atmospheric pressure and wind velocity (10m) that were obtained from 

the European Centre for Medium Range Weather Forecast ERA-Interim 

reanalysis dataset (Dee et al., 2011). The model’s four open boundaries were 

forced using temperature, salinity, current velocities and sea surface height 

obtained from the global US Navy Hybrid Coordinate Ocean Model (HYCOM) 

reanalysis product (Chassignet et al., 2007) and tidal forcing was from the TPXO7 
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global tide model (Egbert et al., 2002). The open boundary conditions are for the 

baroclinic mode a combination of outward radiation and for the barotropic mode, 

a Flather condition for tidal forcing. This configuration was chosen to optimally 

represent mesoscale phenomena such as eddies and wakes and had been previously 

compared with observational datasets in Chapter 3. The model was run for 10 

years between 2005 to 2016 with daily outputs of current velocities, sea surface 

height, temperature and salinity. Output from model simulation Year 9 (year 

2014) was selected as input for the Lagrangian model since it was characterized 

as a relatively neutral year by climate indices like the Indian Ocean Dipole Mode 

and the El-Nino Southern Oscillation (NOAA/CPC, 2016) and was categorized 

as a neutral monsoon year based on the All-India Rainfall Index (Figure 2.4; 

Zheng et al., 2016)  

 

Daily current velocity outputs from the hydrodynamic model were used to identify 

potential connectivity pathways using the Lagrangian model, Ichthyop 

(http://www.ichthyop.org). Ichthyop was designed to study the effects of physical 

and biological factors on marine particles and is able to simulate the paths of 

individual particles in a three-dimensional flow by incorporating inputs of 

velocity, temperature and salinity fields archived from several ocean models 

including ROMS, MARS, OPA and NEMO (Lett et al., 2008). The model has 

been previously used in several modelling experiments investigating the influence 

of oceanographic factors on plankton dynamics as well as to explain transport and 
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retention patterns (Peliz et al., 2007 ; Lett et al., 2008; Velo-Suárez et al., 2010; 

Dias et al., 2014). For the current experiment configuration, advection was 

simulated using a fourth order Runge-Kutta numerical integration scheme. This 

involves interpolating the velocity halfway between a particle and the 

‘destination’ (the point it would have been advected to under a Forward Eulerian 

scheme) four times per time step. A horizontal dissipation rate of 10-9 m2 s3 was 

applied to account for the unresolved sub-grid scale turbulence (Monin and 

Ozmidov, 1981; Peliz et al., 2007).  

 

4.3.2 Experimental Setup 
 
Three different experiments were conducted with Ichthyop and a summary of the 

experiment names, methods and objectives of each experiment are presented in 

Table 4.1.  

 

For the first experiment, "SOURCE", 8000 particles were released simultaneously 

at eight locations along 12°N in the Arabian Sea (Bay of Bengal) at the start of 

the NEM (SWM). During the NEM, particles were released at 12°N, 80.5°-87.5°E 

at 1° intervals and color-coded to track the trajectory of the particles (Figure 

4.2). Four boxes were used to designate areas where the IME has been previously 

observed (Vinayachandran and Yamagata, 1998; Sasamal, 2006; Vinayachandran 

et al., 2004; Yapa, 2012; de Vos et al., 2013; Chapter 3) and would henceforth be 
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referred to as ‘wake zones’ for the rest of the chapter. The locations and names 

of the boxes are as follows: (1) Box 1W (70.5°E – 72.5°E, 0°N - 8°N)  for the 

Maldives west coast (2) Box 1E (72.5°N- 74.5°E, 0°N -6°N) for the Maldives east 

coast (3) Box 2 (80°E – 82°E, 4.5°N – 6.5°N) for the south coast of Sri Lanka and 

(4) Box 3 (83°E – 86°E, 8°N – 10°N) for the Sri Lanka Dome that is unique to 

the SWM  (Figure 4.2). By calculating the percentage density of particles arriving 

in these box, it is possible to determine which branch of the NMC (SMC) connects 

Sri Lanka to the Maldives and potentially responsible for trans-basin water 

exchange. An important point to note is that when we refer to the source of the 

NMC (SMC), it refers to the point location in the Bay of Bengal (Arabian Sea) 

that is within the boundaries of the current model domain. 

 

Table 4.1 Summary of the performed numerical experiments, methods and objectives. 

Expt Name Method Objective 

1 SOURCE 
Particles released along 
12°N during the NEM and 
SWM. 

Identify the branch of the NMC 
(SMC) that links Sri Lanka to the 
Maldives during the NEM 
(SWM). 

2 ADVECTION 

 
Particles released at 12°N 
and along the coast of Sri 
Lanka, Maldives and the 
south tip of India. 

 

Determine whether IME input is 
sourced locally or advected by 
the monsoon currents. 

3 DEPTH 
Particles are released at 
different depths along 
12°N 

To quantify the vertical transport 
variability by the monsoon 
currents 
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Figure 4.2 Model domain and bathymetry with particle release locations for the 
SOURCE (red boxes) and ADVECTION (blue box) experiments. The blue boxes mark 
areas where the IME has been observed to occur.  

 

In a similar approach to the “SOURCE” experiment, the second experiment, 

"ADVECTION” focuses on quantifying particle densities in known IME locations 

(Figure 4.2) and releases particles from the Bay of Bengal and Arabian Sea. The 

difference in the “ADVECTION” experiment is that particles are released in the 

nearshore regions along Sri Lanka (81.5°E, 6°N), India (77.5°E, 8°N) and Maldives 

(72.5°N- 74.5°E, 0°N -6°N). (Figure 4.2). Particles were released at 2° latitude 

intervals for the Maldives to account for strong latitudinal variability across the 

Maldives. The objective of this experiment is to quantify the contribution of the 
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monsoonal currents versus local mixing and entrainment processes near the 

islands.  

 

The "DEPTH" experiment, involved releasing particles at the following depths – 

50m, 100m, 150m from three locations in the Arabian Sea (Bay of Bengal) that 

were identified to by the “SOURCE” experiment to connect Sri Lanka to the 

Maldives and vice-versa. These depths were selected based on previous work done 

by Lüdmann et al., (2013) whose ADCP measurements during the NEM show 

two distinct water masses in the Inner Sea of the Maldives, one at the surface to 

150m and a second below it that reaches the sea floor. Particles were then tracked 

through time and the mean vertical depths of particles that arrived in the boxes 

(Figure 4.2) were analysed for each season. The particle trajectories were tracked 

through depth and time and the mean vertical depth of the particles was 

calculated daily along with the percentage of particles that arrived in the boxes 

(Figure 4.2). Each depth simulation was run separately to avoid double-counting 

of particles from the previous experiment.  

 

Simulations were run separately for both the NEM and SWM period for all the 

experiments. A point of note is that the Palk Strait located between India and 

Sri Lanka was masked out during the simulations since the Palk Strait is shallower 

than 10m which is the model minimum depth (Figure 4.2). 
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For visualization clarity, particle trajectories were mapped separately for both the 

“SOURCE” and “ADVECTION” experiments.  

 

4.4 Results 

4.4.1 SOURCE Experiment 
 
When particles were released from the Bay of Bengal at the start of the NEM 

(December), the general trajectory is such that they were advected westwards 

towards the Arabian Sea but flow close to the coastline of Sri Lanka and India 

(Figure 4.4). At the end of the NEM (February), a large proportion of particles 

(~48%) were retained along the India and Sri Lanka coastline (Figures 4.3, 4.4). 

Less than 35% of the particles released were transported to the Maldives (Figure 

4.4). Particles released east of 87.5°E were advected northwards and remained 

entrained along the eastern coastline of India (Figure 4.3). The highest percentage 

of particles entering Box 2 at Sri Lanka came from 84.5°E (~91%), followed by 

85.5°E (~76%) and 82.5°E (~33%) (Figure 4.4). About 20% of particles released 

between 80.5°E to 83.5°E had a residence time of less than 20 days around Sri 

Lanka. Approximately 6% from 80.5°E and 81.5°E arrived at the Maldives (Figure 

4.4). For particles seeded between 82.5°E to 85.5°E, particles were increasingly 

advected towards Sri Lanka and had longer residence times (~30 days) along the 

coastline before being advected northwards towards India (Figures 4.3, 4.4). The 
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highest number of particles that entered Box 1W came from 83.5°E (~20%) and 

84.5°E (~30%).  

 

During the SWM, particles seeded from 71.5°E to 74.5°E were advected closely 

to the western coast of India and the northern tip of the Maldives along ~6°N 

before being transported eastwards to Sri Lanka. At 70.5°E, the particles were 

advected southwards towards Maldives instead of south-easterly and flow through 

the Maldives archipelago. Following which, particles seeded between 67.5°E to 

69.5°E did not cross the Maldives but remained on the western side of the 

Maldives due to a continuous southward flow. However, when particles were 

seeded at 65.5°E and 66.5°E, it contributed to the highest percentage of particles 

(~87%) advected through Box 1 (Maldives), followed by ~22% at Box 2 (Sri 

Lanka) and less than 2% at Box 3 (Sri Lanka Dome) (Figure 4.6). The second 

largest contribution to all three boxes originated from the 74.5°E pathway with 

~54% (Box 1), ~13%(Box 2) and less than 2% (Box 3) (Figure 4.6).  
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Figure 4.3 Monthly simulations for SOURCE – NEM experiment. Particle trajectories 
were plotted separately for clarity to show the evolution of the surface pathways from (a) 
80.5°E and 81.5°E (b) 82.5°E (c) 83.5°E (d) 84.5°E and 85.5°E (e) 86.5°E and 87.5°E. 
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Figure 4.4 (Top panel): Locations where particles were tracked near Sri Lanka (Box 2) 
and along the Maldives west coast (Box 1W). (Bottom panel): The percentage of particles 
that arrived in Box 1 and 2 from the different seeding locations during the NEM. Note 
that the y-axis has different scales for visualization purposes.  
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Figure 4.5 Monthly simulations for SOURCE – SWM experiment. Particle trajectories 
were plotted separately for clarity to show the evolution of the surface pathways from (a) 
73.5°E and 74.5°E (b) 71.5°E and 72.5°E (c) 69.5°E and 70.5°E (d) 68.5°E and 67.5°E 
(e) 66.5°E and 65.5°E. 
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Figure 4.6 (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 from the different seeding locations during the SWM. 
Note that Box 1 and 2 have similar y-axis scales but Box 3 has a different scale.  

 

4.4.2 ADVECTION Experiment 
 
During the NEM, particles that had the longest residence time (~40 days) in Box 

2 (Maldives) originated from 4°N and 6°N around the Maldives which also gave 

the highest input of particles (Figure 4.7). The NMC contributed only ~ 3% to 



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

 
 

117 

Box 2 (Maldives), confirming that the main source of input for an IME would be 

generated locally around the Maldives instead from monsoonal current advection. 

In contrast, particles released along the south coast of Sri Lanka had a residence 

time of less than 5 days in Box 1 (Sri Lanka) as they were quickly advected 

westwards by the NMC. Thus, the main input for an IME to occur around Sri 

Lanka would come from the NMC (~18%), reaching its peak contribution after 

23 days (Figure 4.7). The actual contribution of the SMC to the Maldives wake 

zone was very low (<5%).  

 

During the SWM, the largest input of particles into Box 1 (Maldives) originated 

from 2°N (~ 97%), 0°N (~ 82%) and 4°N (~ 78%). However, in terms of residence 

time, particles sourced from 0°N had the longest mean residence time in Box 1 

(>20 days). Although the source point at Sri Lanka was initially the highest 

contributor of particles to Box 2 (Sri Lanka), particle residence time was less than 

2 days due to advection by the SMC. Instead, the particles that had the longest 

residence time with the highest concentration of particles in Box 2 (Sri Lanka) 

originated from 6°N, Maldives (~ 48%), 2°N, Maldives (~ 46%) and India (~ 39%). 

Another interesting point to note was that the main contribution of particles to 

Box 3 (Sri Lanka Dome) were from 6°N, Maldives and India while particles seeded 

at Sri Lanka were mostly advected eastwards instead of following the coastline 

northwards and entering Box 3.  


