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Summary 

Blue whales (Balaenoptera musculus) inhabiting the Northern Indian Ocean are 

thought to comprise a distinct population or even potentially a different subspecies. 

Elsewhere, blue whales migrate long distances between lower latitude wintering 

grounds and higher latitude summer feeding grounds. Northern Indian Ocean blue 

whales, however, are thought to reside in tropical waters year-round including Sri 

Lankan waters. They have been documented engaging in courtship displays and as 

mother-calf pairs. They are also observed defaecating and in aggregations typical of 

feeding areas. The presence and colouration of the scats is good indication that these 

whales feed on euphausiids in these low latitude waters. Blue whales are found 

relatively close to the southern coast of Sri Lanka, an area subject to seasonally 

reversing monsoonal currents, and where a deep submarine canyon incises the narrow, 

steep continental shelf.  

A combination of satellite imagery, field data and numerical modelling were 

used to examine the physical processes and their potential influence on the distribution 

of blue whales. The study defined the circulation patterns around Sri Lanka in order to 

provide an explanation for the year-round, elevated chlorophyll levels along the 

southern coast. The numerical model also elucidated a previously undocumented shorter 

period of sporadic upwelling off southern Sri Lanka during the Northeast monsoon. The 

major upwelling region is located along the south coast and is shown to be due to flow 

convergence and divergence associated with offshore transport of water. The location of 
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the upwelling centre was dependent on the relative strengths of wind driven flow along 

the east and west coasts. 

Oceanographic processes around the Dondra submarine canyon influencing the 

distribution of blue whales and other biomass were then investigated through visual 

surveys, and conductivity, temperature and depth (CTD) profiling combined with 

hydroacoustic surveys. Blue whales associated closely with areas of high biomass 

regions in the vicinity of the canyon and continental slope. Two dominant 

backscattering layers were recorded at 80 m and 350 m throughout the study area. This 

high biomass resulting from localised shelf-canyon physical oceanographic interactions 

in the vicinity of the canyon, together with a larger scale upwelling resulting from 

processes described in Chapter 1, likely support and sustain the blue whale aggregations 

documented along this coastline.  

The study also elucidated the role of freshwater runoff on changes in blue whale 

distribution on an interannual basis. Increased freshwater runoff resulting from 

unusually high rainfall in 2011 apparently induced a shift in the blue whale population 

further offshore. Information on the features that dictate whale distribution and 

behaviour is important considering this habitat is adjacent to one of the most heavily 

travelled shipping lanes in the world, and understanding drivers that induce proximity to 

potential threats can aid in the conservation and management of this endangered 

species. 
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Chapter 1  

Introduction 

Ocean processes fundamentally determine the distribution, abundance and 

behaviour of marine organisms, including seabirds and cetaceans. Oceanography is the 

study of their habitat: the medium in which they, their prey, and their predators live. A 

comprehensive understanding of the ecology of any marine organism is therefore 

incomplete without incorporating an understanding of the underlying oceanography 

(Ballance et al. 2006). 

The lack of dedicated, long-term studies on cetaceans inhabiting the territorial 

waters of Sri Lanka is a matter of record. Sri Lanka lies in the heart of the Indian Ocean 

whale sanctuary (area north of 55oS), which was established in 1979 by the 

International Whaling Commission. Accordingly, it was intended to serve as a focal 

point for marine mammal research and conservation.  However, decades of geopolitical 

turmoil including a civil war followed the establishment of the sanctuary thereby de-

prioritising and limiting the scientific research and field work that was undertaken 

(Leatherwood et al. 1984, Alling & Payne 1985, Alling 1986, Gordon 1987, Ilangakoon 

1989, Alling et al. 1991, Gordon 1991, Leatherwood et al. 1991, Ilangakoon et al. 1992, 

Leatherwood 1994, Ilangakoon 1997, Ballance & Pitman 1998, Ilangakoon et al. 2000, 
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Ilangakoon 2006c, a, b, Afsal et al. 2008, Broker & Ilangakoon 2008, Ilangakoon & 

Perera 2009, de Vos et al. 2012). 

To date, research on blue whales within this and the Exclusive Economic Zones 

of other Arabian Sea countries has been minimal (Small & Small 1991, Baldwin et al. 

1999). Globally, blue whales are known to associate with submarine canyons and 

productive upwelling regions where they aggregate to feed (Reilly & Thayer 1990, 

Fiedler et al. 1998, Palacios 1999, Gill 2002, Croll et al. 2005, Rennie et al. 2009). The 

coastline of southern Sri Lanka where blue whales aggregate has a combination of 

unique physical characteristics due to (1) the curvature of the coastline; (2) the narrow 

and very steep continental shelf/slope (Swan 1983); (3) the presence of a submarine 

canyon at Dondra; (4) a monsoonal regime with seasonally reversing currents; that, (5) 

lead to water exchange between the Bay of Bengal and the Arabian Sea which have 

different temperature and salinity characteristics. As a result, this environment poses 

new questions regarding the influence of these topographical and physical features on 

resultant biological processes and on blue whales inhabiting the region. Given the 

endangered status of blue whales and the potential importance of this subpopulation to 

the Indian Ocean whale sanctuary, this study is both regionally significant and makes an 

important contribution to the global understanding and conservation of this species. 

 

1.1 Objectives 

In this thesis I use a combination of field measurements, satellite imagery, 

numerical modelling and publicly available meteorological data to quantify and explore 

how the dominant oceanographic factors influence blue whale (Balaenoptera musculus) 
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distribution in the waters off southern Sri Lanka. The influence of these processes on 

their prey is also examined. Specifically, this thesis aims to understand: 

(1) How the circulation patterns around Sri Lanka influence local primary productivity 

on the south coast (Chapter 3) 

(2) How the physical environment (topography and oceanography) influences blue 

whale prey off southern Sri Lanka (Chapter 5) and 

(3) What physical drivers influence interannual variability in blue whale distribution 

(Chapter 6). 

 

1.2 Structure of the thesis 

This thesis was prepared as a series of papers for peer-reviewed journal 

publication. Therefore there is some repetition between chapters, particularly in the 

description of the study site and literature. In this section, the 7 subsequent chapters of 

this thesis are outlined. The papers that form this thesis are listed below. 

Chapter 2 is a review of current knowledge of blue whales globally and in Sri 

Lankan waters with an emphasis on their feeding ecology and describes the physical 

setting of the study area. Chapter 3 examines the circulation patterns around Sri Lanka 

using satellite data and a numerical model in an attempt to elucidate why blue whales 

apparently use the southern coast of the island during a seemingly unproductive time of 

year, the Northeast monsoon. Chapter 4 quantifies and describes the important elements 

of blue whale diving and surfacing characteristics. This provides essential data that form 

the basis for future abundance estimates of this potentially isolated population and 

thereby for the assessment of its conservation status. Chapter 5 presents an investigation 

of the role of the oceanographic processes in determining prey and blue whale 
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distribution in the waters off the southern coast of the island during the Northeast 

monsoon. More specifically, it investigates the influence of the submarine canyon on 

the localised area, and the productive areas on which this population might depend. In 

Chapter 6 field data is analysed to understand why in 2011 blue whales were seen 

further offshore than in other years in which this research was conducted. The role of 

increased freshwater outflow to the coastal areas as a result of anomalously high rainfall 

is considered and described. Finally, in Chapter 7, concluding remarks from each of the 

four main chapters are summarised, the links between them are presented, and some 

recommendations for further work are provided. 

 

Table 1.1: Peer-reviewed papers that form the thesis Chapters 

Chapter Chapter title and corresponding paper title 
3 Surface circulation and upwelling patterns around Sri Lanka 

 
de Vos A, Pattiaratchi CB and Wijeratne EMS (2014) Surface 
circulation and upwelling patterns around Sri Lanka. Biogeosciences 
11: 5909-5930 

 
4 Surfacing characteristics and diving behaviour of blue whales in Sri 

Lankan waters 
 

de Vos A, Christiansen F, Harcourt RG and Pattiaratchi CB (2013) 
Surfacing characteristics and diving behaviour of blue whales in Sri 
Lankan waters. Journal of Experimental Marine Biology and Ecology 
449:149-153.  
 

6 Inter-annual variability in blue whale distribution off southern Sri 
Lanka between 2011 and 2012 

 
de Vos A, Pattiaratchi CB and Harcourt RG (2014) Inter-annual 
variability in blue whale distribution off southern Sri Lanka between 
2011 and 2012. Journal of Marine Science and Engineering 2(3): 534-
550 
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Chapter 2  

 
Background 

2.1 Global blue whale populations 

The speed, size and pelagic nature of the blue whale kept it safe from whaling 

until the latter part of the 19th century, when the invention of the deck-mounted harpoon 

cannon and steam-powered catchers allowed whalers to exploit blue whale stocks for 

the first time (Clapham et al. 1999). This technical advance resulted in the depletion of 

blue whale populations through extensive worldwide whaling operations and this 

species is now rare in most areas apart from the eastern North Pacific (Clapham et al. 

1999). This reduction, which is estimated at approximately 70-90% over the last three 

generations (assumed to be 31 years), has led to the classification of this species as 

‘endangered’ by the International Union for the Conservation of Nature (IUCN) (Reilly 

et al. 2008).  

The species is currently classified into three subspecies; B. m. musculus 

(northern hemisphere blue whale), B. m. intermedia (Antarctic or ‘true’ blue whale) and 

B. m. brevicauda (pygmy blue whale). Based on morphological features it has been 

proposed that the blue whales recorded around Sri Lanka are pygmy blue whales 

(Alling et al. 1991), including evidence from Soviet catches of blue whales in the 

Arabian Sea taken between 1963 and 1967 (Mikhalev 1996). Subsequently, Brownell 
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and Donahue (1994) proposed that these Northern Indian Ocean populations might be a 

separate subspecies B. m. indica (Blyth 1859), with Rice (1998) recognizing this 

designation. These populations, like those of the Northern Indian Ocean humpback 

whales have a restricted range and breed six months out of phase with the pygmy blue 

whales in the Southern Indian Ocean (Mikhalev 2000), highlighting the conservation 

implications and significance of these subdivisions.  

A recent comprehensive review and analysis of blue whale data from whaling 

records, dedicated surveys, opportunistic sightings and strandings shows that there is 

much still to be learned for all blue whales (Branch et al. 2007). The available data 

show that the sighting rate of blue whales around Sri Lanka (but mainly on the northeast 

coast) is, globally, very high compared to other areas (Branch et al. 2007). Indonesia, 

Chile and southern Australia also have high sighting rates; however, these estimates do 

not distinguish between the ‘true’ and pygmy blue whale subspecies (Clapham et al. 

1999, Branch et al. 2007).  

Worldwide, extant aggregations of blue whales of all subspecies appear to be 

associated with areas of high productivity where the whales have been shown to feed on 

abundant euphausiid prey, and includes areas off Southern Australia, California, the 

eastern tropical Pacific, Gulf of St. Lawrence and the Galapagos Islands (Simard et al. 

1986, Reilly & Thayer 1990, Sears et al. 1990, Croll et al. 1998, Palacios 1999, Gill 

2002).  

The pygmy blue whale occurs primarily outside the central gyre of the Indian 

Ocean, along the African east coast, along the Western Australian coast, off Indonesia, 

and along the Australian southeastern coast encompassing New Zealand (Zemsky & 

Sazhinov 1994, McCauley et al. 2004) (Figure 2.1). This subspecies is also known to 

associate closely with localised high productivity systems in areas such as the Perth 
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Canyon, Australia (Rennie et al. 2009). There are at least four regions where blue 

whales aggregate, one of which occurs almost year round in the Northern Indian Ocean 

as suggested by sightings, strandings and acoustic data, particularly off Sri Lanka 

(Alling et al. 1991), Somalia (Small & Small 1991) and the Maldives (Ballance et al. 

2001, Anderson 2005).  

Figure 2.1: Pygmy blue whale distribution (redrawn from Zemsky and Sazhinov, 1994). 

 

2.2 Blue whales in Sri Lankan waters 

In Sri Lanka, the deep canyons adjacent to the coast create heterogeneous 

environments that attract marine megafauna (Alling et al. 1991, de Vos et al. 2012). 

Blue whales have been documented from around the coast of Sri Lanka for over 150 

years with the earliest documented possible stranding in 1859 (Blyth 1859) and earliest 

confirmed stranding in 1894 (Fernando 1912). Over 8,000 pygmy blue whales were 
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taken by illegal Soviet whalers in the 1960s and 1970s (Clapham et al. 1999), of which 

1,294 were caught off the Seychelles, the Maldives, in the Gulf of Aden and west of 

Southern India and Sri Lanka (Mikhalev 1996). However, there is no abundance 

estimate for this group of pygmy blue whale and as such, it is listed as ‘data deficient’ 

by the IUCN Red List (Cetacean Specialist Group 1996, Rice 1998, Branch et al. 2007, 

Reilly et al. 2008). By 1966 the International Whaling Commission (IWC), the global 

intergovernmental body charged with the conservation of whales and the management 

of whaling, had forbidden the killing of blue whales for commercial purposes. Despite 

this, illegal Soviet whaling continued (Mikhalev 2000).  

The blue whale population in the Northern Indian Ocean is the least studied of 

all blue whale populations and as stated earlier has been proposed to be a unique 

subspecies of pygmy blue whale (Alling et al. 1991, Brownell & Donahue 1994) being 

five meters shorter than its Antarctic counterparts (Mikhalev 1996) and having a unique 

vocal call (Alling & Payne 1985). Critically, this population does not annually migrate 

to cooler waters to feed, but remains in warm, tropical waters year-round (Yochem & 

Leatherwood 1985, Mikhalev 2000, Branch et al. 2007). Further, year-round sightings 

and stranding records suggest that at least some of this subgroup remains resident 

within Sri Lankan waters (Alling et al. 1991, Ilangakoon 2006b, Branch et al. 2007, 

Afsal et al. 2008, de Vos et al. 2012). 

The blue whales off the northeast coast of Sri Lanka have been observed 

engaging in courtship displays and in mother-calf pairs (Alling, 1991), with one record 

of a blue whale birth in the Trincomalee harbour (Deraniyagala 1948). More unusually 

however, they form aggregations typical of feeding areas off the south coast of the 

island during the Northeast monsoon where they are also seen defaecating (de Vos et al. 

2012). This observation provides good evidence for the fact that the blue whales are 
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feeding in these lower latitude areas (Schoenherr 1991, Fiedler et al. 1998), with the red 

colouration of their faeces indicating that they are feeding on crustaceans much like in 

other parts of the world (Lefebvre et al. 2002).  

These observations during the Northeast monsoon from warm waters that are 

typically considered unproductive warrant investigation as to what physical processes 

enhance productivity sufficiently to support this population year round  

 

2.3 Factors influencing wide-ranging low trophic level marine mega fauna 

Effective management of populations of wide-ranging highly mobile marine 

species can be challenging because their geographic range and habitat requirements are 

poorly understood and may span several political jurisdictions (Pearce & Boyce 2006, 

McKinney et al. 2012). As such an understanding of spatial distribution and habitat 

selection are essential for implementing effective management strategies.  

Foraging is critical to the survival of every animal. The simplest issue in 

foraging decisions is selecting food that leads to the highest net energy gain per unit of 

time (MacArthur & Pianka 1966). Marine predators forage in environments that are 

spatially and temporally patchy (Haury et al. 1978, Denman & Powell 1984). To 

achieve their energy requirements it is assumed that animals will spend increased 

amounts of time in areas where resources are relatively plentiful (Fauchald & Tveraa 

2003). 

A trophic level is the position an organism occupies in a food chain and is 

determined by its food and feeding habits. By convention, detritus and producers such 

as algae and phytoplankton are assigned trophic level 1. Pauly et al. (1998) estimated 

diet composition and trophic level of 97 species of marine mammals. Baleen whales 
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ranked at trophic level 3.2-3.4 with blue whales ranking at the lowest level because they 

are stenophagous and feed exclusively on krill (Trites 2001). Other wide-ranging low 

trophic level marine fauna include planktivorous elasmobranchs such as manta rays and 

whale sharks. Tropical sharks and rays are estimated to occupy a mean trophic level of 

3.6 (Pauly & Christensen 1995) while whale sharks off Gujarat were estimated to be at 

a trophic level of 3.32 (Borrell et al. 2010). 

The large size of whale sharks is said to confer numerous advantages including 

increased swimming efficiency, reduced risk of predation, reduced metabolic rate, 

increased energy storage capacity and increased foraging range (Kozlowski 2000), 

enabling long distance travel between food patches of worthwhile richness (Martin 

2007). These characteristics likely also confer advantages on other low trophic level 

feeders such as blue whales and manta rays. 

Unlike higher trophic level feeders, the reliance of these wide-ranging, low 

trophic level feeders on zooplankton (Stevens 2007, Couturier et al. 2012) strongly links 

their sightings to environmental variables, as the distribution and abundance of their 

prey respond rapidly to changes in the environment (Boucher et al. 1987, Richardson 

2008). 

Whale sharks are known to aggregate in areas of high biological productivity 

such as near plankton blooms and fish spawns (Hoffman et al. 1981, Taylor & Pearce 

1999, Rowat et al. 2007, Sleeman et al. 2010a, Sleeman et al. 2010b). Their movements 

correspond to areas where zooplankton assemblages and fish populations accumulate 

(Balch & Byrne 1994) such as near thermal fronts and zones of high chlorophyll a 

concentrations (Taylor & Pearce 1999, Hsu et al. 2007, Kumari & Raman 2010). 

Similarly manta ray numbers off eastern Australia and the Maldives are 

influenced by increased productivity, season, decreased wind speeds and fraction of 
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moon illuminated (with relative abundance increasing around the new and full moon) 

(Anderson et al. 2011, Jaine et al. 2012).  

 

2.4 Foraging ecology of blue whales 

Feeding is an essential component of an animal's life history and ecology. 

Because of their size, large predators have the option of feeding in bouts of intense 

activity separated by periods of searching, resting or socializing. As areas of suitable 

productivity are spatially and temporally patchy, pelagic feeders maximize their chances 

of meeting their energy requirements by selecting areas with optimal characteristics of 

prey density, accessibility and predictability. 

In general, most baleen whale species undertake long-range seasonal migrations 

between productive high latitude feeding grounds and unproductive, low latitude 

breeding grounds (Brodie 1975, Corkeron & Connor 1999). However, blue whales are 

the largest animals to ever live on the planet and have immense energetic requirements 

that require them to seek regions of exceptionally high productivity (Croll et al. 2005). 

There is evidence that blue whales also feed at mid and low latitude areas (Reilly & 

Thayer 1990, Silva et al. 2013). 

In the shelf waters of the Western Antarctic Peninsula, baleen whales and prey 

exhibited spatially-explicit relationships and are associated with physical features and 

areas of complex bathymetry that influence deep water intrusions of the Antarctic 

Circumpolar Current (Friedlaender et al. 2006). Similarly, stenophagous species such as 

blue whales that feed exclusively on krill are influenced by environmental variables as 

the abundance and distribution of their prey changes with environmental changes 

(Fiedler et al. 1998). Off the coasts of California and Western Australia submarine 
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canyons enhance local primary productivity that attracts blue whales (Croll et al. 2005, 

Rennie et al. 2009).  

Off California, blue whale horizontal spatial distribution is closely linked to 

regions of high acoustic backscatter (Croll et al. 1998). Blue whale dive depths are also 

known to closely track the depth distributions of krill, indicating a correlation in vertical 

space (Croll et al. 1998). Research in Monterey Bay indicates that whales concentrated 

their foraging activity on deeper layers of euphausiids located between 150 m and 

200 m on the canyon edge (Croll et al. 2005) with mean max foraging dive depth of two 

tagged whales reaching 155 m and 172 m (Croll et al. 2005) compared to non-foraging 

dives that reached only 67 m on average (Croll et al. 2001). Research on blue whales 

foraging off the Channel Islands, California reports similar behaviour (Croll et al. 1998, 

Fiedler et al. 1998, Calambokidis et al. 2007).  

 

2.5 Physical and biological factors influencing global blue whale populations 

Worldwide, aggregations of blue whales are associated with areas of high 

productivity, particularly submarine canyons (Croll et al. 2005, Rennie et al. 2009). It is 

well known that submarine canyons are important sources of habitat heterogeneity that 

possess higher biodiversity and biological productivity than their surroundings (Hickey 

1997). They act as funnels that channel deep, nutrient-rich waters upwards and onshore 

through advection, which in turn enrich the photic zone with nutrients. This enrichment 

leads to phytoplankton blooms which give rise to increases in zooplankton that are then 

distributed around the canyon through passive advection (Allen et al. 2001). More 
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recently, they have been described as ‘keystone structures’ which result in hotspots of 

biodiversity (Vetter 2010). 

While many species of cetaceans have been associated with submarine canyons 

(Whitehead et al. 1997, Hooker et al. 1999, Mussi et al. 1999, D'amico et al. 2003, 

Rennie et al. 2009), it is noteworthy that persistent blue whale aggregations have been 

documented near the Monterey Canyon, Monterey Bay in California (Schoenherr 1991, 

Croll et al. 2005) and Perth Canyon off Western Australia (Rennie et al. 2009). In both 

areas blue whales have been seen in unusually high concentrations, generally feeding on 

euphausiids, as evidenced by defaecation or feeding behaviour (Schoenherr 1991). 

Dense accumulations of zooplankton, especially krill, are generally found in areas of 

high turbulence or upwelling – in this case resulting from the physical processes within 

the canyon (Schoenherr 1991). Alling et al. (1991) acoustically documented blue whales 

in and near Trincomalee Bay, northeast Sri Lanka close to the Trincomalee canyon 

while de Vos et al. (2012) documented blue whales in the vicinity of the Basses canyon 

off southeastern Sri Lanka.  

Blue whales have also been documented feeding on dense patches of krill in 

areas of cold, well-mixed and productive water that has upwelled along the coast due to 

wind driven alongshore currents (Fiedler et al. 1998, Palacios 1999, Gill 2002) or in 

offshore upwelling areas (Reilly & Thayer 1990, Palacios 1999). A clear relationship is 

seen between the development of these upwelling systems, enhanced productivity and 

the presence of blue whales (Gill 2002).  
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2.6 Current knowledge of circulation around Sri Lanka 

Figure 2.2: Schematic representation of circulation around Sri Lanka. Red indicates 
highest current speed and arrows show direction. Source: HYCOM (Bleck 2002).  

 

The climate in the Northern Indian Ocean is governed by two monsoon seasons 

that result from the unequal heating and cooling of the landmass to the north of the 

Indian Ocean. The Southwest monsoon occurs between June and October while the 

Northeast monsoon occurs between December and April with two inter-monsoonal 

periods from April to May and October to November (Figure 2.2). As a result, there is a 

seasonal reversal in the open ocean currents that flow between the Arabian Sea and Bay 

of Bengal via Sri Lanka (Shankar 2002), making the southern coast of the island a 

crucial mixing point for waters of two different temperature-salinity characteristics. 

During the Southwest monsoon, the southern coast is influenced by the eastward 

flowing Southwest Monsoon Current. The winds during this period are shore-parallel 

and thus upwelling favourable. Elevated nutrient and chlorophyll (Michisaki et al. 1995) 

levels during the Southwest monsoon provide evidence for the strong upwelling that 

develops between April and July (Shree Ram & Rao 2005). During the Northeast 
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monsoon, the southern coast is influenced by the westward flowing Northeast Monsoon 

Current, which is not upwelling favourable. However, the present study occurs during 

this period, when blue whales are documented in aggregations in high numbers 

exhibiting feeding behaviour. 
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2.7 Study area 
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Figure 2.3: (a) Location of study area off southern Sri Lanka (red box) (b) Features of 
study area including narrow continental shelf with steep slope, submarine canyon off 
Dondra and shipping lanes from Admiralty Charts (red arrows). 

 

The coastline in this region has a number of unique physical features that 

possibly encourage the diversity of marine species and in particular the blue whale 
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aggregations. The study site was selected because of the high numbers of blue whale 

sightings during the Northeast monsoon. It lies on the southern coast of Sri Lanka 

between Weligama and Dondra (Figure 2.3) and is characterised by the following 

attributes: 

1. It is influenced by seasonally reversing monsoonal currents and forms a 

crucial mixing point for waters from the Arabian Sea and Bay of Bengal, which possess 

completely different temperature-salinity characteristics.  

2. The continental shelf within this region is shallow and narrow and lies 

adjacent to one of the steepest continental slopes in the world (Sahini 1982, 

Wijeyananda 1997).  

3. Within this area also lies the Dondra submarine canyon (Swan 1983) that 

potentially plays a role in enhancing the productivity of the region. 

4. This area also supports one of the busiest shipping lanes in the world (Kaluza 

et al. 2010), which overlaps with blue whale habitat. Mortality by ship strike is 

currently the single biggest threat facing this population of blue whales (de Vos et al. 

2013b). 
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Chapter 3  

Surface circulation and upwelling patterns around Sri Lanka 

3.1 Abstract 

Sri Lanka occupies a unique location within the equatorial belt in the Northern 

Indian Ocean with the Arabian Sea on its western side and the Bay of Bengal on its 

eastern side and experiences bi-annually reversing monsoon winds.  Aggregations of 

blue whales (Balaenoptera musculus) have been observed along the southern coast of 

Sri Lanka during the Northeast monsoon when satellite imagery indicates lower 

productivity in the surface waters. This study explored elements of the dynamics of the 

surface circulation and coastal upwelling in the waters around Sri Lanka using satellite 

imagery and numerical simulations using the Regional Ocean Modelling System 

(ROMS).  The model was run for 3 years to examine the seasonal and shorter term (~10 

days) variability. The results correctly reproduced the reversing current system between 

the equator and Sri Lanka, in response to the changing wind field: the eastward flowing 

Southwest Monsoon Current (SMC) during the Southwest (SW) monsoon transporting 

11.5 Sv (mean over 2010- 2012) and the westward flowing Northeast Monsoon Current 

(NMC) transporting 9.6 Sv during the Northeast (NE) monsoon, respectively.  A 

recirculation feature located to the east of Sri Lanka during the SW monsoon, the Sri 

Lanka Dome, is shown to result from the interaction between the SMC and the Island of 
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Sri Lanka.  Along the eastern and western coasts, during both monsoon periods, flow is 

southward converging along the south coast. During the SW monsoon the Island 

deflects the eastward flowing SMC southward whilst along the east coast the southward 

flow results from the Sri Lanka Dome recirculation.  The major upwelling region, 

during both monsoon periods, is located along the south coast resulting from southward 

flow converging along the south coast and subsequent divergence associated with the 

offshore transport of water.  Higher surface chlorophyll concentrations were observed 

during the SW monsoon. The location of the flow convergence and hence the upwelling 

centre was dependent on the relative strengths of wind driven flow along the east and 

west coasts: during the SW (NE) monsoon the flow along the western (eastern) coast 

was stronger migrating the upwelling centre to the east (west). 

 

3.2 Introduction  

Sri Lanka is situated within the equatorial belt in the Northern Indian Ocean, 

with the Arabian Sea on its western side and the Bay of Bengal on its eastern side 

(Figure 3.1). In an oceanographic sense the location of Sri Lanka is unique with its 

offshore waters transporting water with different properties through reversing ocean 

currents, driven by monsoon winds. The Northern Indian Ocean is characterised by bi-

annually reversing monsoon winds resulting from the seasonal differential heating and 

cooling of the continental land mass and the ocean. The Southwest (SW) monsoon 

generally operates between June and October and the Northeast (NE) monsoon operates 

between December through April (Tomczak & Godfrey 2003). The transition periods 

are termed the First Inter-Monsoon (May) and Second Inter-Monsoon (November). 

During the SW monsoon, the Southwest Monsoon Current (SMC) flows from west to 
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east transporting higher salinity water from the Arabian Sea whilst during the NE 

monsoon the currents reverse in direction with the Northeast Monsoon Current (NMC) 

transporting lower salinity water originating from the Bay of Bengal from east to west 

(Schott & McCreary 2001). During the SW monsoon, increased chlorophyll 

concentrations (> 5 mgm-3) have been recorded around Sri Lanka, particularly along the 

southern coast (Vinayachandran et al. 2004) which appears to be a major upwelling 

region. These elevated chlorophyll concentrations persist for more than four months and 

have been attributed to coastal upwelling, advection by the SMC and open ocean 

Ekman pumping (Vinayachandran et al. 2004). During the SW monsoon, where the 

winds blow parallel to the coast, winds are upwelling favourable in terms of Ekman 

dynamics. Chlorophyll concentrations during the NE monsoon appear to be low but 

there is evidence of high productivity through observations of feeding aggregations of 

blue whales (Balaenoptera musculus) along the southern coast of Sri Lanka (de Vos et 

al. in review). Field observations have shown that ~6-10 whales are sighted per day 

along the south coast of Sri Lanka (data from 2009 to 2011). The region also has a well-

developed whale watching industry. At present, there is a lack of information regarding 

the environmental features that influence the distribution of blue whales in the waters of 

Sri Lanka. Therefore, the aim of this paper was to examine the oceanographic features 

that may influence the distribution of blue whales off the southern coast of Sri Lanka. 

Due to the paucity of field data, previous research has focused on the analysis of 

satellite imagery and coarse resolution models designed to simulate basin scale features. 

In this paper we use satellite imagery and a high spatial resolution numerical model 

(ROMS) with realistic and idealised forcing to investigate the flow patterns and 

upwelling mechanisms particularly off the southern coast of Sri Lanka.  
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Figure 3.1: Study area showing bathymetry and model domain. Numbers represent tide 
stations used for model validation. 1. Point Pedro 2. Kayts 3. Delft Island 4. Kalpitiya 5. 
Chilaw 6. Colombo 7. Galle 8. Dondra 9. Kirinda 10. Oluwil 11. Batticaloa 12. 
Trincomalee. Wind speed and direction data were from the Hambantota Meteorological 
Station on the southeast coast. 

 

The continental shelf around Sri Lanka is narrower, shallower and steeper than 

is average for the world (Wijeyananda 1997). Its mean width is 20 km, and it is 

narrowest on the southwest coast where it is less than 10 km (Shepard 1963, Swan 

1983, Wijeyananda 1997). The continental slope around Sri Lanka is a concave feature 

that extends from 100 m to 4,000 m in depth. The continental slope on the southern and 
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eastern coasts has an inclination of 45º which is one of the steepest recorded globally 

(Sahini 1982). The abyssal plain around the island is 3,000-4,000 m deep (Swan 1983).  

The seasonal difference of sea surface salinity (> 2 ppt) around Sri Lanka is 

highly significant compared to other regions (Levitus et al. 1994). Salinity in the Bay of 

Bengal is generally lower (< 33 ppt), whilst salinities in the Arabian Sea are higher with 

maxima up to 36.5 ppt due to high evaporation and negligible freshwater input. The Bay 

of Bengal receives ~1500 km3yr-1 of freshwater through freshwater run-off whilst the 

total freshwater input into the Arabian Sea is ~190 km3yr-1 (Jensen 2001). Including 

evaporation and rain, the Arabian Sea experiences a negative freshwater supply of about 

1 myr-1, whereas there is a positive freshwater supply of about 0.4 myr-1 to the Bay of 

Bengal (Jensen 2001).  

The mean sea level pressure (SLP) in the Northern Indian Ocean region is at a 

maximum during December-January and a minimum during June-July with a mean 

seasonal range of 5-10 hPa (Wijeratne 2003). There is significant seasonal variation in 

sea level in the Northeastern Indian Ocean with a range in the inner Bay of Bengal of 

~0.80-0.90 m decreasing to the south (Wijeratne 2003), hence mean sea level is 0.05 m 

lower in January compared to July, due to the inverse barometric effect. The seasonal 

sea level variability around Sri Lankan waters is around 0.2-0.3 m with maxima during 

June through the action of the SW monsoon (Wijeratne et al. 2008). The tides around 

the Island are mixed semidiurnal with a maximum spring tidal range of ~0.70 m.  

The surface circulation of the Northern Indian Ocean may be described after 

Schott and McCreary (2001). A schematic of the circulation in the Northern Indian 

Ocean, in the vicinity of Sri Lanka, during the SW monsoon is shown in Figure 3.2b. 

Along India and Sri Lanka, the eastern boundary current or West Indian Coastal Current 

(WICC) in the Arabian Sea flows southwards along the West Indian coastline and joins 
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the eastward flowing Southwest Monsoon Current (SMC). Shankar et al. (2002) also 

postulated a westerly flow from the south central Arabian Sea entraining water into the 

SMC. The presence of the anti-clockwise Lakshadweep eddy off the southwest coast of 

India modifies the current flow in this region. The SMC flows along the south coast of 

Sri Lanka from west to east (Schott et al. 1994) transporting ~8 Sv (1 Sv = 106 m3s-1) 

between the equator and Sri Lanka. After passing the coast of Sri Lanka, the currents 

form an anti-clockwise eddy defined as the Sri Lanka Dome (SLD) centered around 83° 

E and 7° N (Vinayachandran & Yamagata 1998). The western arm of this eddy drives a 

southward current along the eastern coast of Sri Lanka whilst the remainder flows 

northward along the eastern Indian coast as the East Indian Coastal Current (EICC). 

During the NE monsoon the currents reverse in direction (Figure 3.2a). Along 

the eastern Indian coast, the EICC flows southward past Sri Lanka and joins the 

Northeast Monsoon Current (NMC) flowing from east to west transporting about 12 Sv 

(Schott et al. 1994). The currents then flow around the clockwise Lakshadweep eddy 

and northward along the western Indian coastline as the West Indian Coastal Current 

(WICC).  
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Figure 3.2: Circulation patterns around Sri Lanka and southern India for (a) Northeast 
monsoon and (b) Southwest monsoon. WICC – West Indian Coastal Current; EICC – 
East Indian Coastal Current; SMC – South Monsoon Current; NMC – North Monsoon 
Current; SD –  Sri Lanka Dome (Modified from Schott and McCreary, 2001). 
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One of the main features to note from this description from the perspective of 

Sri Lanka, is the reversal of currents along the western and southern coasts and the 

north to south flow along the eastern coast. This circulation pattern was confirmed by 

Shankar et al. (2002). However, Varkey et al. (1996) and Shankar and Shetye (1997) 

both provide a different interpretation and suggest that currents along the east coast of 

Sri Lanka flow south to north irrespective of season. Nonetheless, Durand et al. (2009) 

have shown a seasonal reversal of the currents along the east coast of Sri Lanka using 

altimeter data. 

Sri Lanka is a relatively large island (length 440 km; width 225 km), extending 

offshore into the Indian Ocean, similar to a headland.  This allows for the Island to 

interact with the seasonally reversing monsoon. Many studies have reported the 

influence of flow interaction with islands and headlands leading to enhanced primary 

production – termed the Island Mass Effect (IME) by Doty and Oguri (1956). These 

studies have included different spatial scales using laboratory and field experiments to 

understand circulation and enhanced productivity. They include those in the vicinity of 

oceanic islands: Johnston Atoll's (Barkley 1972), Aldabra and Cosmoledo atolls 

(Heywood et al. 1990), Barbados (Cowen & Castro 1994, Bowman et al. 1996), Canary 

Islands (Barton et al. 2000), the Kerguelen Islands (Bucciarelli et al. 2001), Madeira 

Island (Caldeira et al. 2002), Galapagos (Palacios 2002), Hawaii Islands (Hafner & Xie 

2003), Santa Catalina (Dong & McWilliams 2007); and, in continental shelf and coastal 

regions: Wolanski et al. (1984), Pattiaratchi et al., (1987) and Alaee et al. (2007). Many 

scaling arguments have been proposed to define the circulation patterns in the lee of 

islands based on the Reynolds number which appear to reproduce the observed 

circulation in the lee of the island/headland (Wolanski et al. 1984, Tomczak 1988). The 

Reynolds number for the deep ocean is defined as (Tomczak, 1988):  Re=UL/ Κh, where 
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U is the velocity scale, L, a length scale and Κh is the horizontal eddy viscosity. The 

nature of the wake downstream of an island can be predicted using the Reynolds 

number. For low values of Re (of ~1), there is no perceptible wake with the flow 

attached to island (‘attached’ flow condition, Alaee et al., (2007). For Re between 1 and 

40, the wake consists of two attached eddies. At higher values of Re the wake becomes 

increasingly unstable and counter-rotating eddies form a vortex street (Tomczak, 1988).  

Flow past a curved coastline can also lead to secondary circulation:  here, as a result of 

the curvature induced centrifugal acceleration the surface waters move offshore and are 

replaced by water from the sub-surface (Alaee et al. 2004).  

Alaee et al. (2004) examined the secondary circulation induced by both the flow 

curvature and the Coriolis effect, for quasi-steady oceanic flows.  Using scaling of the 

transverse momentum equation, Alaee et al. (2004) developed a flow regime diagram to 

predict the strength of the secondary flow Un for different flow regimes and also to 

provide information on the relative importance of the flow curvature and the Coriolis 

effect in the generation of the secondary flow. 

The upwelling off the south coast of Sri Lanka usually appears and intensifies 

during the summer months when the SW monsoon prevails, and is said to be due to a 

combination of wind driven Ekman transport, advection by the SMC and open ocean 

Ekman pumping (Vinayachandran et al. 1999, Vinayachandran et al. 2004, McCreary 

Jr. et al. 2009). Monthly satellite image composites of chlorophyll analysed by Yapa 

(2009) show high productivity waters with mean chlorophyll concentrations > 5 mgm-3 

along the southern and western regions during the months of June-August that are 

accompanied by a 2° to 3° C decrease in sea surface temperature (SST) corresponding 

to regions where high chlorophyll a concentrations are detected. To illustrate this 

relationship, MODIS images indicate the strong relationship between higher chlorophyll 
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and cooler SSTs (Figure 3.3). Data collected during the Dr. Fridtjof Nansen cruises 

between 1978 and 1989 provide evidence that the SW monsoon bloom results from 

upwelling that begins closer to the coast and progresses further offshore as it develops 

over subsequent months (Saetersdal et al. 1999). Michisaki et al. (1996) confirmed high 

primary productivity when they recorded maximum nitrate concentrations of 

approximately 10 µM in mid-June accompanied by maximum chlorophyll 

concentrations of 0.9 mgm-3 off the west coast of Sri Lanka. 

The aim of this paper is to define the seasonal changes in circulation and 

upwelling patterns around Sri Lanka using a high resolution numerical model (ROMS) 

including realistic forcing complemented by satellite imagery. The motivation for the 

paper is the observation of blue whale (Balaenoptera musculus) feeding aggregations 

off the southern coast of Sri Lanka during the NE monsoon period (de Vos et al. in 

review) despite satellite imagery indicating lower productivity in the surface waters. 

This paper is organised as follows; Section 2, we describe the numerical model 

configuration and validation; Section 3 presents the results from analysis of the wind 

fields, satellite imagery and numerical model output including idealised simulations to 

examine upwelling generation mechanisms and the results are discussed in section 4 

with overall conclusions given in section 5. 

3.3 Methodology 

The main approach for the study is the use of a numerical model to identify the 

mean circulation patterns and upwelling around Sri Lanka. There is a lack of field data 

from this region and some of the available public domain data have been accessed and 

presented in this paper. The data include: wind speed and direction data from a coastal 

meteorological station located at Hambantota (Figure 3.1); meteorological information 
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from ECMWF ERA interim data which were also used for model forcing; and MODIS 

satellite imagery (ocean colour and SST) accessed from the ocean colour website 

(Feldman & McClain 2013). 
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Figure 3.3: (a) Surface Chlorophyll concentration (SCC) for 12 December 2010; (b) 
SCC for 21 January 2011; (c) SCC for 19 January 2013; (d) SCC for 8 August 2011; (e) 
Sea Surface Temperature (SST) for 19 October 2003; (f) SCC for 19 October 2003. (g) 
SST for 1 August 2012; (h) SCC for 1 August 2012; (i) SST for 19 June 2013; (j) SCC 
for 19 June 2013; (k) SST for 30 Sep 2013; (l) SCC for 30 Sep 2013. The chlorophyll 
and temperature scales are on (k) and (l) respectively and apply to all images. 

 

3.3.1 ROMS configuration and validation 

The Regional Ocean Modelling System (ROMS) is a three-dimensional 

numerical ocean model based on the nonlinear terrain following coordinate system of 

Song and Haidvogel (1994). ROMS solves the incompressible, hydrostatic, primitive 

equations with a free sea surface, horizontal curvilinear coordinates, and a generalized 

terrain-following s-vertical coordinate that can be configured to enhance resolution at 

the sea surface or seafloor (Haidvogel et al. 2008). The model formulation and 

numerical algorithms are described in detail in Shchepetkin and McWilliams (2005), 

and have been used to simulate the circulation and upwelling processes in a range of 

ocean basins (e.g. (Marchesiello et al. 2003, Di Lorenzo et al. 2007, Haidvogel et al. 

2008, Dong et al. 2009, Xu et al. 2013). 

The model grid (Figure 3.1) configured for this study included the continental 

shelf and slope waters surrounding Sri Lanka as well as the deeper ocean and consisted 

of a horizontal grid with resolution < 2 km with 30 vertical layers in a terrain-following 

s-coordinate system. The minimum model depth was set to -15 m, i.e. coastal regions 

shallower than 15 m were set to 15 m. The model was driven by direct air-sea heat and 

freshwater fluxes, momentum fluxes, inverted barometric effect, tide/sea level, transport 

and tracers at open boundaries. The forcing data were interpolated onto the 
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corresponding model grid points to create initial and forcing files. The model was 

driven with 3 hourly atmospheric forcing and daily surface heat and freshwater fluxes 

using ECMWF ERA interim data. The heat and fresh water fluxes were also specified 

using ECMWF ERA data. The net heat flux at air-sea interface was estimated based on 

the balance of incoming solar radiation, outgoing long wave, sensible and latent heat 

fluxes, respectively. Freshwater fluxes were estimated using precipitation and 

evaporation data from ECMWF ERA data and the river inputs were ignored. HYCOM 

global ocean model (Bleck 2002) daily outputs of salinity, temperature, and horizontal 

velocities were used to specify the open boundary section 3D tracers and transport. 

Open boundary barotropic velocities were estimated by vertically averaging the 

eastward (u) and northward (v) component data, which were interpolated at the 

boundary sections. At open boundaries ROMS offers a wide array of conditions. We 

used a combination of nudging and radiation conditions for 3D transport and tracers at 

the model open boundaries. The model forcing tides were derived from the TPX07.2 

global tidal model and monthly climatological mean sea levels were derived from the 

AVISO database. The tides were provided as complex amplitudes of earth-relative sea-

surface elevation and tidal currents for eight primary harmonic constituents (M2, S2, N2, 

K2, K1, O1, P1, Q1). These harmonics were introduced in ROMS through the open 

boundaries elevation using the Chapman and current ellipse variable using the Flather 

condition (see (Marchesiello et al. 2001). Model hindcast simulations were undertaken 

to obtain optimal model results. Three-dimensional variables (salinity, temperature and 

velocity components) were output at daily intervals with sea surface heights at hourly 

intervals.  
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3.3.2 Experimental setup 

In addition to realistic simulations to examine the seasonal circulation patterns 

and upwelling, numerical experiments were designed to address the following: (1) role 

of land-mass effect contribution to upwelling around Sri Lanka; (2) variability in the 

upwelling centre in response to the magnitude and direction of winds along the western 

and eastern sides of the Island; and, (3) mechanisms for the formation of the Sri Lanka 

Dome located to the east of Sri Lanka. In order to address (1), model simulations were 

undertaken including and excluding the Coriolis term whilst model runs with synthetic 

wind fields were undertaken to examine (2), with different wind stress on the western 

and eastern sides of Sri Lanka. Investigations on the mechanisms driving the formation 

of the Sri Lanka Dome (3) were undertaken by forcing the model with constant westerly 

winds of different magnitudes (2, 4, 6 and 8 ms-1). A simulation was also undertaken to 

investigate the flow patterns in the absence of Sri Lanka. Additional model runs (not 

presented here) were also undertaken to investigate whether the tides played a role in 

the upwelling process. 

 

3.3.3 Model validation  

Model hindcasts were undertaken over a 2-year period (2010 and 2011) using 

realistic surface and boundary forcing (section 3.2.1). The first year (2010) was 

considered as spin up and results presented here are from the second year (2011) of 

simulations. It should be noted that 2011 was a strong La Niña year. However, 

comparison of the seasonal winds observed in 2011 with the previous 4 years indicated 

that the wind field in 2011 did not differ significantly from other years. In the absence 
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of detailed field measurements from the region, predicted surface currents and 

temperature distributions were compared with available data as well as with sea level 

data.  

 

Tide and mean sea level 

The predicted hourly sea levels at each grid point were subjected to harmonic 

analysis using the T-Tide MATLAB toolbox (Pawlowicz et al. 2002). To visualise and 

interpret model results obtained around Sri Lanka, co-tidal charts for the main tidal 

constituents, M2, S2, K1, and O1, were produced (not shown). The predicted amplitudes 

and phases from the simulation are in close agreement with measured data for four 

major tidal constituents (Table 1) and those of Wijeratne (2003).  
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Table 3.1: Tidal constituents at different stations along the coastline of Sri Lanka. Tide 
gauge data are denoted in regular font and model data are denoted in italic font. Phase 
refers to local time.  

M2 S2 K1 O1 Station 
a (m) go a (m) go a (m) go a (m) go 

Trincomalee 
 

0.18 
0.19 

238 
252 

0.06 
0.08 

268 
276 

0.07 
0.06 

332 
338 

0.02 
0.01 

304 
343 

Batticaloa 0.14 
0.14 

235 
227 

0.07 
0.06 

265 
279 

0.05 
0.04 

330 
310 

0.02 
0.02 

300 
267 

Oluwil 0.07 
0.05 

230 
248 

0.03 
0.02 

260 
245 

0.05 
0.06 

332 
324 

0.01 
0.01 

280 
253 

Kirinda 0.07 
0.06 

92 
88 

0.056 
0.06 

130 
112 

0.031 
0.03 

29 
358 

0.01 
0.01 

17 
10 

Galle 0.16 
0.17 

56 
48 

0.11 
0.09 

99 
112 

0.05 
0.06 

21 
69 

0.01 
0.03 

73 
112 

Colombo 0.18 
0.18 

45 
48 

0.12 
0.12 

93 
115 

0.07 
0.06 

32 
48 

0.03 
0.03 

58 
76 

Chilaw 0.18 
0.19 

045 
0.57 

0.11 
0.12 

092 
114 

0.09 
0.08 

43 
55 

0.03 
0.04 

058 
86 

Delft Island 0.11 
0.11 

38 
42 

0.04 
0.035 

77 
84 

0.11 
0.08 

76 
57 

0.05 
0.06 

006 
24 

Kayts  0.03 
0.02 

63 
78 

0.01 
0.008 

96 
126 

0.12 
0.09 

61 
145 

0.02 
0.03 

77 
123 

Point Pedro 0.16 
0.18 

242 
256 

0.09 
0.08 

270 
245 

0.05 
0.06 

328 
277 

0.01 
0.03 

003 
347 

 

Large-scale circulation 

Shipboard ADCP current measurements for the region are available from the 

World Ocean Circulation Experiments (WOCE). However, it is important to note that, 

there were no observations during the model simulation period (2010 and 2011). We 

compared the model results and observations based on time of the year as shown in 

Figure 3.4. It is clear that there is good qualitative agreement between the predicted and 

observed currents throughout the ship tracks. The model results also reproduce some of 

the observed circulation features. For example, seasonal reversal of currents along the 

south coast during the two monsoon periods is reproduced: during the NE monsoon the 
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currents flow towards the west (Figures 3.4a and b) whilst during the SW monsoon they 

flow to the east (Figures 3.4c and d). The reversing current pattern to the east of Sri 

Lanka during the NE monsoon with southward currents close to the coast and northward 

currents further offshore is also reproduced (Figure 3.4a). The model also reproduced 

fine-scale features that were represented in the ADCP transect such as the transition 

from west to eastward currents closer to the coast (Figure 3.4c). 

 

Figure 3.4: Comparison of the shipboard ADCP measured (red) and ROMS (black) 
currents at 30 m depth. (a) ADCP from 25 to 31 Dec 1997 and ROMS for 31 Dec 2010; 
(b) ADCP from 01 to 05 March 1995 and ROMS for 03 March 2011; (c) ADCP from 
21 to 30 July 1993 and ROMS for 26 July 2011; and, (d) ADCP from 01 to 03 Aug 
2005 and ROMS for 03 Aug 2011. 
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Satellite imagery 

Suspended material (such as sediment and chlorophyll) in the surface waters 

may be used as a passive tracer to follow flow patterns using satellite imagery 

(Pattiaratchi et al., 1987). In regions of upwelling (for example see Figure 3.3), there is 

correspondence between regions of higher surface chlorophyll concentrations (SCC) 

and lower sea surface temperatures (SST). Thus, ocean colour imagery may be used to 

qualitatively validate numerical model outputs. Comparison between model predicted 

SST and satellite derived SCC indicate that the model reproduced observed patterns, 

particularly the higher chlorophyll ‘tongue’ feature, and sharp fronts (Figure 3.5). 
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Figure 3.5: Typical summer upwelling frontal features around southern Sri Lanka 
obtained for 12 October 2003: (a) satellite derived surface chlorophyll concentration; 
(b) Predicted near-surface current vectors and temperature. Note colour scales are given 
on Figure 3.3. 
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a) 

(

b) 



A. de Vos (2013) Factors influencing blue whales off southern Sri Lanka 

42 

3.4 Results 

3.4.1 The wind field 

The monsoon and inter-monsoon periods occur at similar times each year. 

However, there is an inter-annual variability in the onset of these climatic events and 

thus the timing of each monsoon can vary by up to 1-2 months. Wind data recorded in 

2010, from a coastal meteorology station located along the southeast coast of Sri Lanka 

(Hambantota, Figure 3.1), reflects changes in the wind field in accordance with the 

monsoons (Figure 3.6): winds blew from between the north and east (0°-90°) from 

December to April whilst the winds were predominantly from the southwest and west 

(225o-270°) between April to November (Figure 3.6b). Wind speeds were ~8 ms-1 

between mid-January and mid-March corresponding to the peak of the NE monsoon; < 

6 ms-1 between mid-March and mid-May (waning NE monsoon and first inter-

monsoon); increased to > 6 ms-1 from June until October reflecting the SW monsoon 

and decreased to < 6 ms-1 during the second inter-monsoon period in mid-November. 
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Figure 3.6: Time series for wind speed and direction (0 winds from the north) for Sri 
Lanka in 2010. The red line and dots indicate daily data collected at 0830 hrs and 1730 
hrs and black line and dots indicate the daily averaged data. Data were obtained from 
the Hambantota meteorological station, southeast Sri Lanka.  

 

In addition to the temporal changes in the wind field there is also significant 

spatial distribution as revealed by the ECMWF ERA interim data (Figure 3.7). One of 

the factors influencing the spatial wind field is the local land topography of Sri Lanka 

and southern India. Coastal regions around Sri Lanka are relatively flat and surround the 

elevated central region that increases to a maximum elevation of 2,500 m. Similarly, 

southern India consists of elevated terrain that exceeds 1,000 m (Luis and Kawamura, 

2000). During the NE monsoon (Figure 3.7a and f), winds are predominantly from the 
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northeast across the study region with stronger winds in the Gulf Mannar (Figure 3.1) as 

a result of local land topography. Here, the northeasterly winds are funneled through the 

elevated topography between southern India and Sri Lanka resulting in strong winds 

over the Gulf of Mannar (Luis and Kawamura, 2000). Off the southern coast of Sri 

Lanka, the winds are weaker and are mainly offshore during the NE monsoon (Figure 

3.7a and f). During the first inter-monsoon, the east coast of Sri Lanka experiences 

onshore winds (easterly) with northeasterly winds along the west coast and winds off 

the south coast remaining offshore (Figure 3.7b). Along the western and southern coasts 

of Sri Lanka, during the SW monsoon, the winds are westerly (Figure 3.7c, d and e) 

and, due perhaps to the local topography, they veer northwards off the eastern side of 

the island (southwesterly winds). As such, both the temporal and spatial wind field 

influences the ocean circulation patterns around the island. 
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Figure 3.7: Bi-monthly wind speed and direction for Sri Lanka in 2011 from ECMWF 
ERA interim data. Each plot represents a bi-monthly average with length of arrow 
correlating with speed. (a) January (northeast monsoon); (b) March (first inter-
monsoon); (c) May, (d) July; (e) September (southwest monsoon); and, (f) November 
(second inter-monsoon). 
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3.4.2 Seasonal Circulation 

Satellite Imagery 

The seasonal circulation around Sri Lanka was examined through the use of 

surface chlorophyll concentration (SCC) climatology data (resolution of 4 km from 

(Feldman & McClain 2013) as a passive tracer and to understand seasonal variability in 

surface chlorophyll concentrations.  

In January, the Northeast Monsoon Current (NMC) flows from east to west 

(Figure 3.2a). This is reflected in the SCC data with slightly higher concentrations to the 

west of Sri Lanka (Figure 3.8a). However, the more pronounced feature is the ‘stirring’ 

caused by the NMC flowing from east to west past the Maldives island chain with 

enhanced SCC to the west of the island chain. During this period, the monsoon drift is 

shallow and will generally only have a minimal effect on the waters below the 

thermocline (Wyrtiki 1973). In March, during the monsoon transition period, SCC 

decreased to < 0.20 mgm-3 (Figure 3.8b) in the whole study region. There is an absence 

of a ‘concentration wake’ in the vicinity of the Maldive islands indicating weak currents 

lacking unidirectionality in this region. Similar conditions were observed in April (not 

shown). In May, during the onset of the SW monsoon (Figure 3.7c), a band of high SCC 

(~2.5 mgm-3) water was present along the south coast of Sri Lanka and also in the Gulf 

of Mannar. SCC levels along the south coast were 10 times higher than they were in 

April but low concentrations were present to the east of Sri Lanka. In July, enhanced 

SCC to the east of the Maldive islands and the plume of elevated SCC to the southeast 

of Sri Lanka confirmed the eastward flow of the Southwest Monsoon Current (Figure 

3.8d). In June (not shown), the high SCC patch off southern India begins to extend to 

the east across the entrance to the Gulf of Mannar, whilst surrounding areas experienced 
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decreased SCC. In July, the high SCC plume generated by the SW monsoon current 

flowing past the Maldive islands, merged with the high SCC patch off southern India 

and the higher SCC waters off the west coast of Sri Lanka (Figure 3.8d). The SCC is ~5 

mgm-3 along the west and southern coasts of Sri Lanka. A plume of higher SCC water 

originating from the southern coast of Sri Lanka extended to the east and shows 

evidence of an eddy – most likely the Sri Lankan Dome (Figure 3.2). There is also a 

band of lower SCC water adjacent to the east coast of Sri Lanka, which is due to the 

southward flow of water along this coast at this time of year. In September, the SCC 

patterns were similar to that in July (Figure 3.8e) except the maximum SCC was lower 

in the range of 0.20-0.40 mgm-3 and extended over a larger area particularly to the south 

and east of Sri Lanka. In November, the SCC levels decreased almost to those observed 

in January, the difference being the plume from the Maldive Islands was present to the 

east indicating that the SMC was still flowing eastwards (Figure 3.8f).  
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Figure 3.8: Climatological monthly mean surface chlorophyll concentrations around Sri 
Lanka: (a) January; (b) March; (c) May, (d) July; (e) September; and, (f) November.  
The white line in March represents the location of the data extracted for the Hovmöller 
diagram in Figure 3.9. 

 

In general, chlorophyll a concentrations around Sri Lanka were relatively lower 

during the NE monsoon compared to the SW monsoon (Kabanova 1968). This 

seasonality is maintained year to year but with inter-annual variability (Figure 3.9). A 

Hovmöller diagram of monthly mean SCC between the southern coast of Sri Lanka 

(6°N) and the equator indicates higher values closest to the Sri Lankan coast extending 

~270 km offshore on average. In 2002 and 2006, the influence of this upwelling can be 

observed extending to the equator. Although interannual variability is not within the 

scope of this paper it is interesting that 2002 and 2006 reflect El Nino and positive 

Indian Ocean dipole years (Sreenivas et al. 2012). 
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Figure 3.9: Hovmöller diagram displaying seasonality and inter-annual variability of 
surface chlorophyll concentrations off the southern coast of Sri Lanka.  The location of 
transect is shown on Figure 3.8b. 

 

Numerical Modelling 

Numerical model results reproduce the general patterns identified in previous 

studies (Figure 3.2) and from ocean colour imagery (Figure 3.8). The seasonal mean currents 

show significant spatial variability due to the spatial and temporal changes in the wind 

climate (Figure 3.10). This is evident when comparing the mean currents during the NE 

monsoon (Figure 3.10a) and the instantaneous currents at the end of December (Figure 3.4a 

and b). The reversing currents to the south of Sri Lanka: easterly during the SW monsoon 
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and westerly during the NE monsoon are reproduced by the model. The currents during the 

SW monsoon are stronger than those during the other seasons reflecting the stronger winds 

during this period (Figure 3.10c). Schott and McCreary (2001) estimated that off southern 

Sri Lanka (north of the equator) transport rates resulting from the SMC and NMC were 8 Sv 

and 12 Sv respectively, with SMC transport rates lower than those for the NMC. The 

numerical model output indicates transport rates ranging between 10.25 and 12.78 Sv (mean 

= 11.5 Sv) and 8.27 and 10.69 Sv (mean = 9.6 Sv) for the SMC and NMC respectively 

(Table 3.2). The estimate for the NMC transport is similar to that reported by Schott and 

McCreary (2001) but the estimate for SMC transport is higher, as expected due to the 

stronger winds experienced during this period. 

Table 3.2:  Volume transport of water between Sri Lanka and the equator along 80.5o E 
for the 3 simulation years. 

Simulation 
year 

South-west Monsoon 
Current (SMC) 

North-east Monsoon 
Current (NMC) 

2010 10.25 Sv 8.27 Sv 
2011 12.78 Sv 10.69 Sv 
2012 11.36 Sv 9.87 Sv 
Mean 11.46 Sv 9.61 Sv 
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Figure 3.10: Seasonal surface circulation from ROMS: (a) January (northeast 
monsoon); (b) March (first inter-monsoon); (c) May; (d) July; (e) September (southwest 
monsoon); and, (f) November (second inter-monsoon). 
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During the NE monsoon, currents along the east coast of Sri Lanka flow 

southwards closer to the coast and northwards further offshore, separated by a shear 

zone (Figure 3.4a and b). The presence of the shear zone is confirmed by a shipborne 

ADCP transect (Figure 3.4a). The currents closer to the shore follow the coastline, 

flowing to the west along the south coast and northward along the west coast (Figure 

3.10a; Figure 3.4a and b). Currents in the Gulf of Mannar flow towards the southwest 

and mirror the direction of the wind (Figure 3.10a). During the first inter-monsoon, 

current speeds decrease (Figure 3.10b) currents along both the east and west coasts were 

converged off southern Sri Lanka (south of ~6.5°N). The presence of the Sri Lanka 

Dome centered at 84°E and 8°N can be identified. Strong northward currents along the 

northeast coast extending along the southern Indian coastline are predicted. This flow 

pattern is similar to that shown on satellite images by Legeckis (1987) postulating a 

western boundary current in the Bay of Bengal.   

Under SW monsoon conditions, currents are higher across the entire region, 

particularly along the south and southeast coasts of Sri Lanka (Figure 3.10c). As a 

result, the Sri Lanka Dome shifts to the north – now centered at 84°E, 9.5°N. Southward 

flowing water along the east coast converges with water eastward of the SMC. There is 

also a stronger band of currents flowing past the southern tip of India and the west of 

Sri Lanka (Figure 3.10c) which explains the merging of the SCC between the southern 

regions of the Indian coast and Sri Lanka (Figure 3.8d). The weakest currents are 

predicted during the second inter-monsoon with no evidence of the Sri Lanka Dome 

(Figure 3.10d).  

Flow patterns such as those described in Figure 3.10 provide no indication on 

regions and periods of coastal upwelling around Sri Lanka. Therefore, the model 

predicted sea surface temperature (SST) and flow fields were examined at shorter time-
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scales with the assumption that cooler waters (compared to the surrounding water) 

represented upwelling. Analysis of model output revealed that upwelling occurs on a 

seasonal basis and/or during shorter period sporadic events along different parts of the 

coastline. This is highlighted in Figure 3.11 with the corresponding wind fields shown 

on Figure 3.12. During the NE monsoon, cooler SSTs were observed along the western 

and southern coasts with warmer water along the east coast of Sri Lanka (Figure 3.11a). 

The latter is due to the downwelling regime in this region with onshore winds (Figure 

3.12a) during the NE monsoon reflected in a band of narrow warm southward moving 

water. Colder waters were found in regions of divergence in the flow field where there 

was mainly offshore transport of water (Figure 3.12a) reflecting that perhaps processes 

other than wind-driven upwelling may be responsible for the upwelling. There was 

negligible colder surface water present during the first inter-monsoon period except 

perhaps along the extreme north of Sri Lanka (Figure 3.11b). The southern coastal 

regions of both India and Sri Lanka experienced colder SST throughout the SW 

monsoon indicating strong upwelling during this period (Figure 3.11c and d). There was 

also advection of colder water from the southern tip of India to the west coast of Sri 

Lanka during the SW monsoon (Figure 3.11c and d). The most notable feature was the 

shape of the coldwater regions to the south and southeast of Sri Lanka (Figure 3.11c and 

d, respectively). This shape is clearly visible on satellite images as a result of the 

associated higher SCC (Figure 3.2 and Figure 3.5) and occurs in regions of 

convergence: in July 2011 (Figure 3.11c) water flowing southwards along both the east 

and west coasts converged to the south and was transported offshore resulting in a 

colder water patch near the coast. In August, this colder water patch migrated to the east 

and was present off the southeast coast of Sri Lanka (Figure 3.11d). This feature was 

very similar to that observed in the August 2012 satellite image (Figure 3.3c and d). 
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These features indicate that wind driven upwelling through Ekman dynamics is most 

likely not responsible for upwelling along the south coast of Sri Lanka. 

 

Figure 3.11: Predicted near-surface current vectors plotted on sea surface temperature 
showing major upwelling regions around Sri Lanka: (a) 16-20 January 2011; (b) 10-14 
April 2011; (c) 12-16 July 2011; and, (d) 18-22 August 2011. 
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Figure 3.12: Wind fields corresponding to the predicted currents shown in Figure 3.11. 

 

Time series of volume transport along a transect to the south of Sri Lanka and 

SST at 3 locations over one year (2012) indicated seasonal variability (Figure 3.13).  

Between January and April (NE monsoon and 1st inter-monsoon) the volume transport 

was to the west with rates up to 0.08 Sv with intermittent reversal of the currents to the 

west (Figure 3.13b). The flow was generally towards the east between May and October 

(SW monsoon and 2nd inter-monsoon) before reversing towards the west during 
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November and December (Figure 3.13b). During the SW monsoon, transport increased 

from June to end July when it reached a maximum of 0.23 Sv and then generally 

decreased in strength (Figure 3.13b). The monsoon pattern was clearly reflected in the 

SST time series (Figure 3.13c) with relatively lower SST in January/February (NE 

monsoon) and higher SST between March and April (1st inter-monsoon) with the 

temperatures decreasing in May and then being relatively low between June and 

September (SW monsoon) and higher values between October/November (2nd inter-

monsoon) and then decreasing during December (NE monsoon).  Although the SST at 

all three locations was very similar during the inter-monsoon period with relatively 

higher values there were differences during the monsoon period due to upwelling 

(cooler waters). In January/February (NE monsoon) the waters to the southwest were 

relatively cooler when compared to the southeast whilst between June and September 

(SW monsoon) the waters in the southeast were cooler (Figure 13c). This shift in the 

colder water may indicate migration of the upwelling centre from the southwest to 

southeast between the two monsoon periods. 
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Figure 3.13:  Time series of volume transport across a transect located to the south of 
Sri Lanka (b) and sea surface temperature time (SST) series along the southwest 
(black), south (blue) and southeast (red) coasts of Sri Lanka. Locations of the volume 
transport time series transect and the SST time series are shown in (a). 
 

3.4.3 Temporal (10 day) variability 

In order to assess the shorter period spatial variability of surface circulation and 

upwelling around Sri Lanka, model output for surface currents and temperature 

averaged over a 10-day period, were examined. Initially, during the NE monsoon 

(January 2011) southward currents flowed along both the east and west coasts of Sri 
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Lanka with easterly currents along the south coast (Figure 3.14a). The currents appear 

to converge along the southeast corner as indicated by the presence of colder water. 

Over the next 10 days, the currents along the eastern coast increased due to stronger 

winds and this was accompanied by a reversal in the currents along the south coast, 

which flow eastwards causing the convergence zone (and colder water due to 

upwelling) to shift towards the southeast (Figure 3.14b). During the subsequent 10-day 

period, there was colder water along the entire west coast of Sri Lanka including the 

Gulf of Mannar due to upwelling and a contribution through cooling due to air-sea 

fluxes (e.g. (Luis & Kawamura 2000). Analysis of scatterometer (NSCAT) winds by 

Luis and Kawamura (2000) indicated a 15-day periodicity in the wind field and these 

changes in the circulation patterns may reflect the temporal changes associated with the 

wind field. Shorter period spatial variability during January and July are shown in 

Figure 3.9 and Figure 3.10 respectively. ROMS simulations suggest that a small change 

in the direction of the currents incident on the Island can change the nature of the 

current patterns around the island and the location of the upwelling centre. This will be 

further analysed in the next section.       
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Figure 3.14: Predicted near-surface current vectors plotted on sea surface temperature 
showing sporadic upwelling (a) 01-10 January 2011 (b) 11-20 January 2011 and (c) 21 -
31 January 2011. 
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During the SW monsoon the eastward flowing SMC dominates the region. 

However, there is a similarity in the current fields to those observed during the NE 

monsoon: currents along both the western and eastern coasts flow southwards with a 

region of convergence either along the south or southeast coast of Sri Lanka (Figure 

3.15). At the beginning of the sequence (12 July 2012), the currents along both coasts 

converged at the centre of the south coast of Sri Lanka (Figure 3.15a) and over the 

subsequent 40-day period this convergence zone progressively migrated along the south 

coast to the east coast (Figure 3.15b to d). As a result, the coldwater region associated 

with the convergence of the currents also migrated to the east. The SST patterns 

predicted by the model were very similar to those observed in the satellite imagery (cf 

Figure 3.15 and Figure 3.3c and d). 
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Figure 3.15: Predicted near-surface current vectors plotted on sea surface temperature 
showing migration of the upwelling centre to the east: (a) 12 July 2011; (b) 22 July 
2011; (c) 02 August 2011; (d) 12 August 2011.  
 

A similar time sequence in 2012 also indicated a similar process (Figure 3.16).  

Initially, the currents were strongly towards the east, associated with the well-

established SMC and southerly flow along the east coast was weak. The surface 

currents and SST shown on Figures 3.16a and b corresponded to the peak of the SMC in 

August 2012 (Figure 3.13b). However, at the end of August the flow along the east 
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coast strengthened and a convergence zone was present along the south coast with 

colder temperatures (Figure 3.16c).  This is also reflected in the time series of SST 

where the SST at the southern and south-east stations decreased during this period 

(Figure 3.13c).  In the subsequent 10 days the convergence zone migrated to the east 

(Figure 3.16d) and was reflected in the time series (Figure 3.13b). 

The model results and satellite imagery for both the NE and SW monsoon 

periods indicated that in general, southward currents flow along both coasts of Sri 

Lanka resulting in a convergence region along the southern half of the island. During 

the NE monsoon, this convergence region migrates to the west (Figure 3.14) whilst 

during the SW monsoon the convergence region migrates to the east (Figure 3.15 and 

Figure 3.16). Idealised model runs were undertaken to investigate the mechanisms 

causing this migration which was hypothesised to be due to different wind stresses on 

each of the coasts. Three idealised model runs were undertaken with constant northerly 

winds as follows: (1) wind stress of 0.28 Pa off the east coast and 0.14 Pa along the 

west coast; (2) wind stress of 0.28 Pa along both coasts; and, (3) wind stress of 0.14 Pa 

off the east coast and 0.28 Pa along the west coast (i.e. the opposite of (1)). The results 

indicated that when the wind stress was equal along both coasts the upwelling region 

was located directly off the south coast whilst when the wind stress was stronger on the 

west (east) coast the upwelling region migrated to the east (west). Thus the location of 

the upwelling appears to be controlled by the relative strengths of the winds along each 

coast, which changes with season due to the changing monsoon. However, the surface 

currents and upwelling were much stronger during the SW monsoon compared to that 

during the NE monsoon due to the increased wind strengths (see also Figure 3.13). 
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Figure 3.16: Predicted near-surface current vectors plotted on sea surface temperature 
showing development of upwelling during the southwest monsoon in 2012: (a) 10 
August 2012; (b) 20 August 2012; (c) 1 September 2012; (d) 10 September 2012.  
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Figure 3.17: Predicted locations of the convergence region and associated upwelling 
region with respect to different stress along each coast. The contours represent sea 
surface temperature (SST) with the colour representing the magnitude of the wind 
stress. 

 

3.4.4 Sri Lanka Dome 

One of the major features observed during the SW monsoon period is the 

presence of the Sri Lanka Dome (SLD, Figure 3.2). Here, the SMC flows eastward 

along the south coast of Sri Lanka and creates a recirculation in the lee (east) of Sri 

Lanka with the western arm creating a southward current along the east coast. The 

features of the dome were identified in the satellite climatology (Figure 3.8d) and in the 

numerical model output (Figure 3.10c). Analysis of the climatological thermal structure 

along 85°E by Vinayachandran and Yamagata (1998) indicated well-developed upward 

doming isotherms and they attributed the presence of the dome to open ocean Ekman 
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pumping. The SLD is analogous to flow patterns in the lee of headlands and islands 

with the Island of Sri Lanka acting as a headland interacting with the eastward flowing 

SMC (Pattiaratchi et al. 1987). A series of idealised model runs were undertaken to 

examine the hypothesis that the SLD is formed through the interaction between the 

SMC and topography. Here, 15-day model runs with constant westerly winds of 2, 4, 6 

and 8 ms-1 were undertaken (Figure 3.18). An additional model was also undertaken 

with the removal of the landmass of Sri Lanka. Here, water depths less than 500 m 

surrounding Sri Lanka and the land area were set to 500m water depth. The wind speeds 

selected were based on observed winds (Figure 3.6) and westerly winds were prescribed 

in the model as this was the main direction of winds to the west of Sri Lanka during the 

SW monsoon (Figure 3.7). The results indicate that, under wind forcing, a recirculation 

occurred in the lee of Sri Lanka. In contrast, for the case where the Sri Lanka land mass 

was absent, there was no re-circulation in the lee of the island. The recirculation 

strengthened (increased in vorticity) with an increase in the wind speed although the 

location of the centre remained at the same location around 84°E and 7-8°N with a slight 

migration to the east with increasing wind stress. These results indicate that the primary 

formation mechanism of the SLD is the interaction between the SMC and the landmass 

of Sri Lanka. This does not rule out the possibility that Ekman pumping may play a role 

in strengthening the dome. 
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Figure 3.18: Predicted surface currents under constant westerly winds at (a) 2 ms-1; (b) 4 
ms-1; (c) 6 ms-1; and, (d) without the Sri Lankan island. 

 

3.5 Discussion  

The seasonal and shorter term (~10 days) changes in the surface circulation and 

upwelling patterns around Sri Lanka were examined using satellite imagery (mainly 

ocean colour) and a high spatial resolution numerical model (ROMS) configured to the 

study region and forced with ECMWF interim data. The model reproduced all of the 

documented major circulation features in the region: reversing monsoon currents in 

response to the changing wind field and the Sri Lanka Dome. The model predictions of 
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sea surface temperature patterns were similar to those observed by satellite imagery. 

Model output was used to update the transport rates of the SMC and NMC between Sri 

Lanka and the equator. Using a current meter array located to the south of Sri Lanka 

Schott et al. (1994) estimated transport rates of 8 Sv and 12 Sv for SMC and NMC. 

These values are contradictory in that with stronger SW monsoon winds it would be 

expected that SMC transport rates are higher than those for the NMC. The numerical 

model output indicates mean transport rates of 11.5 Sv and 9.6 Sv for SMC and NMC 

respectively (Table 3.2). The values for the NMC are similar to those estimated by 

Schott et al. (1994) but that for the SMC is now higher. It should be noted that the 

estimates by Schott et al. (1994) were through the analysis of moored current meters, 

which did not sample the top 30 m of the water column. 

The predicted flow patterns around Sri Lanka, created through the interaction 

between the SMC and the island are indicative of flow patterns observed in other 

regions both in deep and shallow water; however, due to the reversing flow, two distinct 

patterns can be identified:  

 

(1)  During the SW monsoon, the SMC interacts with the Island which acts more as a 

headland as there is minimal flow through Palk Strait, the channel between India 

and Sri Lanka. The flow follows the curvature of the southern coast of Sri Lanka 

and generates a lee eddy in the form of the Sri Lanka Dome. Using values of L~200 

km; U ~0.8 ms-1; and Κh~104 m2s-1, yields a Reynolds number (Re=UL/ Κh; see 

section 3.1) of ~20 which predicts an attached eddy which is the Sri Lanka Dome 

(Figure 3.1). This is confirmed by the idealised model runs with constant westerly 

winds which predict a stronger eddy with increasing wind (flow) speeds (Figure 

3.15).  Here, the Reynolds numbers range between 5 (Figure 3.15a) to 20 (Figure 
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3.15d) and of the model runs indicate an attached eddy in the lee of the Island with 

its strength increasing with increasing westerly winds. 

(2)  During both the SW and NE monsoons, the model results indicated southward flow 

along both east and west coasts converging along the south coast. In this case, 

circulation is similar to that of an Island with no discernible wake – defined as 

attached flow (e.g. Alaee et al. 2004). The currents are now weaker and using 

values of L~100 km; U ~0.1 ms-1; and Κh~104 m2s-1, yields a Reynolds number, 

Re= ~1, in agreement with the theoretical predictions. 

 

Flow along the south coast of Sri Lanka in both monsoons is subject to curvature 

which can lead to secondary circulation (Alaee et al. 2004). Here, as a result of the 

curvature induced centrifugal acceleration the surface waters move offshore and are 

replaced by water from the sub-surface. In the case of Sri Lanka, although located close 

to the equator, scaling reveals that the Coriolis force is important in the dynamics 

(Rossby Number Ro < 1) and that according to the flow regime proposed by Alaee et al. 

(2004) flow curvature is negligible in the generation of the secondary circulation when 

compared to the Coriolis force (Regime B where Ro < 1 and Re > 1, Alaee et al., 2004). 

To further investigate the importance of the Coriolis term, model simulations were 

undertaken with the inclusion and exclusion of the Coriolis force during the SW 

monsoon. The results indicate that when the Coriolis force was omitted there was no 

upwelling (colder water) to the west of Sri Lanka, particularly off the south Indian coast 

(Figure 3.19). The upwelling feature with convergent flow to the southeast of the island 

is present in both simulations but is enhanced and pronounced in the model run with the 

inclusion of the Coriolis force.  Hence, although the Coriolis force is important in the 
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dynamics of the region, it does not appear to play a major role in the upwelling along 

the south coast of Sri Lanka. 

 

Figure 3.19: Predicted near-surface current vectors plotted on sea surface temperature 
field on 15 June 2011. (a) Simulation excluding Coriolis forcing; and, (b) simulation 
including Coriolis forcing. 

In terms of upwelling patterns, case (1) clearly indicates the presence of higher 

SCC within the Sri Lanka Dome (Figure 3.8) and Vinayachandran and Yamagata 

(1998) indicated well-developed upward doming isotherms in a climatological cross 

section of the dome. The main upwelling observed in the satellite imagery, both in 

terms of climatology (Figure 3.3) and individual dates (Figure 3.8) indicate the 

dominant upwelling regions along the south coast of Sri Lanka. Examining the 

climatological monthly means indicates a wide band of higher SCC offshore of the 

southern coast which could be attributed to wind driven coastal upwelling due to Ekman 

dynamics. However, individual satellite images and numerical model outputs indicate 

that the mechanism of upwelling is more complicated. Located in the tropics the region 

is frequently under cloud cover and cloud free satellite imagery is very limited. 
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Examination of the complete 10 year archived daily images in the ocean colour imagery 

database (Feldman & McClain 2013) yielded less than 10 cloud free images for the 

region. However, these images often indicate similar patterns of upwelling where there 

is a ‘tongue’ (triangular shape) of high SCC water with the wider section attached to the 

coast and tapering offshore (Figure 3.3). The location of this tongue varied along the 

south coast and was present during both SW and NE monsoon periods. Similar high 

SCC patterns were reported by Vinayachandran et al. (2004) (Figure 3.3). Although the 

numerical model did not include a biophysical model to simulate phytoplankton growth 

(chlorophyll) the predicted SST distribution was remarkably similar to the higher SCC 

patterns and the associated SST patterns observed by satellite (Figure 3.3). The model 

output indicated that the lower SST patterns were associated with regions of 

convergence: currents from both east and west coasts converged in the upwelling centre 

defined by lower SST and the idealised model runs indicated that the location of the 

upwelling centre was dependent on the relative wind stress along each coast. During the 

NE monsoon the upwelling centre was shifted to the west whilst during the SW 

monsoon the upwelling centre was shifted to the east (Figure 3.17). It should also be 

noted that the south coast of Sri Lanka has a narrow continental shelf hence shelf 

processes as a primary mechanism for upwelling may be neglected. There are no 

previous studies which have addressed this type of circulation pattern and upwelling: 

interaction between convergent flows around an island leading to upwelling. The island 

of Taiwan has a similar oceanographic setting with northward currents along both 

coastlines converging to the north of the island with upwelling along the northeast 

corner (Chang et al. 2010). However, numerical experiments indicate that there is 

recirculation to the north of the Island and the upwelling is due mainly to the Kuroshio 

Current encroaching onto the shelf (Chang et al. 2010). On a smaller scale, Magnell et 
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al. (1990) show enhanced upwelling at Cape Mendocino, California resulting from 

converging currents at the tip of the Cape. Through continuity, horizontal divergence at 

the sea surface results in vertical upwelling of water from depth. The numerical model 

results, confirmed by the high SCC patterns, confirm this process: the currents flowing 

parallel to the eastern and western coasts converge along the south coast and are 

deflected offshore. As the water is flowing offshore, there is divergence of water at the 

coast which results in upwelling of colder water from depth. This was confirmed by the 

numerical model output which indicated a lower sea surface height at the centre of 

upwelling. 

The observation that blue whales (Balaenoptera musculus) feed off the southern 

coast of Sri Lanka during the NE monsoon period (de Vos et al. in review) provided the 

motivation for this study. The NE winds, under Ekman dynamics, would generate a 

downwelling system (onshore Ekman flow), along the south coast of Sri Lanka 

resulting in a low primary productive system.  The results of this study are able to 

explain that the upwelling system along the south coast of Sri Lanka is not driven by 

Ekman dynamics rather through an interaction of the wind driven circulation around the 

Island. This results in a converging coastal current system that flows offshore creating a 

divergence at the coastline resulting in upwelling, which is able to maintain a relatively 

higher productivity system during both monsoon periods. 

 

3.6 Concluding remarks 

This paper has explored the elements of the dynamics of surface circulation and 

coastal upwelling in the waters around Sri Lanka, located in the Northern Indian Ocean, 

a region influenced by seasonally reversing monsoon winds, through satellite imagery 
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and a numerical model. Numerical model predictions compared well with the limited 

field data and satellite observations. The main conclusions may be summarised as 

follows: 

 

(1)  The results confirmed the presence of the eastward flowing Southwest Monsoon 

Current (SMC) during the SW monsoon and the westward flowing Northeast 

Monsoon Current (NMC), respectively. The predicted mean transport over the 

period 2010-2012 for the SMC and NMC were 11.5 Sv and 9.6 Sv respectively. 

(2) The Sri Lanka Dome, a recirculation feature located to the east of Sri Lanka during 

the SW monsoon is the result of the interaction between the SMC and the Island 

resulting in a recirculation eddy. It is possible that the eddy is enhanced through 

wind stress curl. 

(3) During both monsoon periods, the flow along the east and west coasts were 

southward, converging along the south coast. During the SW monsoon the Island 

deflected the eastward flowing SMC southward whilst along the east coast the 

southward flow results from the Sri Lanka Dome recirculation. 

(4) The major upwelling region, during both monsoon periods, is located along the 

south coast and results from flow convergence and associated offshore transport of 

water.  Higher SCC values were observed during the SW monsoon.  The location of 

the flow convergence and hence the upwelling centre was dependent on the relative 

strengths of wind driven flow along the east and west coasts: during the SW (NE) 

monsoon the flow along the western (eastern) coast was stronger and hence the 

upwelling centre was shifted to the east (west). 
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Chapter 4  

Surfacing characteristics and diving behaviour of blue whales 
in Sri Lankan waters 

 

4.1 Abstract 

Surfacing behaviour and dive characteristics were quantified from focal follows 

of individual blue whales between January-March 2012 and 2013. During this period 

individual whales were followed from small boats to observe their surfacing patterns 

and breathing behaviour. Data on time at first surface, length of surface interval, 

number of blows, final dive time and whether or not the whale ‘fluked up’ before a deep 

dive were recorded. A step-wise modelling approach was used to estimate a number of 

surfacing characteristics: mean Inter-Breath Interval (IBI), bout duration and the 

number of surfacings in a bout. First, dives were classified as either surface dives or 

deep dives based on the occurrence of arching or fluking behaviour at the surface prior 

to a deep dive. The mean IBI of surface dives was 17.6 sec (SD=26.14) and for deep 

dives, 640.3 sec (SD=214.38). To account for temporal dependence between dive types, 

a first-order Markov chain was used to estimate the transition probability between dive 

types. Time series of dive types were then simulated, using Monte Carlo methods, while 

accounting for heterogeneity in IBI of the different dive types. The mean IBI of blue 
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whales in Sri Lanka, obtained from the Monte Carlo methods, was 84.7 sec (SD=11.17). 

The mean bout duration was 145 sec (SD=28.31), with the mean number of breaths per 

surface bout being 9.3 (SD=1.43). Whales also lifted their tail flukes out of the water on 

55% of terminal dives, which is considerably more frequent than elsewhere in the 

world. These results significantly advance our understanding of blue whales in Sri 

Lankan waters. More specifically, this information is essential for the calculation of 

precise abundance estimates as it informs the detection probability parameters for line 

transect surveys. In this way it will help formulate better management decisions related 

to the conservation of this population. 

 

4.2 Introduction 

Many wild animals are elusive or inhabit a hostile environment making it 

difficult if not impossible to observe them as they undertake critical activities such as 

feeding, breeding or escaping predators. Yet if we are to understand the pressures on a 

population or species, we need to be able to appropriately interpret the aspects of their 

lives that we can observe. For air breathing marine vertebrates such as whales, dolphins, 

seals, and turtles the need to breathe forces them to return frequently to the surface 

where we can at times observe them in their natural environment. Quantifying this 

behaviour provides a powerful tool for estimating availability bias to correct for 

perception bias and a means of increasing accuracy in estimates of population 

abundance (Thomson et al. 2012).  

The issue of detectability applies to a range of marine taxa whose abundance is 

assessed through visual surveys. Aerial and shipboard surveys have been widely used to 

estimate abundances and population sizes for various marine species (Marsh & Saalfeld 
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1989, Forney et al. 1995, Sims et al. 2005, Rowat et al. 2009). The importance of 

collecting surfacing and diving behaviour data to calculate availability correction 

factors for increasing accuracy and reducing bias in abundance estimates has been 

highlighted through numerous studies (Sims et al. 2005, Heide-Jørgensen et al. 2010a, 

Heide-Jørgensen et al. 2010b, Heide-Jørgensen et al. 2012, Thomson et al. 2012, 2013).  

Detection probability is conventionally used to describe the probability of 

detection within a nominal sampled strip estimated from perpendicular distance data 

and assuming that all animals on the trackline are detected (g(0)=1) (Buckland et al. 

2001). However, this is only valid when animals are continuously available for 

detection. If animals are stochastically unavailable for detection, because they are 

diving, this generates availability bias and the assumption is violated leading to 

negatively biased abundance estimates (Macleod et al. 2011). Correction factors 

account for the amount of time an animal is unavailable or undetectable at the surface 

by estimating the fraction of time whales are available to be detected at the surface by 

an observer and allow for the adjustment of these negatively biased abundance 

estimates (Marsh & Sinclair 1989).  

Diving duration and surfacing behaviour have been examined for many of the 

great whales including fin whales Balaenoptera physalus (Kopelman & Sadove 1995, 

Caretta et al. 2000), minke whales B. acutorostrata (Stern 1992, Christiansen et al. 

2011), gray whales Eschrichtius robustus (Harvey & Mate 1984), bowhead whales 

Balaena mysticetus (Würsig et al. 1984, Krutzikowsky & Mate 2000, Heide-Jørgensen 

& Acquarone 2014), humpback whales Megaptera novaengliae (Baird et al. 2000, 

Gulesserian et al. 2011, Heide-Jorgensen & Laidre 2013) and blue whales B. musculus 

off Monterey Bay, California (Lagerquist et al. 2000), using observations of surfacing 

data or data collected with telemetry devices. Given that most whale populations were 
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reduced in numbers by industrialised whaling (Clapham et al. 1999), obtaining precise 

measurements of observable behaviours is an essential step in improving our 

understanding of their ecology. Studies of surfacing and diving habits also provide 

useful information for management of these populations. Surfacing rates play an 

important role in the pre-implementation assessment of the Revised Management 

Procedure (RMP) of the IWC (Schweder et al. 1997, Bøthun et al. 2009). This 

information is critical for calculating detection probabilities, through precise estimates 

of the proportion of time whales are visible at the surface (Würsig et al. 1984, Dorsey et 

al. 1989) and thereby adjusting shipboard and aerial counts to provide accurate 

abundance estimates (Doi 1974, Hiby & Hammond 1989).  

Data for the calculation of these correction factors are generally derived from 

tags deployed on individual animals (Frost & Lowry 1995, Lagerquist et al. 2000). Tag-

derived data offers the opportunity to collect high resolution information on individual 

whales’ diving behaviour continuously, over long periods of time and distances, 

accounts for diurnal variation and in many cases reduces the bias due to the presence of 

a research vessel in the vicinity. Despite the disadvantage of having to recover archival 

tags to retrieve data, they provide fine-scale information about critical sub-surface 

behaviours such as foraging that cannot be collected through visual surveys (Johnson & 

Tyack 2003). The limitations associated with visually collecting dive data such as the 

necessity for calm weather, good visibility, the fact that data collection is limited to 

daylight hours and the short-term nature of the data sets likely biases correction factors 

as has been shown in studies that compared tag data vs. visual data (Harvey & Mate 

1984, Lagerquist et al. 2000).  

Blue whales in the Northern Indian Ocean are thought to be a subgroup of the 

pygmy blue whales (Balaenoptera musculus spp.). They possess a different acoustic 
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call (Alling & Payne, 1985) and are five meters shorter than their Antarctic counterparts 

(Mikhalev 2000). Unlike blue whales in other ocean basins, they do not undertake 

poleward migrations to feed, but remain in low latitude waters year round with a part of 

their population remaining resident in Sri Lankan waters (Alling et al. 1991, Ilangakoon 

2006b, Branch et al. 2007, Afsal et al. 2008, de Vos et al. 2012). Because they regularly 

lift their tail flukes before a deep dive, or ‘fluke up’, the markings on their tails are 

useful for photo-identification purposes (de Vos personal observation). Yet at present, 

relatively little data is available on the ecology of blue whales in Sri Lankan waters. The 

aim of this paper is to quantify the diving and surfacing characteristics of this 

population of blue whales. While we acknowledge that the use of telemetry is a 

necessary step to refine the results provided through this study, it represents the first 

attempt to quantify three important surfacing parameters which are useful for accurately 

estimating abundance of this potentially isolated population, and assessing its 

conservation status.  

 

4.3 Methods  

4.3.1 Study site 

The study site was located off the southern coast of Sri Lanka (Figure 4.1). Blue 

whales are regularly sighted in high numbers within these waters with the Northeast 

monsoon from January to March providing ideal conditions for observing and 

documenting blue whale behaviour.  
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Figure 4.1: Location of study site off southern Sri Lanka (red box). 

 

4.3.2 Boat based surveys 

Data on blue whale surfacing intervals and dive characteristics were 

systematically recorded through focal follows conducted between January-March 2012 

and 2013 off southern Sri Lanka. In both seasons dedicated research platforms were 

used for the surveys. Two observers were seated 1-2 m above water level and scanned 

for blue whales. The focal sampling technique used was adapted from Altmann (1974). 

Once a whale was sighted the boat would attempt to approach the whale. 

Christiansen et al. (2011) showed that there was potential for the research vessel to 

affect diving behaviour of minke whales. However, Sengaglia et al. (2012) found no 

changes in large whale behaviours in the presence of whale-watch activities off New 

Caledonia and Australia, which in some cases track whales much like our research 
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platform. To ensure the effects of research vessel presence were minimized a 5-minute 

‘settle-down’ period was included prior to data collection. This data is therefore 

considered unbiased and a reliable sample of ‘natural’ blue whale surfacing and dive 

behaviour. At a distance of 50 m, if the whale was travelling, the boat would slow and 

turn to match the speed and direction of the whale. If the whale was circling and 

displaying high turning rates typical of feeding whales, the boat was positioned on the 

outer side of the circle to ensure that the whale’s behaviour remained undisturbed. 

Whenever possible photo-identification images were taken of the individuals being 

followed. Once photos had been taken, the boat was moved to within 100 m of the 

whale. To minimise the possibility that some surfacings in a sequence would be missed, 

the boat was kept within 100 m of the whale and travelled at the same speed and in the 

same direction as the surfacing whale. Effort was also made to locate the ‘footprint’ of 

the terminal dive in a surfacing sequence. The boat was then manoeuvred on to the 

footprint and a GPS location taken. During a focal follow the following data were 

gathered: number of individuals, time of first surfacing, time of each subsequent blow 

and time of final blow measured to the nearest second, whether or not the whale ‘fluked 

up’ before a deep dive, and GPS location of footprint.  

A typical dive cycle of a blue whale is a series of surface dives followed by a 

deep dive. The time period between the first surfacing after a deep dive and the last 

surfacing before the next deep dive was called a surfacing bout. Based on this 

classification of dives, a number of metrics were estimated to describe the diving and 

surfacing characteristics of the blue whales during a follow: mean Inter-Breath Interval 

(IBI), bout duration and number of surfacings in a bout. 

To describe the diving and surfacing characteristics of blue whales in Sri Lankan 

waters, it was necessary to first distinguish between different dive types. Previous 
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studies have shown that blue whale dives can be separated into relatively shorter surface 

dives (IBI = 22.0s, SD=4.7) and relatively longer deep dives (IBI=635.6s, SD=405.4) 

(de Vos et al. 2011). A ‘fluke up’ dive constituted of the whale lifting its tail flukes out 

of the water before a deep dive and a non-fluke up dive comprised of a ‘high arch’ dive 

where the whale arched its back steeply before sinking below the surface or a ‘lazy 

fluke’ where the whale skimmed the surface of the water with its tail fluke prior to the 

deep dive. Time series of Inter-Breath Intervals (IBI) were estimated as the time 

between two surfacings in a focal follow. Based on this, all dives preceded by a high 

arch, lazy fluke or fluke were classified as deep dives and all other dives classified as 

surface dives. 

In the event that a whale watch boat (or multiple) was present within 300 m of a 

surfacing whale, the research vessel would maintain an arbitrary distance of 300 m from 

the whale and document only fluking behaviour. No other metrics were gathered during 

these encounters due to the risk of missing surfacings in the presence of multiple boats, 

as the whale watch boats moved unpredictably and often crossed into the path of the 

research vessel. 

 

4.3.3 Data analysis 

To obtain unbiased estimates of mean IBI, both surface dives and deep dives 

need to be recorded with the same probability. If the data sampling is more likely to 

record one of the two dive types, this can lead to the mean IBI estimates either being 

positively (if more deep dives are recorded) or negatively (if more surface dives are 

recorded) biased. While surface dives within a bout are relatively easy to record from 

the same individual, the long duration of deep dives often makes it hard to predict 
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where and when the whale will surface after the dive. When several whales are present 

in the same area (off Sri Lanka at times up to ten individuals) the chances of confusing 

the focal whale with another whale, and thus missing the surfacing time, is also 

relatively high. As a result, many focal follows ended up constituting only a single dive 

cycle, and some just a single surfacing bout. To overcome this sampling bias when 

estimating mean IBI of the follow, the temporal dependence between dive types within 

follows was estimated, using a first-order Markov chain (Guttorp 1995, Caswell 2001). 

The time series data of dive types, one for each follow, were first compiled into two-

way contingency tables of preceding dive type versus succeeding dive type (Lusseau 

2003, Christiansen et al. 2010) using R (R Development Core Team 2013). If a follow 

ended with a high arch or a fluke (indicating the transition from a surfacing dive to a 

deep dive), an additional transition from surfacing dives to deep dives was added to the 

contingency table to reduce any sampling bias from missing the longer deep dives. For 

the same reason, a transition from deep dives to surfacing dives was also added, since a 

deep dive was never observed directly following another deep dive in this dataset. 

Transition probabilities from preceding to succeeding dive type were then calculated 

using the following equation (Lusseau 2003): 

       

                  

where i is the preceding dive type, j is the succeeding dive type, n is the total number of 

dive types (i.e. two), aij is the number of transitions observed from dive type i to j, and 

Pij is the transition probability from i to j in the Markov chain. To test whether or not 

the estimated contingency table differed from a theoretical distribution, a goodness of fit 

test was performed using Pearson's chi-squared test in R.  
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To estimate the surfacing metrics (mean IBI, bout duration and number of 

surfacings in a bout), Monte Carlo methods were used to simulate individual time series 

(follows) of dive types based on the transition probability matrix obtained from the 

Markov model. The methods are the same as those described in Christiansen et al. (In 

press). 1000 simulations were run. First, an empty vector of dive types was created in R, 

with each empty value representing a sampling unit to which a dive type and duration 

(i.e. IBI), was randomly assigned. The initial dive type was arbitrarily categorised as a 

surface dive. The next dive type was then randomly chosen based on the transition 

probability matrix obtained from the Markov chain model. This procedure was repeated 

for the entire vector. To account for the heterogeneity in duration of dive types (i.e. the 

variation in IBI) a duration was assigned to each dive type by randomly selecting with 

replacement an IBI from the distribution of IBIs obtained from the raw data. Each dive 

assigned as a surface dive was given a random IBI from the “distribution” of IBIs 

classified as surface dives, while each dive assigned as a deep dive was given a random 

IBI from the “distribution” of IBIs classified as deep dives. After allocating dive types, 

and durations of dive types, the first 100 dives in the time series were removed as a 

burn-in period so that each simulation began with a randomly chosen dive type. The 

time series was then cut at an upper limit of seven hours, which represents the time 

between the earliest (07:50:50) and latest (15:18:55) recordings in a day, rounded to the 

nearest hour, to avoid extrapolation. From the resulting time series, the mean IBI, bout 

duration and number of surfacings per bout were estimated. This was done for each 

simulation, so that a density distribution around each surfacing metric was obtained. 

The frequency of fluking in relation to non-fluking (high arch or lazy fluke 

dives) was estimated from the raw data. A chi-square test was performed to observe if 

blue whales fluked up less in the presence of whale watch boats (< 300m). We also 
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tested if the duration of deep dives differed when preceded by fluking behaviour 

compared to arching behaviour using linear models in R. 

All analyses were carried out on data from solitary individuals, to avoid 

potential behavioural biases resulting from social interactions of pairs/groups. 

 

4.4 Results 

Data was collected on 29 days during two field seasons between January and 

March of 2012 and 2013. During this period a total of 2175 IBIs were recorded (surface 

dives=2144, deep dives=31) from a total of 211 follows. The mean IBI of blue whales 

was 17.6 sec (SD=26.14) during surface dives and 640.3 sec (SD=214.38) during deep 

dives. 

The transition probability between dive types, estimated from the Markov chain, 

was significantly different from a theoretical distribution (x2=33.79, df=1, p<0.0001). A 

blue whale performing a surface dive had an 87.9% (1887 of 2146 transitions) 

probability of performing another surface dive, and a 12.1% (259 of 2146 transitions) 

probability of changing to a deep dive. Since two deep dives never succeeded each 

other, the probability of changing from deep dive to surface dive was 100% (259 of 259 

transitions). 

The mean IBI of blue whales in Sri Lankan waters obtained from the Monte 

Carlo methods was 84.7 sec (SD=11.17) (Figure 4.2), which is equivalent to a 

respiration rate (number of surfacings/follow duration) of 0.72 breaths min-1 

(SD=0.094). The mean bout duration was 145 sec (SD=28.31), with the mean number 

of surfacings per bout being 9.3 (SD=1.43) (Figure 4.2). 
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Figure 4.2: Density distributions of blue whale Inter-Breath Interval (IBI), bout duration 
and number of surfacings per bout. The mean of each surface metric is indicated by the 
dashed vertical line. The density distributions were derived from 1000 simulated 
follows, each representing a seven-hour long time series. 

55% (136 of 246) of all deep dives were preceded by fluking behaviour, with the 

remaining 42% being preceded by a high arch and 3% being preceded by a lazy fluke. 

There was no significant difference in the proportion of animals who fluked up in the 

presence of whale watch boats compared to those who fluked up in the absence of 

whale watch boats (x2=3.32, df=1, p>0.05). There was also no difference in the duration 

of deep dives following fluking behaviour compared to non-fluking behaviour 

(F1,29=0.021, P=0.887), although the sample size was quite small (n=31 deep dives). 

Mean IBI obtained from the model data was higher than that calculated using the 

raw data while mean bout duration and mean number of breaths per surfacing bout was 

comparable between both techniques (Table 4.1).  
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Table 4.1: Table comparing estimates of surfacing characteristics from raw vs. model 
data derived using the Monte Carlo method 

Raw data  Model Surfacing 
characteristic min max mean SD n  mean SD 

IBI (sec) 1 1326 26.5 82.19 2175  84.7 11.17 
Bout duration (sec) 29 421 167 68 142  145 28.31 
Surfacings per bout 3 20 11 3.7 148  9.3 1.43 
Duration of deep dive (sec) 137 1326 641 214 31  N/A N/A 
 

4.5 Discussion 

The mean IBI of blue whales in Sri Lankan waters calculated using the Monte 

Carlo methods, was 84.7 sec (SD=11.17). This is considerably higher than if mean IBI 

was estimated directly from the raw data, which gives an estimate of 26.5 sec 

(SD=82.19). This difference highlights the importance of taking the temporal 

dependence between dive types into consideration when estimating surface mean IBI, or 

else the resulting mean IBI will be strongly negatively biased. The temporal dependence 

was however less important when estimating the mean bout duration and the number of 

surfacings within bouts. Our Monte Carlo estimate of mean bout duration was 145 sec 

(SD=28.31) compared to 167 sec (SD=68) when estimated directly from the raw data. 

The mean number of breaths per surfacing bout, estimated from the Monte Carlo 

methods, was 9 (SD=1.3) compared to 11 (SD=3.7) when estimated directly from the 

raw data. That the main discrepancy was between mean IBI and not bout duration or 

number of surfacings within bouts makes sense given that the main sampling bias was 

on the probability of recording deep dives and not surface dives within bouts. 

Blue whales off southern Sri Lanka were seen breathing between 3-20 times 

(average 11) at the surface over a 29-421 sec period. The reason for the shortest surface 

time is unclear. Following this period at the surface the whales would dive for an 
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average of 640 sec. In general, this suggests that blue whales off Sri Lanka follow 

similar surfacing/dive cycles to those in the North Atlantic where blue whales were seen 

breathing at the surface 6-20 times over a 50-300 sec period followed by dives that 

extended from 300-900 sec (COSEWIC 2002).  

It is important to highlight however, that diving and surfacing characteristics 

likely vary between foraging periods and travelling periods, and diurnally (Klinowska 

1986, Lagerquist et al. 2000). In the North Pacific, feeding dives averaged 9.8 mins 

(SD=2 mins) with surface recovery times ranging from 16 s-6.7 mins and a mean of 10 

surfacings (SD=3) (Goldbogen et al. 2011). Sims et al (2005) predict that basking shark 

abundance (Cetorhinus maximus) is over/underestimated by at least tenfold in the 

absence of bias reduction for habitat specific Diel Vertical Migratory patterns. For 

turtles in Shark Bay, Western Australia, correction factors were highly heterogeneous, 

and found to vary between different diving behaviours and associated environmental 

conditions highlighting the need to consider spatiotemporal variation in diving when 

estimating abundance (Thomson et al. 2012, 2013). 

Blue whales in Sri Lankan waters were observed ‘fluking up’ 55% of the time. 

This contrasts with blue whales in the North Atlantic, where fluking up is exhibited 

only by specific individuals and is observed only 15-20% of the time (COSEWIC 

2002). Within Sri Lankan waters, this behaviour was not individual specific and showed 

no obvious pattern. Ilangakoon et al. (2012) state that the blue whales on the south coast 

of Sri Lanka fluked up on “approximately 70%” of the dives while dives without 

fluking were associated with hurried behaviours resulting from disturbances caused by 

whale watching boats. This implies that non-fluke up diving occurred 30% of the time 

and resulted from vessel related disturbances. We did not find this to be the case in our 

study as non-fluke up dives occurred 45% of the time and were not significantly 
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associated with the presence of other vessels within 300 m. A fluke up dive was always 

followed by a deep dive but not necessarily one of longer duration. This suggests that 

individuals were not diving deeper following a ‘fluke up’ dive as is also supported by 

our model results.  

Most methods of abundance estimation rely on counting animals. Knowledge of 

dive times is important to estimate the amount of time a whale spends submerged and 

undetectable for counting as it allows for more accurate abundance estimations. Not 

accounting for the temporal dependence in dive types leads to an underestimation of IBI 

and subsequently the proportion of time at the surface which leads to an overestimation 

of density/abundance. In this study, the results obtained for the surfacing and diving 

characteristics of blue whales off southern Sri Lanka are comparable with those 

obtained for blue whales elsewhere in the northern hemisphere. Besides its use in 

survey calibration, this data can also be used to measure responses to potential threats, 

such as vessel traffic and sound sources and to examine foraging behaviour in relation 

to anthropogenic presence (Christiansen et al. 2010, Christiansen et al. 2013).  

Surfacing characteristics and dive data gathered through visual surveys have 

inherent shortcomings. Despite the ‘settle-down’ period the presence of the research 

vessel in the vicinity of the whale may cause a bias in these data that has not been 

accounted for through this study. Our data were collected only during daylight hours 

and therefore does not account for diurnal variations in behaviour, though population 

surveys are always conducted during daylight hours. The risk of missing surfacings, the 

inability to collect data in the presence of multiple animals due to confusion between 

the focal animal and others, the inability to collect data in the presence of multiple 

vessels at close range that move unpredictably, the inability to work in sea conditions 

exceeding Beaufort Sea State 3 (this is also impacted by the height of the observer 
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platform and therefore the vessel being used), and the ability to collect surfacing data 

reliably over only one cycle because the long duration of a deep dive makes it hard to 

predict where and when a whale will surface are all acknowledged disadvantages that 

impede collection of data from complete dive cycles. The use of archival tags such as 

D-tags that collect sub-surface and acoustic data from the whale and its surroundings 

(Johnson & Tyack 2003) would provide insight into the interactions between the whales 

and anthropogenic influences such as high-intensity sounds and vessel traffic and enable 

the calculation of more precise correction factors. However, despite the shortcomings 

associated with the visual techniques described here, it is the first attempt to quantify 

these variables for blue whales in Sri Lankan waters and provides a baseline from which 

estimates of abundance can be conducted with considerably increased accuracy, an 

important first step to informing conservation and management of this unique 

population. 

 

4.6 Concluding remarks 

The quantification of surfacing behaviour and dive characteristics of blue 

whales, and in fact any cetacean, are essential for the calculation of accurate abundance 

estimates as it informs the detection probability parameters for line transect surveys. 

Here, a step-wise modelling approach was used to estimate a series of surfacing and 

diving characteristics and results obtained were comparable with those from blue 

whales elsewhere in the northern hemisphere. The importance of considering temporal 

dependence between dive types when calculating Inter-Breath Intervals was also 

demonstrated. 



  

91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



A. de Vos (2013) Factors influencing blue whales off southern Sri Lanka 

92 

 

 



  

93 

Chapter 5  

Spatial distribution of blue whales off southern Sri Lanka in 
relation to prey and oceanographic parameters 

 

5.1 Abstract 

Blue whales typically undertake annual migrations between low latitude wintering 

grounds and high latitude summer feeding grounds. The Northern Indian Ocean (NIO), 

however, supports a population of blue whales (Balaenoptera musculus) that appear to 

reside in tropical waters year-round. Blue whales in the NIO are found close to the 

southern coast of Sri Lanka, an area subject to seasonally-reversing monsoonal currents, 

and where the narrow, steep continental shelf is incised by a submarine canyon. We 

investigated the hypothesis that interactions between the topography and oceanography 

of the region drive prey, and subsequently blue whale distribution, off southern Sri 

Lanka. For this, Conductivity-Temperature-Depth (CTD), hydroacoustic, and visual 

surveys were conducted over 10 days in March 2012. Relative acoustic backscatter was 

concentrated around the canyon in an area where blue whales were present in high 

densities and behaving in a manner consistent with feeding. Whales were also closely 

associated with the continental slope. Two dominant backscattering layers were 

consistently observed centered at 80 m and 350 m throughout the study area. The dense, 
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shallow layer coincided with the shallow thermocline, likely influenced by the shelf-

canyon physical interactions and supports the idea that enhanced prey are available to 

foraging blue whales in this region. Information on the features that dictate whale 

distribution and behaviour are important considering this habitat is adjacent to one of 

the most heavily travelled shipping lanes in the world, and understanding potential 

threats can aid in the conservation and management of this endangered species. 

 

5.2 Introduction 

The most fundamental decision an animal makes when foraging is in choosing 

food that provides the highest net energy gain per unit of time (MacArthur & Pianka 

1966). Pelagic marine predators forage in environments that are spatially and 

temporally patchy (Denman & Powell 1984). To achieve their energy requirements it is 

assumed that animals spend increased amounts of time in areas where resources are 

relatively plentiful (Fauchald & Tveraa 2003). For large marine predators such as manta 

rays (Manta spp), blue whales (Balaenoptera musculus) and whale sharks (Rhincodon 

typus) that feed at lower trophic levels, their large size confers increased energy storage 

capacity which facilitates long distance travel between nutritionally rich food patches 

and therefore increases their foraging range (Kozlowski 2000). Blue whales have the 

highest energy requirements of any species (Croll et al. 2005) but unlike other baleen 

whale species there is evidence that they feed at mid and low latitudes while migrating 

(Reilly & Thayer 1990, Silva et al. 2013).  

The little studied blue whale population in the Northern Indian Ocean is 

proposed to be a separate subspecies of pygmy blue whale (Alling et al. 1991). It breeds 

six months out of phase with pygmy blue whales in the southern Indian Ocean, is five 
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meters shorter than its Antarctic counterparts (Branch et al. 2007) and has a distinct 

vocal call (Alling & Payne 1985). This population does not migrate between warm and 

cool waters with different seasons, but remains in warm, tropical waters year-round 

(Mikhalev 2000). Further, year-round sightings and stranding records suggest that a 

portion of this population remains resident within Sri Lankan waters (Branch et al. 

2007). 

The winds that drive the monsoonal climate of the Indian Ocean result from the 

unequal heating and cooling of the continental land mass and the ocean. Biannual 

reversals in these winds drive corresponding reversals in the direction of upper ocean 

currents particularly off southern Sri Lanka. The Southwest monsoon (SW monsoon) 

generally occurs between June and October while the Northeast monsoon (NE 

monsoon) occurs between December and April. This changing monsoonal regime is 

characterised by reversing currents that enable the mixing of water masses with 

different temperature-salinity characteristics within the Northern Indian Ocean basin 

and is punctuated by two transition periods in May and November. During the SW 

monsoon, the Southwest Monsoon Current flows from west to east and results in 

increased chlorophyll concentrations along the southern coast of Sri Lanka (Pattiaratchi 

2002). However, during the NE monsoon, the currents reverse in direction with the 

Northeast Monsoon Current flowing from east to west. Although the southwesterly 

winds are upwelling favourable through Ekman dynamics, the proximity to the equator 

(~6º N) may preclude Coriolis induced upwelling and more likely be due to flow 

curvature effects along the southern Sri Lankan coastline. Similarly, during the NE 

monsoon, when sightings of blue whales in the coastal waters are high (de Vos, 

unpublished) effects of flow curvature and presence of a submarine canyon may 

increase local primary productivity. 
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Blue whales have been documented feeding on dense patches of krill in areas of 

cold, well-mixed and productive water that has upwelled along the coast due to wind 

driven alongshore currents off California, the Galapagos Islands and southern Australia, 

(Fiedler et al. 1998, Palacios 1999, Gill 2002) as well as in offshore upwelling areas 

(Reilly & Thayer 1990). There is a clear relationship between the development of these 

upwelling systems, enhanced productivity and the presence of blue whales. 

Furthermore, upwelling in the vicinity of steep continental slopes often leads to high 

productivity and extremely dense aggregations of krill (Pickart et al. 2009), which are 

the primary prey of blue whales. Submarine canyons are also known to enhance local 

productivity as observed off the coast of California (Croll et al. 2005) and Western 

Australia (Rennie et al. 2009). At present, there is no information regarding the 

environmental features that explain the distribution of blue whales of Sri Lanka. We 

hypothesise that physical oceanographic processes interacting with a submarine canyon 

enhance productivity and attract foraging blue whales to southern Sri Lankan waters 

during the NE monsoon. We used a combination of visual surveys, oceanographic 

sampling and acoustic surveys of prey abundance to investigate the processes that drive 

prey and blue whale distribution in these tropical waters.  

 

5.3 Methods and materials 

5.3.1 Survey area 

The survey area was located off southern Sri Lanka between Weligama Bay and 

Dondra and extended 22 km offshore (Figure 5.1). The total area surveyed was 

396 km2. It is characterised by a narrow continental shelf with a steep slope and 
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encompasses a submarine canyon off Dondra (Swan 1983, Wijeyananda 1997). Visual 

surveys and prey mapping were conducted over a 10-day period from 13-22 March 

2012. This timing reflects conditions near the end of the Northeast monsoon.  
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Figure 5.1: (a) Location map of study area on the southern coast of Sri Lanka delineated 
by red box. (b) Blue box indicates area within which combined acoustic and visual 
surveys were conducted. Dashed black line represents CTD transect used to gather 
salinity, temperature and density data along the length of the canyon. Red arrows 
indicate major east-west shipping route across the Indian Ocean from Admiralty charts. 

 

5.3.2 Survey vessel and acoustic equipment 

The vessel used for visual and acoustic surveys was a 9.5 m whale watch vessel 

belonging to the Ceylon Fisheries Harbour Corporation. It was fitted with a Simrad ES-

60 single beam dual frequency (38k Hz and 200 kHz) transducer mounted 1 m below 

the surface on a rigid stainless steel pole. Temperature and salinity recordings were 

collected with a Conductivity-Temperature-Depth sensor (CTD, YSI CastAway) in the 

upper 100 m. Temperature and salinity were used to calculate sound speed and 

absorption coefficients for equipment calibration. The echosounder was calibrated on 

site using the procedure outlined in Foote et al. (1987), which incorporated a 38.1 mm 

diameter tungsten carbide reference sphere. Pulse length and sound velocity were the 

same for both frequencies at 0.512 ms and 1542.1 ms-1 respectively, however transmit 

power was 1000 W for the 38 kHz frequency and 300 W for the 200 kHz frequency. No 

corrections were made to beam sensitivity. 

All surveys were conducted during the daytime and due to the limitation of boat 

size, sampling by net trawls were not possible. Based on the red colouration of blue 

whale faecal matter we are confident of the presence of zooplankton within the study 

area. 
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5.3.3 Survey design 

Prey mapping and visual surveys were conducted simultaneously. During visual 

surveys a pair of observers were located 2 m above the water surface and scanned the 

area for presence of blue whales. In the event of a sighting, GPS location of boat, time 

of sighting, radial angle and distance to the sighting, and number of individuals were 

recorded. Whenever possible, data on surfacing locations and dive times of individual 

whales were also documented for differentiation of behaviours. Data on predominant 

wind direction and sea conditions were also recorded.  

The area was surveyed along two axes; the west-east axis (alongshore) and the 

north-south axis (onshore-offshore). The former incorporated the 100 m contour and at 

its easternmost extent, the submarine canyon off Dondra. The onshore-offshore survey 

was conducted over an area with bottom depths ranging from 60-2,000 m. In both 

surveys, systematic parallel grid transects 3 km apart were carried out each with leg 

length 3 km and sampling speed maintained at approximately 6 knots. Salinity, 

temperature and density data were collected over the upper 100 m of the water column 

along a transect through the head of the canyon using a CTD sensor (Figure 5.1b). The 

depth limitation was a result of the instrument used for this research as the YSI 

CastAway CTD was selected for portability and ease of hand casting from a small boat 

without a winch.  

 

5.3.4 Data processing  

All acoustic data were processed using Myriax Echoview software (v. 5.1). Data 

were subject to a minimum threshold criterion of -85 dB, and a background noise 
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removal tool was applied using a minimum signal to noise ratio of 15 dB. This allowed 

the removal of low-intensity targets and noise while retaining signal due to biological 

scatter. Transducer location was set to 1 m and data within the top 2.5 m of the water 

column were discarded. A bottom line was edited using the line drawing tool to ensure 

no bottom scattering was incorporated in the signal. In the event of gaps in GPS data 

collected with the receiver connected to the echosounder, a GPS position was imported 

from a handheld unit on board the research vessel.  

Biological aggregations were characterised in the acoustic echograms from the 

dual frequency Simrad-ES60 echosounders using the schools detection module in 

Echoview. Aggregations were detected if they had minimum total school length, 

minimum total school height and maximum vertical linking distance of 5 m and 

maximum horizontal linking distance of 20 m. These settings optimised the detection of 

all aggregations, however, if a suspected school had the characteristics of an 

aggregation but was missed by the algorithm, it was manually defined using 

Echoview’s region tool and analysed alongside the other aggregations. Typically, fish 

schools are characterised in daytime echograms as discretely bounded, rounded features 

with high backscatter strength at 38 and 200 kHz, while euphausiids are in discrete 

patches or layers (Simard & Mackas 1989, Kaltenberg et al. 2010). Krill aggregations 

were broadly characterised as school or layer based on visual characteristics of shape, 

backscatter strength, and frequency difference at 38 and 200 kHz. 

Processed data were integrated into 50 m horizontal, 10 m vertical bins for 

export. Date and time, latitude, longitude, water column depth, and NASC (Nautical 

Area Scattering Coefficient: the integrated acoustic backscatter from each cell in units 

of square meters per square nautical mile (m2nmi-2)) were used to characterise the 



Chapter 5 – Spatial distribution  

101 

identified aggregations. Relevant descriptive parameters were analysed and plotted 

using MATLAB. 

Search effort for blue whales commenced when echosounding began and was 

defined as the sightings effort when the vessel was underway with simultaneous prey 

mapping and active visual searching for whales. Sighting data were used if they were 

collected in the following conditions (a) visibility > 3 km; and, (b) Beaufort sea state < 

3. The sighting data were corrected according to radial angle and sighting distance to 

represent true locations of the blue whales.  

 

5.3.5 Data analysis 

Statistical analyses were carried out using the software package R (R 

Development Core Team 2013). Nautical Area Scattering Coefficient (NASC) data, a 

proxy for biomass, was used to examine trends in prey abundance from west to east 

(alongshore) and north to south (onshore-offshore) within the study area. There were 

4,771 biomass observations. We predicted biomass in two stages. First, we predicted the 

probability of the presence/absence of biomass using logistic regression. Then, 

conditioned on the presence of biomass we predicted the quantities of biomass only for 

the non-zero observations, using Gaussian regression. The response variable for the 

latter was heavily right skewed and hence transformed using the Box-Cox method. In 

both regression models, the covariates were depth and distance. Depth is measured in 

metres, with larger depths on average further from the coast (with the exception of the 

canyon). Distance is defined as the (standardised) Euclidean distance from the point 

deemed to be the head of the canyon. 
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We also documented 116 whale sightings within the survey area. We predicted 

the sightings as a realisation of a non-homogeneous Poisson process in two dimensional 

space (Diggle 2003). We then estimated the Poisson intensity using a Gaussian 

smoothing kernel (Baddeley & Turner 2005) and plotted the result overlaid onto a map 

of the associated bathymetry using the M_Map package in MATLAB (Pawlowicz 

2011). 

5.4 Results 

Dense concentrations of backscatter were encountered during the hydroacoustic 

surveys (e.g. Figure 5.2). Two persistent dominant scattering layers at 80 m and 350 m 

were documented in all the echograms using the 38kHz echsounder (Figure 5.3).  
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Figure 5.2: (a) Trackline from 19 March 2012 starting at 04:00 GMT and ending at 
08:00 GMT in black. (b) Corresponding echogram displaying areas of high backscatter 
vs. low backscatter encountered during a survey off Southern Sri Lanka. Highest 
backscatter densities (red) appear within the top 100 m with intermittent patches 
between 200 and 400 m.  
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Figure 5.3: Mean acoustic backscatter by depth from the 38 kHz surveys over the study 
area. All surveys were conducted in daylight hours. 

 

A total of 116 blue whale sightings were recorded within the survey area during 

the 10-day study period. In general, blue whales were associated with depths in excess 

of 100 m (Figure 5.4b) and a range of NASC values between 2,000-10,000 m2nmi-2 

from the 38 kHz echosounder record (Figure 5.4a). Higher prey biomass levels were 

accompanied by higher blue whale densities as indicated through a kernel density plot 

(Figure 5.4b). The Kernel density estimate showed that the core region of occupancy 

during the 10-day survey period was centered close to the head of the canyon where 

acoustic backscatter levels were highest at 10,000 m2nmi-2.  

The estimated regression coefficient for distance was negative and significant 

(p<0.05). The results of the logistic regression indicated that presence of backscatter 
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(biomass) decreased with increasing distance from the canyon (Table 5.1a). The 

Gaussian regression indicated that the amount of biomass decreased with distance from 

the canyon (Table 5.1b). The regression coefficient depth was negative in both analyses. 

Depth was not significant at the 5% level in the logistic regression but was significant at 

that level in the Gaussian regression. Kernel smoothing estimates also indicate that 

whale sightings were high in depths between 100-1,000 m representing the continental 

slope (Figure 5.4). In summary, the results suggest that high prey biomass 

levels, accompanied by high blue whale densities, were more likely encountered within 

the canyon than outside the canyon. 

 

Table 5.1: Tables of (a) results of logistic regression for presence/absence data and (b) 
results from the Gaussian regression for quantity of biomass. 

 

 
Parameter Estimate p-value 

Distance -0.0001 0.3360 (a) 
Depth -0.7227 0.0014 
Depth -0.0004 <0.0001 (b) Distance -0.1033 0.0092 
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Figure 5.4: (a) Study area over which hydroacoustic surveys were conducted. The 
colour scale represents the depth integrated Nautical Area Scattering Coefficients 
(NASC) measured in m2nmi-2 which are considered proxies for biomass in the water 
column. (b) Blue whale sightings collected during the study period are depicted as black 
dots overlaid with kernel smoothing estimates of blue whale distribution. Colour 
indicates the level of the intensity function of the spatial Poisson process across 
locations, as estimated by the kernel smoothing (no units). Lighter colours represent 
highest intensity while darker colours correspond to the lowest intensities. Contour 
depths are the same in both figures. 
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Salinity and temperature collected along a transect through the head of the 

canyon (Figure 5.1b) showed cooler deeper water upwelling onto the shelf (Figure 5.5). 

Upwelling was apparent at the edge of the shelf break as the isopycnals tilted upward 

over the topographic break at about 80 m water depth (Figure 5.5). This upwelling 

coincided with the dense scattering layer detected at the same depth throughout the 

study area and was not wind-driven as the predominant wind directions were 

northeasterly (35%) and northerly (30%) as expected for this time of year. 

(°C)

(psu)

 

Figure 5.5: Contour plot of (a) temperature, (b) salinity and (c) density (sigma-t) along a 
transect through the head of the submarine canyon near Dondra. Arrows indicate 
locations of CTD profiles. Isopycnals indicate upwelling was occurring over the shelf 
break at 80 m.  
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5.5 Discussion 

This study found that blue whales (Balaenoptera musculus) were closely 

associated with areas of high acoustic backscatter, distributed in dense, shallow layers 

over the continental slope and a submarine canyon off the southern coast of Sri Lanka. 

The high backscatter quantities observed within the head of the canyon coincided with 

upwelling. High plankton concentrations within the canyon are consistent with results 

from other field and numerical modelling studies off the west coast of North America 

(Allen et al. 2001, Croll et al. 2005). Submarine canyons are important sources of 

habitat heterogeneity, higher biodiversity, and biological productivity than their 

surroundings (Hickey 1997). Canyons act as funnels that channel deep, nutrient-rich 

waters upwards and onshore through advection, which in turn enrich the photic zone 

with nutrients and support the growth of the entire photic community. Time dependence 

and isobath convergence may further drive enhanced upwelling within canyons by 

increasing the strength of shelf-flow and allowing cross-isobath flow and a process by 

which internal waves allow cross-isobath flow near the mouth of the canyon (Allen & 

Howatt 2013). Biophysical coupling may also act to trap and/or concentrate 

zooplankton that are advected over the topographic feature thereby providing a rich 

source of food for predators.  

An onshore to offshore trend in biomass was evident within the study area with 

four times higher backscattering strength closer to shore than offshore. This was as 

expected, as primary and secondary production is often highest near the surface and 

close to coastlines due to the availability of nutrients and light. Along-shelf currents and 

eddy/slope interactions likely transport nutrient-rich waters to the photic zone along the 

continental shelf edge (Zavala-Hidalgo et al. 2006). Other studies have shown that areas 
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of high productivity along continental shelf edges attract apex predators such as tuna, 

sharks and cetaceans (Vukovich & Maul 1985, Friedlaender et al. 2006). 

Our results suggest that the high-density backscatter layers observed within the 

canyon and along the 100 m contour resulted from local shelf-canyon dynamics. The 

use of a dual frequency single beam echosounder provided some capability to 

differentiate between krill and fish in the upper water column; however, data from the 

200 kHz echosounder were limited to the upper 200 m. Although net sampling at the 

depths of these layers was not possible, several points of evidence suggest that they 

were consistent with krill: (1) the red pigmentation of the blue whale faeces, which is 

typical of krill feeders (Lefebvre et al. 2002); and, (2) the frequency response of these 

layers being more typical of krill with higher scattering at 200 kHz than 38 kHz. The 

krill-like layers were prevalent throughout the study area. They were so dense in some 

areas that the signal swamped the less dominant fish school aggregations, which we 

believe led to the underestimate or absence of fish detection in some areas. This is not 

an accurate representation of the situation within the study area as large fish schools in 

many cases composed of tuna, are observed in the coastal areas and around the canyon 

on a regular basis.  

High concentrations of acoustic backscatter were predominantly structured into 

two layers throughout the survey area, with peaks at water depths of 80 and 350 m. 

Whilst the mesopelagic community observed at approximately 350 m is a common 

feature worldwide (Kaartvedt 1996), the dominant shallow layer observed here is likely 

also of ecological importance as it was prevalent in all transects. This depth coincided 

with the shallow thermocline, which likely provided conditions for enhanced biological 

production (Reilly & Thayer 1990). Based on the evidence of acoustic characteristics 

and whale faecal samples, we speculate that the shallow prey layer contained 
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zooplankton. Patches of fish, when observed, were generally in the upper 50 m of the 

water column, but could have contributed to scattering in the prey layers. Alling et al. 

(1991) also reported two scattering layers in the waters off the northeast coast of Sri 

Lanka where blue whales have been documented. One at 25 m was described as ‘light’ 

while a deeper one (between 160-260 m) was heavier but patchier. In the northeast 

Pacific, off California, USA, acoustic surveys also showed high backscatter values 

between 0-50 m over the shelf and 100-175 m over the shelf break (Croll et al. 1998).  

Blue whales fulfill their energetic needs by feeding exclusively on dense but 

patchy schools of euphausiids (Schoenherr 1991, Croll et al. 1998). The observed 

surface behaviours of blue whales around the canyon were consistent with feeding dives 

recorded in the North Pacific. Goldbogen et al. (2013) report that feeding blue whales 

off California dived an average 9.8 minutes (SD=2 mins) with a mean of 10 (SD=3) 

surfacings and surface recovery times ranging from 16 s-6.7 mins. This average dive 

time corresponds to an average dive depth of 190 m (Goldbogen et al. 2013). Based on 

data from the North Pacific we expect that a 10-minute dive typically exceeds the 80 m 

deep scattering layer detected in our study area. While the sample size used to 

determine these dive parameters in our study area is small, the data correspond well 

with that from the North Pacific.  

Individuals exhibiting behaviours consistent with feeding were generally 

documented moving at reduced speeds of 1.5-3 kmh-1 relative to those in transit that 

travelled at 4-10 kmh-1. These speeds were comparable to those documented from the 

North Atlantic where blue whales cruise at 2-8 kmh-1 while feeding and travelling 

(COSEWIC 2002), and the North Pacific where they traveled at 3.7 kmh-1 when 

transiting and 1.05 kmh-1 when engaging in area-restricted search behaviours typical of 
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feeding whales (Bailey et al. 2010), providing further support that the whales we 

observed were likely foraging within the canyon.  

The regions of high acoustic backscatter concentrations within the canyon and 

along the shelf edge coincided with areas of highest blue whale sightings. Observations 

of blue whale foraging behaviour combined with high densities of potential prey layers 

supports our hypothesis that shelf-slope interaction in this area supports abundant prey 

in layers accessible to blue whales. During the surveys we also recorded manta rays 

feeding where blue whales were observed in highest densities and we consistently 

observed artisanal fisherman catching fish in the vicinity of the canyon, closely 

surrounded by large groups (n=100-1000) of spinner dolphins, suggesting that this area 

is productive and capable of supporting high densities of marine fauna. It is possible 

that the high acoustic backscatter concentrations at the 1000 m contour were less 

accessible to these blue whales. 

The results presented in this Chapter represent a first attempt to identify 

potential variables that drive predator-prey interactions of blue whales off southern Sri 

Lanka, particularly at a time of year when the documented upwelling is not wind-driven 

but more likely due to flow curvature effects. It appears that processes within the 

canyon enabled upwelling at 80 m as is evident from the salinity and temperature data 

collected through the head of the canyon. This supports the idea that processes within 

the submarine canyon may be important for prey production year-round. While the 

results of the present study provide only a snapshot of blue whale and prey distribution 

patterns over a ten-day study period, they provide important information about a 

potentially important blue whale feeding ground and one that lies immediately adjacent 

to one of the most heavily travelled shipping lanes in the world (Kaluza et al. 2010). An 

understanding of the interactions between the physical and biological environment is 
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important for the development of management tools that can limit potential threats. This 

is particularly pertinent for the Northern Indian Ocean blue whales that are at risk of 

ship–strike (de Vos et al. 2013b), as the ability to model where the whales are relative to 

areas of high use, and overlay these with shipping lanes can help provide solutions for 

mitigating this threat to this population.  

 

5.6 Concluding remarks 

Field measurements of salinity, temperature and prey distribution in the waters 

off southern Sri Lanka showed that relative acoustic backscatter was concentrated 

around the canyon in an area where blue whales were present in high densities and 

behaving in a manner consistent with feeding. This close association between blue 

whales and the canyon has been recorded elsewhere although the upwelling recorded is 

not wind-driven. Whales were also closely associated with the continental slope, likely 

due to the advection of prey onto the shelf. Two dominant backscattering layers were 

consistently observed throughout the study area centered at 80 m and 350 m. The dense, 

shallow layer coincided with the shallow thermocline, likely influenced by the shelf-

canyon physical interactions and supports the idea that high densities of prey are 

available to foraging blue whales in this region. The processes observed provide an 

explanation for the high densities of blue whale sightings recorded along this coastline 

at this time of year. 
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Chapter 6  

Inter-annual variability in blue whale distribution off southern 
Sri Lanka between 2011 and 2012 

 

6.1 Abstract 

Blue whale (Balaenoptera musculus) movements are often driven by the 

availability of their prey in space and time. While globally blue whale populations 

undertake long-range migrations between feeding and breeding grounds, those in the 

Northern Indian Ocean remain in low latitude waters throughout the year with the 

implication that the productivity of these waters is sufficient to support their energy 

needs. A part of this population remains around Sri Lanka where they are usually 

recorded close to the southern coast during the Northeast Monsoon. To investigate inter-

annual variability in sighting locations, we conducted systematic Conductivity-

Temperature-Depth (CTD) and visual surveys between January–March 2011 and 

January–March 2012. In 2011, there was a notable decrease in inshore sightings 

compared to 2009 and 2012 (p < 0.001). CTD data revealed that in 2011 there was 

increased freshwater in the upper water column accompanied by deeper upwelling than 

in 2012. We hypothesise that anomalous rainfall, along with higher turbidity resulting 

from river discharge, affected the productivity of the inshore waters and caused a shift 
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in blue whale prey and, consequently, the distribution of the whales themselves. An 

understanding of how predators and their prey respond to environmental variability is 

important for predicting how these species will respond to long-term changes. This is 

especially important given the rapid temperature increases predicted for the semi-

enclosed Northern Indian Ocean. 

 

6.2 Introduction 

Whales live in heterogeneous ocean environments. Due to their large size and 

energy needs they target areas of high productivity (Branch et al. 2007). While blue 

whales have low mass specific metabolic rates, their immense absolute mass requires 

them to exploit exceptionally dense krill aggregations to meet their overall nutritional 

requirements (Goldbogen et al. 2011). This dependence on krill makes them susceptible 

to environmental change as environmental variability that influences krill abundance is 

likely to be a driver of distributional change (Boucher et al. 1987, Fiedler et al. 1998). 

Relationships between predator distribution and physical or biological variables have 

been demonstrated in other marine species (Reid 2000, Guinet et al. 2001, Murase et al. 

2002, Ballance et al. 2006, Friedlaender et al. 2006).  

Animal migrations are often instigated by seasonal cycles of food supply 

(Dingle 1996, Alerstam et al. 2003). In general, most baleen whale species undertake 

long range seasonal migrations between productive high latitude feeding grounds and 

unproductive, low latitude breeding grounds (Brodie 1975, Corkeron & Connor 1999). 

However, there is evidence that blue whales also feed at mid and low latitude areas 

(Reilly & Thayer 1990, Silva et al. 2013). Blue whale populations within the Northern 

Indian Ocean are thought not to undertake polar migrations but remain in warm low 
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latitude waters year round (Samaran et al. 2013), with a part of their population 

remaining resident around Sri Lanka as evidenced by year-round sightings, strandings 

and acoustic detections (Branch et al. 2007). That they choose to remain resident in 

tropical waters suggests that there is sufficient food in the area to offset the need to 

migrate.  

The presence of a landmass to the north of the Indian Ocean leads to unequal 

heating and cooling of land and sea and results in monsoonal winds, that drive the 

climate of the region. The Northeast Monsoon occurs between December and April and 

the Southwest Monsoon occurs between June and October, and they are interspersed by 

two inter-monsoon periods (de Vos et al. 2014). Throughout the Northeast Monsoon, 

the period of this study, the population of blue whales off southern Sri Lanka is seen in 

consistently high numbers in coastal waters, which has driven the development of a 

coastal whale-watch industry.  

Given the importance of krill to foraging blue whales, and the close relationship 

between physical oceanographic variables and krill distribution, we investigated the 

links between salinity, sea surface temperature and blue whale distribution and 

abundance over the years 2009, 2011 and 2012. Cetaceans and other large mobile 

predators have the capacity to shift their ranges in response to changing ocean 

temperatures and anthropogenic threats; however, the semi-enclosed nature of the 

Northern Indian Ocean limits northward range shifts. The implications of this spatial-

confinement within the Northern Indian Ocean, a geographical “cul-de-sac”, make this 

population particularly vulnerable to oceanographic and human induced changes 

highlighting the need for understanding the dynamics of the ecological relationships 

within this area. If whale abundance and distribution is closely linked to movements of 
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their prey, then we might be able to predict areas of importance through simple physical 

measurements of variables important to prey distribution. Therefore we compared 

sighting locations of blue whales from 2009, 2011, 2012 and sea surface temperature 

and salinity along a predetermined transect (in 2011 and 2012) during the Northeast 

Monsoon to observe how these physical parameters correlated with the distribution of 

blue whales from year to year. 

 

6.3 Methods  

6.3.1 Survey area 

Surveys for blue whales were conducted off southern Sri Lanka between 

Weligama and Dondra. This area encompasses a narrow, steep continental slope and a 

submarine canyon (Figure 6.1) with consistently high blue whale sightings during the 

Northeast Monsoon period (December–April). 
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Figure 6.1: (a) Location map of study area on the southern coast of Sri Lanka delineated 
by the red box. (b) Dashed lines indicate saw tooth transect tracklines in 2011 and 2012.  
Blue-grey vertical line directly south of Weligama Bay represents the  
Conductivity-Temperature-Depth (CTD) transect used to gather salinity, temperature 
and density data. Red arrows indicate the major east-west shipping route across the 
Indian Ocean from Admiralty charts. 

6.3.2 Satellite data 

Sea surface salinity data for the Indian Ocean were obtained from the HYCOM 

global hindcast model for 14 January 2009, 2011 and 2012. Seasonal (January–March 

2009, 2011 and 2012) precipitation anomaly data for the waters around Sri Lanka were 

obtained from the NOAA Climate Prediction Center’s CAMS_OPI data set. These data 

were used to compare ocean and climate conditions among the three years. 
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6.3.3 Survey methodology 

In 2009 blue whale sighting data were collected using platforms of opportunity 

and focal encounters, while in 2011 and 2012 surveys were conducted from dedicated 

platforms and data gathered through both systematic transects and opportunistic focal 

encounters. On 14 January 2011 and 21 January 2012 salinity and temperature data 

were gathered at eight stations along a predetermined transect off Weligama using a 

Conductivity-Temperature-Depth (CTD, YSI CastAway, San Diego, CA, USA) 

measure (Figure 6.1b). The first CTD station lay 7 km due south of the mouth of 

Weligama Bay with each of the subsequent stations located 1.65–1.75 km southward.  

The systematic survey transect was designed to cover a range of water depths 

from the continental shelf to over 1000 m, and included the continental slope and the 

submarine canyon off Dondra (Figure 6.1b). It was intended to provide an indication of 

blue whale distribution over the selected study area.  

During all surveys conducted from the 6 m research vessel, a pair of observers 

with an eye height of 2 m above water level searched in an arc 180° forward of the boat 

out to the horizon. Observations were made using the naked eye but a pair of 7 × 40 

binoculars was available to verify sightings. Boat speed was maintained between 5 and 

7 knots at all times. On sighting a whale, the time of sighting, GPS location of boat, 

distance and radial angle to the whale, number of individuals in the group and 

behaviours observed were recorded. In addition, weather and sea state data were 

collected at the start of the survey and whenever conditions changed significantly. 

Systematic surveys were conducted only when Beaufort Sea State was 2 or less and 

visibility was greater than 3 km and carried out twice over each study period. The vessel 
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did not deviate from the trackline during these surveys and only sightings within 2 km 

of the trackline were recorded. 

Blue whale sighting data were also collected during opportunistic focal follows 

when individuals were approached for photo-identification and for the collection of 

behavioural data. The protocols followed were the same as during the systematic 

surveys except searching did not occur over predetermined tracklines.  

Salinity and temperature data were gathered over the top 100 m of the water 

column along a predetermined CTD transect with the first station located 7 km due 

south of the mouth of Weligama Bay (Figure 6.1b). At each of the eight stations located 

1.65–1.75 km apart, salinity, temperature, density (sigma-t) and coordinate of cast 

location were collected once or twice during the study period depending on sea 

conditions. The YSI CastAway CTD was selected for portability and ease of hand 

casting from a small boat without a winch and was restricted to a maximum depth of 

100 m.   

 

6.3.4 Data processing and analysis 

Blue whale sighting data were adjusted based on radial angle and distance to 

sighting. The data were then plotted in distribution maps of blue whale sightings using 

the M_Map package in MATLAB (Pawlowicz 2011) representing (a) systematic 

surveys (2011 and 2012) and (b) opportunistic encounters (2009, 2011 and 2012).  

We conducted a one-way ANOVA to look at the difference in number of whale 

sightings per km of trackline between years using the statistical package JMP. Distance 

from shore was calculated for each whale sighted during the opportunistic focal follows. 
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To verify that sightings were independent, photo-identification images were used to 

remove repeat sightings. Distance from shore data were binned according to year and a 

one-way ANOVA was conducted using SYSTAT to determine if the areas where blue 

whales were sighted varied significantly from year to year.  

Contour plots of salinity and temperature were plotted to observe changes from 

onshore to offshore along the transect using a script written in MATLAB. In addition, a 

temperature-salinity diagram was plotted to look at differences between 2011 and 2012.  

 

6.4 Results 

6.4.1 Climate influences 

HYCOM global hindcast model data of sea surface salinity indicated the 

presence of high salinity water between 33.5 and 34.5 PSU around Sri Lanka in 2009 

and 2012 (Figure 6.2). In 2011 this layer was replaced by low salinity water (between 

32 and 33 PSU, Figure 6.2). Seasonal (January–March 2009, 2011 and 2012) 

precipitation anomaly data from the NOAA Climate Prediction Center’s CAMS_OPI 

data set (Janowiak & Xie 1999) indicated the presence of low salinity water that 

resulted from increased precipitation levels during the 2011 season with between 300 

and 600 mm/season above average off the southern coast. In contrast, no anomalous 

rainfall was experienced during the same period in 2009 and 2012 (Figure 6.3). 

6.4.2 Systematic survey data 

Systematic surveys were conducted twice each during 2011 and 2012 and 

covered a total of 368 km. Time spent on effort in both years was comparable (Table 
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6.1). Overall few blue whales (n = 2) were recorded during the systematic transects in 

2011. In contrast, in 2012, an increased number of whales were recorded during the 

surveys (n = 66) (Table 6.1; Figure 6.4). A one-way analysis of variance revealed 

significant differences between the number of whales sighted per km of trackline in 

2011 and 2012, F(1,12) = 24.4769, p < 0.001, n = 14 (Figure 6.5). 

Table 6.1: Date, effort, weather conditions and number of blue whales sighted on each 
systematic survey conducted in 2011 and 2012.  

Year Date Effort  
(Distance in km) 

Effort 
(min) 

Weather 
(Beaufort Scale) n 

13 January 92 340 1 1 2011 9 February 92 360 2 1 
20 January 92 367 2 41 2012 4 February 92 393 1 25 
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Figure 6.2: Sea surface salinity in the Indian Ocean from (a) 14 January 2009 (b) 14 
January 2011 and (c) 14 January 2012 from HYCOM global hindcast model. 
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Figure 6.3: Seasonal precipitation anomaly around Sri Lanka for the period of  
(a) January–March 2009 (b) January–March 2011 and (c) January–March 2012.  
Green represents positive precipitation anomalies while brown represents negative 
precipitation anomalies. 

 

Figure 6.4: Blue whale distribution based on data collected during systematic transects. 
Orange dots indicate sightings from 2011 and purple dots indicate sightings from 2012. 
Dashed line indicates the vessel trackline for both years.  

 

Figure 6.5: Mean number of whales (±S.E.) sighted per km of trackline. 
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6.4.3 Opportunistic sighting data 

In 2009 and 2012, blue whales were seen largely between the 100 and 1000 m 

contours with fewer sightings in depths ranging to about 1500 m. In 2011 however, the 

majority of sightings occurred further offshore, in waters exceeding 1500 m, and were 

spread over a greater area (Table 6.2; Figure 6.6). In all three years, opportunistic 

photo-identification/focal encounters targeted groups that were closest inshore. 

Therefore the reduced opportunistic sightings in inshore areas in 2011 likely indicate a 

real shift in blue whale distribution to offshore areas and are representative of the actual 

spread of whales.  

A one-way analysis of variance revealed significant differences between mean 

distances from shore over the three years, F(2,209) = 40.416, p < 0.0001, n = 212. Post-

hoc comparisons using Tukey’s HSD revealed that in 2011 whales were seen 

significantly further offshore than in 2009 and 2012. 

Table 6.2 Percentage of opportunistic blue whale sightings in waters ≤1000 m vs. >1000 
m depth and mean distance from shore for 2009, 2011 and 2012.  

Year n ≤1000 m >1000 m Mean Distance 
from Shore (km) 

2009 53 79% 21% 11.8 
2011 39 20% 80% 16.6 
2012 176 82% 18% 11.6 
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Figure 6.6: Blue whale sightings from 2009 (grey), 2011 (orange) and 2012 (purple). 
Each dot represents an individual sighting. All sightings were from first encounter of an 
individual on each day.  

6.4.4 Temperature and salinity data 

The salinity and temperature contour plots for the two years indicated that in 

January 2012 cooler waters, characterised by the 24.5 °C contour, upwelled onto the 

shelf at a depth of approximately 60 m. In 2011 this water mass was recorded at 80 m 

(Figure 6.7). In 2012 the top 45 m of the water column was relatively well mixed and 

ranged from 27 to 28 °C, while in 2011 it was more stratified with surface waters at 

26.5 °C and the 28 °C layer occurring as a sub-surface maximum at 65 m. Further, the 

top 85 m of the water column was fresher during 2011 compared to 2012. In 2011 

salinity in the top 65 m of the water column ranged from 31.5 to 33 whilst in 2012 the 

layer of 33 PSU salinity water occurred much shallower, at 40 m. In 2011 the salinity of 

the water column in the top 100 m reached 33.5 while in 2012 it reached 35 (Figure 

6.7). The lower salinity water (31.5 PSU) close to shore extending 8 km from the start 

of the CTD transect is a feature documented only in 2011 and can be described as a 

“freshwater cap”.  
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The marked differences in salinity and temperature between the two years are 

evident in Figure 6.8. The temperature-salinity plot shows that in 2011 temperature in 

the water column was uniform (over a 0.6 °C range) over a wider salinity range—from 

30.5 to 33.5 PSU. However, in 2012 salinity showed less variation (ranging 1.2 PSU) 

while temperature covered a wider 1.7 °C range.  
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Figure 6.7: Contour plots for temperature, salinity and density (measured in sigma-t) for 
the two contrasting years; (a) 2011 and (b) 2012.  
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Figure 6.8: Temperature-salinity plot for mean of cast 2 along the transect in 2011 (solid 
black) and 2012 (dashed black). 

6.5 Discussion 

Our results suggest that blue whale distribution off southern Sri Lanka may have 

been influenced by anomalous rainfall resulting in excessive freshwater runoff through 

river discharge into the coastal waters. Of the 103 river basins around Sri Lanka, the 

Nilwala Ganga that discharges into our study area, is vulnerable to floods (Dias 2006) 

and is the main source of freshwater to the nearshore areas. The high precipitation 

anomaly that led to islandwide flooding that displaced and killed many people around 

Sri Lanka during the Northeast or Winter Monsoon of 2011 has been linked with the La 

Niña that results from episodic cooling in the equatorial Pacific Ocean (Allan 2011). 

The 2010/2011 La Niña is considered one of the strongest recorded over the past eight 

decades (Boening et al. 2012). 

Increased freshwater runoff is a likely cause of change in blue whale distribution 

in 2011. The influence of the floodwater within the study area in 2011 is evident from 

the salinity contour plot (Figure 6.7) as the layer of freshwater at the surface is ~30.5 
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PSU. This is below the salinity range of water from the Bay of Bengal (Schott & 

McCreary 2001) which influences the surface waters south of Sri Lanka during this 

period (Schott et al. 1994, Schott & McCreary 2001). The distributional shift was 

apparently temporary as blue whales returned to the nearshore areas in 2012, which was 

a drier year. 

We hypothesise that the abundant freshwater decreased salinity and likely 

increased turbidity in the water column. The presence of the freshwater layer in the 

upper water column in 2011 appeared to cause the cooler, 24.5 °C water to occur 

approximately 20 m deeper than in 2012. Therefore this freshwater cap may potentially 

influence the productivity of the area. 

The nearshore water was often greener and fresher with offshore waters being 

darker blue and more saline. Distinct fronts could be seen between these water masses 

in some areas (Figure 6.9). Over the course of this study we did not record blue whales 

in the greener, fresher water, with all sightings occurring in the more saline waters. This 

contrasts with earlier reports as Alling et al. (1991) recorded an equal number of blue 

whales within and outside a river plume off the northeast coast of Sri Lanka on one day 

in 1984. 
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Figure 6.9: Image taken within study area showing distinct freshwater front between  
higher salinity dark blue water (foreground) and lower salinity greener water with 
higher turbidity (background). 

While the direct impact of freshwater runoff is restricted to the upper few metres 

of the water column, it modifies the structure and dynamics of the physical environment 

by modulating stratification, circulation and nutrient input, as well as the vertical 

distribution and production of plankton (Farmer & Freeland 1983, Smetacek 1986, 

Learmonth et al. 2006). Marine species distributions have been specifically associated 

with a number of variables such as sea surface temperature and salinity. Rutherford et 

al. (1999) found that approximately 90% of the geographic variation seen in planktic 

foraminiferal diversity in the Atlantic was explained by sea surface temperature. 

Salinity or turbidity related to river outputs was cited as a possible influence on 

diversity in the Western tropical Atlantic (Rutherford et al. 1999). In the Atlantic and 

Pacific, salinity is also considered a significant predictor of euphausiid species 

abundance particularly in coastal and fjordic systems, where river outputs impact 

salinity (2011). Calliari et al. (2008) showed that instantaneous salinity reductions 
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compromised the survival and feeding rates of two species of co-occurring copepods. 

They suggest that decreased feeding rate may have direct implications for processes at 

both the individual level, in relation to energy acquisition, and the ecosystem level, in 

relation to the transfer of organic matter.  

The offshore shift in blue whale sightings in 2011 compared to 2008/2009 was 

also commented on by Ilangakoon (2012). Ilangakoon (2012) suggested that this 

distributional change was connected to newly established commercial whale-watch 

activities and asserts that this shift increased the likelihood of ship strike of these 

whales. We suggest that the shift is more likely a function of oceanographic change 

rather than being anthropogenically induced. Furthermore, unlike small cetaceans, little 

conclusive evidence exists to show that large baleen whales are affected by the presence 

of whale-watch vessels. Recent meta-analyses by Senigaglia et al. (2012) did not show 

any changes in respiration rate in the presence of whale-watch boats. Similarly, blue 

whales in Sri Lankan waters did not display changes in fluking behaviour in the 

presence of whale-watch boats (de Vos et al. 2013a). Secondly, in 2012 there was an 

increase in the number of whale-watching boats on the water compared to 2011 (de 

Vos, unpublished data). If the offshore shift was a function of whale-watching alone 

then we would have expected it to persist through to 2012. The major Indian Ocean 

shipping lanes lie off the southern coast of Sri Lanka with separation zones extending 

approximately 10 km to 30 km offshore (Kaluza et al. 2010) (Figure 6.1b), blue whales 

are consistently recorded within the shipping lanes in all years and ship strikes are 

known to occur and have been highlighted as a major concern (de Vos et al. 2013b). 

Changes in the onshore-offshore distribution of whales such as those documented here 

likely affect the risk of collisions between whales and shipping, which may be relevant 

to efforts to mitigate this problem.  
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Other studies have highlighted the influence of climatic events such as El Niño, 

La Niña and the North Atlantic Oscillation index on different levels of the food chain 

(Barber & Chavez 1983, Beaugrand et al. 2002, Benson et al. 2002, Drinkwater et al. 

2002). Changes in abundance and diversity and species richness patterns have also been 

documented for a variety of taxa (Benson et al. 2002, Burtenshaw et al. 2004, Worm et 

al. 2005, Hooff & Peterson 2006). A study by Reilly and Fiedler (1994) found that 

inter-annual variation in dolphin distribution related to shifts in preferred habitat that 

reflected El Niño Southern Oscillation (ENSO) cycles. The distribution and abundance 

of baleen whales on the eastern Bering Sea shelf also changed between 1999 and 2004 

as a result of corresponding temperature increases over this period (Friday et al. 2012). 

Littaye et al. (2004) showed that fin whales adapted their movements and group size to 

food availability which was driven by the environmental conditions in the preceding 

months, while off Monterey Bay, California, 12 commonly sighted species of marine 

mammals redistributed annually depending on the prevailing environmental conditions 

(Burrows et al. 2012). In El Niño years, when basin-wide decreases in primary 

production were documented, marine mammals would move from offshore to nearshore 

areas because of the relatively greater productivity, while during localised events 

marine mammals, including blue whales, redistributed to the areas influenced by the 

anomaly (Burrows et al. 2012). 

Our results are based on only two years of systematic sampling and three years 

of opportunistic data; however, we acknowledge that to better understand longer-term 

variability in the environment, sustained monitoring over multiple years is essential. An 

improved understanding of changes in the distribution of top predators is important in 

light of global climate change and the subsequent effects on the ocean. Specifically, an 

understanding of how different environmental and oceanographic changes influence 
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prey distribution and the blue whale populations off Sri Lanka will provide insight into 

the response of this little known population of blue whales to future environmental 

variability.  

6.6 Conclusions 

Dedicated visual surveys coupled with salinity and temperature measurements, 

identified a correlation between the reduced inshore sightings of blue whales and 

increased freshwater discharge from rivers, as a result of anomalous rainfall in 2011. 

We hypothesise that the freshwater run off during the 2011 survey season may have 

increased turbidity and thereby influenced productivity in the nearshore waters. An 

understanding of how predators respond to environmental variability is important to 

predict how they will respond to long-term changes. This is especially important given 

the predicted global climate changes that may affect the semi-enclosed Northern Indian 

Ocean. 
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Chapter 7  

Conclusions and future work 

7.1 Conclusions 

Understanding how the environment influences an organism is fundamental to 

our understanding of that organism’s behaviour. Low trophic level feeders such as blue 

whales (Balaenoptera musculus) are particularly influenced by changes in the 

environment as their primary prey, krill, are strongly influenced by physical changes in 

the ocean. Until this study, there was no information regarding the environmental 

features that influence the distribution of blue whales in the waters of Sri Lanka. 

Therefore, the main objective of this thesis was to examine the oceanographic and 

topographical variables that influence the distribution of the blue whales and their prey 

off southern Sri Lanka. This was achieved through a combination of field surveys, 

numerical modelling and the use of publicly available satellite and meteorological data. 

The analysis of results from a high-resolution ROMS numerical model and 

satellite data (Chapter 3) revealed that the major upwelling, on the southern coast of the 

Island results from the convergence of southward flowing currents along the east and 

west coasts and associated divergence due to the offshore transport of water. The 

location of the upwelling centre shifts depending on the relative strengths of wind 

driven flow along each coastline. While satellite imagery shows increased surface 
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chlorophyll concentrations off this coastline during the Southwest monsoon, chlorophyll 

concentrations in surface waters were relatively uniform during the Northeast monsoon. 

Knowledge of these fine scale processes that are not captured by seasonal and monthly 

mean satellite imagery and model outputs, provide an explanation for the blue whale 

aggregations documented engaging in feeding behaviours off the southern coast during 

the Northeast monsoon period (Chapter 5). 

The ability to quantify the surface behaviour of elusive air-breathing marine 

mammals provides an opportunity to interpret different aspects of their life history and a 

means of increasing precision when estimating population size. The results of Chapter 4 

are essential for calculating precise abundance estimates as visual surveys count the 

proportion of the population available at the surface and try to account for those 

undetected through the application of correction factors. Other studies have shown that 

abundance estimates are negatively biased unless correction factors are developed and 

used. The results also showed that the Northern Indian Ocean blue whales fluke up 

before a terminal dive more often than has yet been observed anywhere else in the 

world. This behaviour adds to the list of unique characteristics of this population 

together with their distinctive vocal call (Alling & Payne 1985) and the fact that they 

breed out of phase with blue whales in the southern Indian Ocean (Mikhalev 1996, 

Mikhalev 2000). Despite these differences, the results also showed similarities in 

surfacing characteristics and diving behaviour with populations elsewhere in the 

northern hemisphere. The results of this Chapter provide a case for the use of telemetry 

to measure surfacing and diving related matrices, and an evidence-based context for 

future abundance estimation and for correcting habitat use predictions while also 

highlighting the need for further research into the influences on these whales (Chapter 

5).  
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Based on the knowledge that blue whales aggregate off southern Sri Lanka as a 

result of the upwelling driven by processes of flow convergence and divergence 

(Chapter 3) Chapter 5 examined how these processes influence prey distribution at the 

local scale. Through the use of a sophisticated dual frequency echosounder the link 

between the shelf-canyon processes, deep scattering layers likely comprising prey, and 

blue whales were established. This Chapter described the association between the 

shallow upwelling within the submarine canyon off Dondra, the shallow thermocline 

and the availability of prey layers to foraging blue whales. Whales were also seen 

associating with the continental slope because of the upwelling occurring along the 

steep continental slope. The results of this Chapter increase our understanding of the 

importance of these waters and provide an explanation for the aggregations of blue 

whales observed close to the coastline annually during the Northeast monsoon. 

Blue whales are known to aggregate in coastal waters along the southern coast 

of Sri Lanka during the Northeast monsoon and was one of the criteria for selecting this 

area for our research. However, during the 2011 field season sightings were scarcer and 

further offshore resulting in fewer sightings within the study area. In 2012, whales were 

once again recorded within the inshore areas indicating that the shift was temporary. 

Increased freshwater discharge resulting from anomalously high rainfall in 2011 

resulted in a freshwater cap that suppressed the upwelling usually documented in this 

region, and likely reduced productivity. The increased freshwater discharge from the 

rivers was accompanied by increased turbidity which causes reduced light penetration 

and therefore potentially also leads to a reduction in productivity in the nearshore areas. 

As blue whales are influenced by environmental changes via their prey, their temporary 

offshore shift was likely linked to a lack of/reduced productivity in the coastal areas.  
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The underlying goal of this research was to determine what factors influence the 

presence and distribution of blue whales off southern Sri Lanka. This is particularly 

important as the southern coast supports one of the busiest shipping lanes in the world 

(Kaluza et al. 2010) and overlaps with prime blue whale habitat. Using satellite-derived 

commercial shipping density data, it has been determined that the southern coast of Sri 

Lanka is in the top 0.2 % globally in terms of ship traffic (Eiden & Martinsen 2010). 

This is approximately double the shipping density of California’s Santa Barbara 

Channel, where measures are already being taken to mitigate the risk of collisions with 

blue whales. An understanding of areas that are important for fulfilling critical functions 

in relation to existing threats are important for the management and conservation of this 

population.  

 

7.2 Recommendations for future work 

This thesis focused on describing processes along the southern coast of Sri 

Lanka that influence prey and subsequently blue whale distribution and behaviour. 

While the southern coast of Sri Lanka provides an ideal opportunity to investigate these 

processes on the smaller scale, the extension of this research to other areas around the 

Island where blue whales are observed would provide further insight into processes that 

influence the distribution of this population.  

It is well known that blue whales are stenophagous and feed exclusively on krill 

in other parts of the world. Based on the red colouration of their faeces, we assume that 

blue whales in Sri Lankan waters also consume crustacean species. The identification of 

prey through the analysis of prey DNA from faecal matter has been undertaken for blue 

whales in other parts of the world (Jarman et al. 2002). An investigation of the scat 
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samples of blue whales in Sri Lankan waters could identify what species comprise their 

main prey and categorise the composition of the deep scattering layers recorded in 

Chapter 5.  

Estimating population size of the whales using these waters is integral to 

monitoring the success of the overarching conservation goals. Photo-identification is 

not feasible given the low resighting rates commonly found with blue whales and so the 

use of aerial surveys employing distance sampling would be a more appropriate 

approach to estimating their population size. Conducting such surveys around the 

coastline of Sri Lanka would make it feasible to estimate absolute population size, 

obtain greater precision on distribution patterns and quantify the threats they face. 

Conducting aerial surveys would also enable research to continue in both monsoons, 

which is currently a limiting factor as at-sea conditions deteriorate on the southern coast 

during the Southwest monsoon while those on the east coast deteriorate during the 

Northeast monsoon.  

Understanding the risk of ship strike to this population is an urgent need as ship-

struck whales are being increasingly documented (See (de Vos et al. 2013b). Observed 

ship strike mortality probably represents a small fraction of actual ship strikes and is 

likely a significant cause of mortality and the biggest threat faced by this population. 

Without action, ship strikes are likely to increase due to growing economic activity in 

Sri Lanka following the end of secessionist hostilities and the construction of a new 

international port closer to key blue whale foraging areas. The development of a 

population model that includes results gathered through this study and further work 

recommended in this section, will enable an estimation of the level of ship strike 

mortality this population may withstand. Identifying patterns of blue whale 

aggregations off southern Sri Lanka, where the threat is at its highest, and overlaying it 
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with data on shipping will enable the creation of an economically feasible marine spatial 

plan that directs shipping routes away from the areas of highest blue whale 

concentration. Ultimately, the research suggested in this section would facilitate the 

effective management and conservation of these blue whales.  
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ABSTRACT 

Sri Lanka occupies a unique location within the equatorial belt in the Northern 

Indian Ocean with the Arabian Sea on its western side and the Bay of Bengal on its 

eastern side and experiences bi-annually reversing monsoon winds.  Aggregations of 

blue whale (Balaenoptera musculus) have been observed along the southern coast of Sri 

Lanka during the NE monsoon when satellite imagery indicates lower productivity in 

the surface waters.  This study explored elements of the dynamics of the surface 

circulation and coastal upwelling in the waters around Sri Lanka using satellite imagery 

and numerical simulations using the Regional Ocean Modelling System (ROMS).  The 

model was run for 3 years to examine the seasonal and shorter term (~10 days) 

variability.  The results reproduced correctly the reversing current system, between the 

equator and Sri Lanka, in response to the changing wind field: the eastward flowing 

Southwest Monsoon Current (SMC) during the Southwest (SW) monsoon transporting 

11.5 Sv (mean over 2010- 2012) and the westward flowing Northeast Monsoon Current 

(NMC) transporting 9.6 Sv during the Northeast (NE) monsoon, respectively.  A 

recirculation feature located to the east of Sri Lanka during the SW monsoon, the Sri 

Lanka Dome, is shown to result from the interaction between the SMC and the Island of 

Sri Lanka.  Along the eastern and western coasts, during both monsoon periods, flow is 

southward converging along the south coast. During the SW monsoon the Island 

deflects the eastward flowing SMC southward whilst along the east coast the southward 

flow results from the Sri Lanka Dome recirculation.  The major upwelling region, 

during both monsoon periods, is located along the south coast resulting from southward 

flow converging along the south coast and subsequent divergence associated with the 

offshore transport of water.  Higher surface chlorophyll concentrations were observed 

during the SW monsoon. The location of the flow convergence and hence the upwelling 
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centre was dependent on the relative strengths of wind driven flow along the east and 

west coasts: during the SW (NE) monsoon the flow along the western (eastern) coast 

was stronger migrating the upwelling centre to the east (west).   

 

 

KEYWORDS: monsoon, circulation, upwelling, island-mass effect, Sri Lanka. 
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ABSTRACT 

Surfacing behaviour and dive characteristics were quantified from focal follows of 

individual blue whales between January-March 2012 and 2013. During this period 

individual whales were followed from small boats to observe their surfacing patterns 

and breathing behaviour. Data on time at first surface, length of surface interval, 

number of blows, final dive time and whether or not the whale ‘fluked up’ before a deep 

dive were recorded. A step-wise modelling approach was used to estimate a number of 

surfacing characteristics: mean Inter-Breath Interval (IBI), bout duration and the 

number of surfacings in a bout. First, dives were classified as either surface dives or 

deep dives based on the occurrence of arching or fluking behaviour at the surface prior 

to a deep dive. The mean IBI of surface dives was 17.6 sec (SD=26.14) and for deep 

dives, 640.3 sec (SD=214.38). To account for temporal dependence between dive types, 

a first-order Markov chain was used to estimate the transition probability between dive 

types. Time series of dive types were then simulated, using Monte Carlo methods, while 

accounting for heterogeneity in IBI of the different dive types. The mean IBI of blue 

whales in Sri Lanka, obtained from the Monte Carlo methods, was 84.7 sec (SD=11.17). 

The mean bout duration was 145 sec (SD=28.31), with the mean number of breaths per 

surface bout being 9.3 (SD=1.43). Whales also lifted their tail flukes out of the water on 

55% of terminal dives, which is considerably more frequent than elsewhere in the 

world. These results significantly advance our understanding of blue whales in Sri 

Lankan waters. More specifically, this information is essential for the calculation of 

precise abundance estimates as it informs the detection probability parameters for line 

transect surveys. In this way it will help formulate better management decisions related 

to the conservation of this population. 
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KEYWORDS: Balaenoptera musculus, Northern Indian Ocean, surfacing behaviour, 

Markov chains, Monte Carlo 
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ABSTRACT 

Blue whales typically undertake annual migrations between low latitude wintering 

grounds and high latitude summer feeding grounds. The Northern Indian Ocean (NIO), 

however, supports a population of blue whales (Balaenoptera musculus) that appear to 
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reside in tropical waters year-round. Blue whales in the NIO are found close to the 

southern coast of Sri Lanka, an area subject to seasonally-reversing monsoonal currents, 

and where the narrow, steep continental shelf is incised by a submarine canyon. We 

investigated the hypothesis that interactions between the topography and oceanography 

of the region drive prey, and subsequently blue whale distribution, off southern Sri 

Lanka. For this, Conductivity-Temperature-Depth (CTD), hydroacoustic, and visual 

surveys were conducted over 10 days in March 2012. Relative acoustic backscatter was 

concentrated around the canyon in an area where blue whales were present in high 

densities and behaving in a manner consistent with feeding. Whales were also closely 

associated with the continental slope. Two dominant backscattering layers were 

consistently observed centered at 80 m and 350 m throughout the study area. The dense, 

shallow layer coincided with the shallow thermocline, likely influenced by the shelf-

canyon physical interactions and supports the idea that enhanced prey are available to 

foraging blue whales in this region. Information on the features that dictate whale 

distribution and behaviour are important considering this habitat is adjacent to one of 

the most heavily travelled shipping lanes in the world, and understanding potential 

threats can aid in the conservation and management of this endangered species. 

 

KEYWORDS: Balaenoptera musculus, Northern Indian Ocean, submarine canyon, 

upwelling, feeding, deep scattering layers, euphausiids, bio-physical interactions 
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ABSTRACT 

Blue whale (Balaenoptera musculus) movements are often driven by the 

availability of their prey in space and time. While globally blue whale populations 

undertake long-range migrations between feeding and breeding grounds, those in the 

Northern Indian Ocean remain in low latitude waters throughout the year with the 

implication that the productivity of these waters is sufficient to support their energy 

needs. A part of this population remains around Sri Lanka where they are usually 
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recorded close to the southern coast during the Northeast Monsoon. To investigate inter-

annual variability in sighting locations, we conducted systematic Conductivity-

Temperature-Depth (CTD) and visual surveys between January–March 2011 and 

January–March 2012. In 2011, there was a notable decrease in inshore sightings 

compared to 2009 and 2012 (p < 0.001). CTD data revealed that in 2011 there was 

increased freshwater in the upper water column accompanied by deeper upwelling than 

in 2012. We hypothesise that anomalous rainfall, along with higher turbidity resulting 

from river discharge, affected the productivity of the inshore waters and caused a shift 

in blue whale prey and, consequently, the distribution of the whales themselves. An 

understanding of how predators and their prey respond to environmental variability is 

important for predicting how these species will respond to long-term changes. This is 

especially important given the rapid temperature increases predicted for the semi-

enclosed Northern Indian Ocean. 

 

KEYWORDS: Balaenoptera musculus; krill; upwelling; Northern Indian Ocean; inter-

annual variation; climate change 
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