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CHAPTER 1

INTRODUCTION

70% of the earth’s surface is occupied by vast oceans which contribute about 46.2% of
the total annual global Net Primary Productivity (NPP) (Field et al, 1998). About 54.8 million
people worldwide are dependent on fisheries and aquaculture for their livelihood and income,
with Asia accounting for more than 87%. During 2005 to 2010, on an average, about 52% of the
total marine fish catch was reported from areas including the Eastern Central Atlantic, Northeast
Pacific, Eastern Central Pacific, Southwest Atlantic, Southeast Pacific and Northwest Pacific.
These are the areas which showed highest variability in total fish catch, many of which is known

to have upwelling phenomena, hence characterized by high natural variability (FAO, 2012).

Among the several types of upwelling, induced by different factors, wind-driven
upwelling is the most important. In the Northern Hemisphere (Southern Hemisphere), the surface
winds are expected to move the surface water to the right (left) with the net transport of water at
an angle of 90° to the wind direction which is termed as Ekman transport. The surface winds
induce upwelling via Ekman transport. Coastal upwelling, equatorial upwelling and ice-edge
upwelling are the three main forms of wind-driven upwelling (Kampf and Chapman, 2016).
Coastal upwelling occurs near the coast when the surface winds blowing parallel to the coast
induce offshore Ekman transport, bringing up the subsurface water to the surface. Equatorial
upwelling is generated by the prevailing trade winds which result in divergence at the equator
due to the change in the sign of the Coriolis parameter on either sides of the equator. Ice-edge
upwelling results from the reducing effect of wind stress on the currents under the sea ice. As the
subsurface water is colder and nutrient-rich than the surface water, upwelling supports high
biological activity, thereby making the region highly productive. Among the three forms of
wind-driven upwelling, coastal upwelling has direct impact on fisheries as most of the major
fishing grounds are associated with these coastal upwelling systems. About 25% of the reported
marine fish catches are contributed by the five major upwelling systems of the world, which

covers only 5% of the total ocean area (Smitha, 2010).



The major upwelling regions over the world include coasts of California, Peru, Chile,
northwest and southwest Africa and Portugal which are also known as eastern boundary
upwelling regions. Seasonal upwelling is observed along the coasts of Somalia, Oman, Sumatra,
South China Sea and along the southwest coast of India. The highest level of productivity is
expected to observe at moderate upwelling intensity (Optimal Environmental Window
hypothesis). When the intensity of upwelling is high, the biota will be advected offshore while
low intensity upwelling brings up insufficient nutrients to the surface, both resulting in low

productivity (Cury and Roy, 1989).

Global climate change seems to have an impact on the upwelling since it is expected to
affect the global wind patterns. Bakun (1990) suggested an enhancement of offshore Ekman
transport and associated upwelling due to climate change and global warming which would
result in the intensification of the upwelling favorable winds. Hsieh and Boer (1992) stated that
the Bakun hypothesis cannot be true globally. The impact of climate change varies regionally,
even in the regions with similar oceanographic processes, which implies that the upwelling
processes can be impacted by several other regional factors. For instance, El Nino Southern
Oscillation (ENSO) is known to have an impact on the upwelling along the Peru coast, declining
the Peruvian anchovy population, thereby impacting the global annual fish catch. Hence it is

important to study upwelling phenomena regionally.

In the case of Indian Ocean, upwelling is usually observed in three regions: off the coasts
of Somalia-Oman, Sumatra and southwest coast of India, all being seasonal phenomena
associated with the summer monsoon winds. The upwelling in the western Indian Ocean
accounts for the relatively cooler Sea Surface Temperature (SST) at the region during the period.
It is observed that despite the cooling brought by the upwelling, the warming due to increased
CO2 emission has become dominant after 1995 (Kumar et al., 2009). Indian Ocean Dipole (I0OD)
as well as El Nino Southern Oscillation (ENSO) are expected to have impacts on the Indian
Ocean SST. The western Indian Ocean has been observed to be warming for more than a
century, thereby triggering more number of IOD events (Rao et al., 2012). Frolicher et al. (2018)
stated that under present global warming scenario, the incidence of Marine Heat Waves (MHW)
will become more frequent across the globe, with the maximum increase expected in the tropics.
The continuing warming and increased incidence of marine heat waves in the tropics might have

an impact on the upwelling processes in the Indian Ocean. Praveen et al. (2016) observed a shift
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in both the magnitude and direction of winds over the western Arabian Sea which demarcates it
into two zones of increased and decreased southwesterly winds along the Oman coast and the
Somali coast respectively. They also suggested an enhancement in the marine productivity in the
western Arabian Sea due to the net upwelling increase along the Oman coast as a result of the
enhanced winds. The mentioned changes in the southwesterly winds can bring about changes in
the southeastern Arabian Sea upwelling also. This study is focused on the long-term variability

in the upwelling along the southwest coast of India.

India has a long coastline of about 7600 km which is known to have large fishery
potential. Majority of the coastal population in the country is mainly dependent on these coastal
waters for their livelihood. Hence the coastal upwelling along the southwest coast of India is of
great importance when it comes to fisheries in India and its economy. When compared globally,
southeastern Arabian Sea upwelling is much smaller in both intensity and extent and is produced
as a result of monsoon winds, which reverse its direction seasonally. The southwest monsoon
winds being parallel to the west coast and southern tip of the Indian Subcontinent, induce
upwelling along the west coast of India, with maximum upwelling observed between Kollam and
Kochi, which progressively weakens northwards (Smitha et al., 2008). Southeastern Arabian Sea
upwelling is observed to commence in June, coincident with the onset of summer monsoon,
peaks by July-August and dissipates by September. The west coast of India contributes to
majority of the Indian marine fisheries with both the northwest and southwest coast contributing
almost equally (CMFRI Annual Report 2017-18). CMFRI Annual Report 2018-19 pointed out an
enhancement in the chlorophyll concentration in southeastern Arabian Sea region which seemed
to overlap with the upwelling period. And also, the southwest coast of India is the region where
the unique phenomenon of mudbank is observed to occur in association with the summer
monsoon, making the coast highly productive and providing the fishermen safe fishing grounds.
The mudbank is considered to occur as a result of coastal upwelling. Hence the marine fish catch

of India is expected to be dependent on the upwelling process along the southwest coast.

Upwelling intensity cannot be measured directly and hence certain indices are used.
Since coastal upwelling is generated by offshore Ekman transport, it is used as the primary
indicator of coastal upwelling. Sea Surface Temperature (SST) at the coastal region is another

indicator as the process brings cold subsurface water to the surface, creating a difference in



coastal and offshore SST. Upwelling is also indicated by the reduction in the sea level height and

the upward movement of isotherms.

The main objective of this study is to understand the long-term changes in the
southwesterly winds during the summer monsoon and the upwelling intensity along the
southwest coast of India and also to identify the major factors which control spatio-temporal

variability of the coastal upwelling system.

Finite Volume Community Ocean Model (FVCOM) was ran for ‘with wind’ and ‘without
wind’ condition to understand the role of wind on the upwelling along the southwest coast of
India. The model results confirmed that the upwelling along the region is primarily caused by the
wind during the summer monsoon season. The study also revealed the influence of wind speed
and direction on the upwelling intensity. The upwelling indices for a period of 19 years, from
2000 to 2018 were analyzed to understand the trend in upwelling intensity. No significant trends
are observed in the upwelling intensity except for the inter-annual variations. Oceanic Nino
Indiex and the annual rainfall of India are analyzed to understand the probable reason for the
inter-annual variations. The SST and wind speed over the southeast Arabian Sea during the
monsoon season did not show considerable changes for the past two decades but the Mean Sea

Level has observed to rise during the period.



CHAPTER 2

Review of Literature

2.1. UPWELLING

Upwelling is the process by which water from the subsurface water is brought to the
surface to replace the surface water which has been displaced by horizontal flow. The upwelled
water will be colder and nutrient-rich than the surface water and hence it enhances the
production of phytoplanktons through the process of photosynthesis. This makes the upwelling

region highly productive.

Two important upwelling processes are observed in the ocean, one being the slow
upwelling of cold abyssal water to compensate the surface water sinking in the Polar Regions
and the other being the upwelling of subsurface waters to balance the surface water displacement
due to winds (Smitha and Sajeev, 2010). Coastal upwelling, open ocean upwelling and equatorial
upwelling are the three major types of upwelling observed globally. Coastal upwelling occurs
near the coast when the surface winds take the surface water away from the shore. In the
Northern Hemisphere, the coastal upwelling is induced by along-shore wind component when
the seaward side of the coast is towards the right of an observer looking in the downwind
direction (Garvine, 1971). The surface water moves to the right (left) in the Northern
Hemisphere (Southern Hemisphere), with the net transport of water at an angle of 90° to the
direction of wind which is termed as Ekman transport. When the Ekman transport moves the
surface water offshore, the colder, denser and nutrient-rich water from the bottom replaces the
surface water and paves way to coastal upwelling. Wind induced divergence of surface waters
causes upwelling in the open ocean which is referred to as open ocean upwelling. Downwelling,
the process of sinking of surface waters, adjacent to the upwelling region is the characteristics of
open ocean upwelling. Equatorial upwelling occurs when the easterlies blowing along the Inter-
Tropical Convergence Zone (ITCZ) in both Atlantic and Pacific basins move the surface water
away from the equator, bringing dense, nutrient-rich water from below to the surface, leading to
enhanced primary production. Of all types of upwelling, coastal upwelling is most significant

since it is directly related to fisheries. From the five major upwelling systems of the world, which



covers only 5% of the total ocean area, about 25% of the total global marine fish catches are

reported (Smitha and Sajeev, 2010).

The process of upwelling has been observed to occur most favourably when the coast is
on the left-hand (right-hand) side of a person who looks in the wind direction in the Northern
Hemisphere (Southern Hemisphere) and upwelling is intense when the wind blows at an angle of

21.5° with the coast (Hidaka and Series, 1954).

The major coastal upwelling zones over the globe occur along the coasts of California,
northwestern Africa, southwestern Africa and Peru of western South America (Bakun, 2016).
Among these upwelling zones, upwelling along the Peruvian coast which is in the Pacific basin
is particularly impacted by the El Nino Southern Oscillation (ENSO) (Bakun ef al., 2015). ENSO
suppresses the upwelling along the Peruvian coast due to the warm water that flows from the

western Pacific, declining the fish catch along the coast.

2.2. UPWELLING IN THE INDIAN OCEAN

Due to the reversal of winds between summer and winter, a reversal of upwelling and
downwelling is observed in the Indian Ocean, with a predominantly downwelling band north of
5°N in January which gradually become predominantly upwelling band in July (Xie and Hsieh,
1995). In the Indian Ocean, upwelling is observed mainly at three locations: along the coasts of
Java and Sumatra, Somalia-Oman and southwest India which are considered small scale when
compared to the major global coastal upwelling zones. All these upwelling systems are

associated with the southwest monsoon.

The establishment of an intense low-level wind jet during the summer monsoon, known
as the Findlater Jet induces open ocean upwelling in the northern Indian Ocean along the
Somalia-Oman coasts. This upwelling is also influenced by the reflected Rossby waves, the
absence of which triggers the weakening of the westward zonal current during the boreal fall,
thereby hindering the flow of warmer water to the upwelling region, reducing the SST by about
0.4°C. Changes in the SST alters the along-shore winds over the region which in turn influence

the coastal upwelling (Tozuka et al., 2014).

The equatorial Indian Ocean upwelling occurs along the coasts of Sumatra and Java

during the summer monsoon, from June to October by the influence of southeasterly monsoon
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winds from Australia, which eventually ceases with the reversal of winds. The upwelling
generated by the equatorial easterlies is enhanced by the strong local along-shore wind that is
observed during May to October. The propagation of equatorial and coastal Kelvin waves also

have an impact on the upwelling occurring in this region (Chen et al., 2016).

Weak-to-moderate upwelling occurs along the southwest coast of India with the
southwest monsoon onset, starting from the southern tip of India, gradually reaching up to Goa
by July-August. The southwest monsoon winds which usually blow from the southwest direction
over most parts of the Arabian Sea become north-northwesterly along the west coast of India due
to the influence of Western Ghats, resulting in offshore Ekman transport and associated
upwelling (Smitha et al., 2008). This is less intense than those occurring at other parts of the
Indian Ocean but still it accounts for about 53% of the total Arabian Sea fish yield (Jayaram et
al., 2010).

2.3. UPWELLING OFF SOUTHWEST COAST OF INDIA

Along the southwest coast of India, upwelling is an annually recurring phenomenon
during the southwest monsoon. The major cause of the upwelling is the divergence caused by the
southward positive wind stress curl along the Indian coast (McCreary et al., 1993). Along the
eastern boundary of the Arabian Sea, the wind stress component due to summer monsoon winds
which is almost directly onshore is towards the equator, resulting in an offshore component of
Ekman transport. The upwelling can be identified by surface cooling, coastal sea level fall and
rapid upward movement of isotherms occurring from May to September (Smitha and Sajeev,

2010).

According to the study conducted by McCreary et al. in 1993, the upwelling along the
southwest coast of India is observed to commence in June, by the beginning of the summer
monsoon and its signals are first observed in the southern latitudes which gradually spreads
towards the North along with coastally trapped Kelvin waves. It is also observed that cooling
occurs in the entire southwest coast and south of India and peaks by July-August with the
minimum Sea Surface Temperature (SST) at the southern tip of India and the cooling dissipates
by the end of the summer monsoon, by September. Gupta et al. (2016), in the study conducted

over the southeastern Arabian Sea shelf, states that the upwelling initiates in the deeper layers



during January-March and it progresses to the upper layers in the following months (June-
September). The intensification takes about 4 months (from April to July) while it collapses

within a month.

The study conducted by Smitha et al. (2014) along the southwest coast of India for the
years 2009 and 2010 states that offshore Ekman mass transport can be evidenced by
February/March but the intensity and the chlorophyll concentration is found to be highest during
the time of summer monsoon which emphasize the importance of wind speed in coastal
upwelling process. The maximum upwelling along the southwest coast of India is observed to
occur between 8°N and 14°N. During the period between October and February, the southern tip

of India experience strong upwelling while it is moderate along the southwest coast.

The west coast of India contributes to majority of the Indian marine fisheries, with both
the northwest and southwest coast contributing almost equally (CMFRI Annual Report 2017-18).
CMFRI Annual Report 2018-19 pointed out an enhancement in the chlorophyll concentration in

southeastern Arabian Sea region which seemed to overlap with the upwelling period.

2.4. SEA LEVEL HEIGHT VARIABILITY

Two pairs of upwelling and downwelling Kelvin waves are observed to evolve in the
Equatorial Indian Ocean and Bay of Bengal which propagate eastward alternately along the
equator during a year. The first and second upwelling Kelvin waves originate in the west and
east Equatorial Indian Ocean respectively while the first and second downwelling Kelvin waves
originate in the Central Equatorial Indian Ocean. They bifurcate into two branches, one
propagating northward and the other southward as they hit the Sumatra coast. Among these
Kelvin waves, the second downwelling Kelvin wave is the most pronounced as it reaches all the
way to the southeast Arabian Sea, travelling along the Bay of Bengal coastal wave guide. This is
favoured by the equatorward flowing East India Coastal Current while the first upwelling and
downwelling Kelvin waves are opposed by clockwise rotating eddy circulation at the head of
Bay of Bengal and poleward flowing East India Coastal Current. The annual variations in the
equatorial zonal winds are expected to reflect in the Sea Surface Height Anomaly (SSHA)
through the eastward propagating Kelvin waves (Rao et al, 2010). During El Nino years, the

second downwelling Kelvin wave is observed to be absent while the second upwelling Kelvin



wave is observed to strengthen. The second upwelling Kelvin Wave will be weak during La Nina
years. Sreenivas et al. (2012), in their study concluded that the seasonal sea level changes in the
coastal Bay of Bengal and the central Bay of Bengal are governed by the corresponding
characteristic Kelvin waves and by the Rossby waves radiated from the eastern boundary in the

last season, respectively.

Swapna et al. (2017) pointed out that during the last 3-4 decades, the sea level in the
north Indian Ocean is observed to be on rise, especially in the Arabian Sea. The reason for this
rise is attributed to the enhanced heat storage due to reduced southward ocean heat transport as a

result of weakening monsoon circulation.

At the Cochin coast, the monthly mean sea level variation is about 20 cm annually and
the sea level at Veraval, Marmagao and Cochin is observed to decrease during the monsoon
period when the rainfall is considerably high which suggest that the contribution of rain runoff to

the sea level change is small (Shetye, 2016).

2.5. EL NINO SOUTHERN OSCILLATION

El Nino Southern Oscillation is a coupled ocean-atmospheric phenomenon observed in
the Pacific Ocean characterized by a see-saw pattern of reversing surface air pressure (known as
the Southern Oscillation) and the corresponding changes in the SST pattern (known as the El

Nino).

In a normal year, the easterly trade winds over the tropical Pacific take surface water
westwards, warming it further, causing upwelling in the Peru coast and accumulation of warm
water in the western Pacific. When the trade winds weaken or reverse the direction, the warm
water from the western Pacific flows eastwards giving rise to an El Nino event, hindering the
upwelling along the Peru coast. After a mature phase of El Nino, a basin-wide warming is
expected to occur in the Indian Ocean (Nigam and Shen, 1993). The Rossby waves produced
during an ENSO event which propagate from the east, along with the simultaneous presence of
upwelling and shallow thermocline induces an SST variability in the western tropical South
Indian Ocean (Xie et al., 2002). This SST variability induces changes in the Indo-Pacific Walker

circulation thereby causing delay in the Indian Summer Monsoon (Annamalai et al., 2005).



While the El Nino is considered as the warm extreme of ENSO, La Nina is the cold
extreme. La Nina is an intensified situation of the normal condition which is characterized by
enhanced upwelling along the Peru coast. During prolonged La Nina events in 1973-76 and
1998-2001, the southwest tropical Indian Ocean showed maximum cooling which was
influenced not only by thermodynamics or heat flux but mainly by the westward propagating
upwelling Rossby waves and local Ekman transport which favors the upwelling (Singh,

Chowdary and Gnanaseelan, 2013).

The study conducted by Miyakawa et al. (2017) on the abrupt termination of the super-
intense 1997/1998 El Nino revealed the extensive interaction between El Nino and Madden
Julian Oscillation (MJO). They reconfirmed the existing theory that the easterly winds over the
central to east Pacific is extensively enhanced by the main MJO convective envelope situated
near the Maritime Continent which in turn strengthen the surface upwelling, thereby terminating

the El Nino.

2.6. INDIAN OCEAN DIPOLE

Indian Ocean Dipole (IOD) is a coupled ocean-atmospheric phenomenon in which the
western basin of the Indian Ocean becomes warmer than normal while the eastern basin becomes
cooler than normal, resulting in increased rainfall over tropical eastern Africa and the western
Indian Ocean and decreased rainfall over the Indonesian archipelago causing severe drought. The
surface wind field over the tropical Indian Ocean, mainly the east-to-west component over the
equatorial central and eastern part experiences large changes during a dipole mode event (Saji et
al., 1999). Two phases of IOD are defined — one being the positive phase where the western
Indian Ocean warms while the eastern Indian Ocean cools and the other being the negative phase

which is the opposite condition.

The anomalies associated with the IOD are observed to commence around June,
intensifying in the following months and peaking dramatically in October. A normal year is
characterized by the convergence of southeast trade winds in the South Equatorial Trough
resulting in high rainfall over Oceanic Tropical Convergence Zone (OTCZ) while a dipole mode
event weakens the convection at OTCZ and the winds converge further downstream causing the

rainfall anomalies (Saji et al., 1999).
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The growth of an IOD event seems to be affected by the ENSO and the Java-Sumatra
upwelling. The stronger than normal easterly winds along the Java coast enhances the upwelling

along the coast, increasing the local cooling (Meyers et al., 2006).

The study conducted by Iskandar et al. (2010) on the eddy-induced Chlorophyll in the
southeastern Indian Ocean during 2006 IOD event revealed that the surface Chlorophyll-a bloom
occurs if the Deep Chlorophyll Maximum is located above the Mixed Layer Depth and
otherwise, the bloom is suppressed. Hence the surface Chlorophyll concentration is dependent on
Mixed Layer Depth. George et al. (2013) reconfirmed this connection and they also stated that
the Deep Chlorophyll maximum is determined by nitracline or thermocline depth, which in turn

depend predominantly on Ekman pumping and Rossby waves.

Upwelling occurs along the Sumatra coast during a positive IOD event causing positive
Sea Surface Salinity (SSS) anomaly in the region. This anomaly will further be enhanced by the
reduced rainfall which is caused as a result of changes in the atmospheric circulation. However,
all the positive and negative SSS anomaly peaks do not coincide with the positive and negative
dipole events. A few of the positive SSS peaks can occur during, or shortly after El Nino events
as the atmospheric patterns associated with them are favourable for creating high SSS values.
Similarly, the negative anomaly peaks, which do not coincide with negative dipole events can
occur during La Nina events, as the atmospheric circulation patterns at the time can induce
higher than normal precipitation over the region thereby reducing the SSS value (Grunseich et

al., 2011).

Most of the El Nino events are accompanied by an IOD event as strong El Nino is
expected to trigger the development of IOD. During the years when the El Nino anomalies begin
to appear early in the preceding winter season, the IOD is observed to be weak, while during the
years when the anomalies appear in the spring-summer season, an enhanced positive 10D is
observed. This is because the El Nino induces anomalous anti-cyclonic circulation over the
southeastern Indian Ocean which brings about some changes in the climatological winds, thereby

warming the eastern Indian Ocean (Roxy et al., 2011).

The numerical experiments conducted by Yuan et al. (2011) show that the IOD event
reduces the sea level in the eastern Indian Ocean and establishes a stronger eastward pressure

gradient across the Indonesian sea. This results in an enhanced Indonesian Throughflow (ITF)
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which tends to produce an upper ocean heat content deficit by transporting warm water into the
eastern Indian Ocean from the far western Pacific Ocean. The ITF inter-annual variations impact
the Pacific ocean-atmosphere coupled system through equatorial wave propagation, which

amplifies the upwelling anomalies in the Indonesian seas.

During 2006-2008, three consecutive positive IOD events were reported with the
strongest one in 2006. The event during 2007 was weaker and short-lived. 2008 positive 10D
event was reported to develop in April, matured in June and terminated in September. The 2008
event ended abruptly, mainly due to the eastern-boundary-reflected upwelling Rossby waves
which developed an eastward zonal current along the equator leading to the termination of zonal
heat advection, thereby creating a warming tendency in the eastern equatorial Indian Ocean

(Iskandar et al., 2013).

Wang and Yuan (2015) studied the negative IOD events and suggested that the
downwelling anomalies in the eastern IO during a negative IOD event is terminated by the
Rossby waves reflected from the western boundary and the easterly wind anomalies. They also
hypothesized that during the 1996-97 negative IOD, the easterly wind anomalies generated by
the interactions of the Hadley cell and Walker cell which are induced by the persistent

downwelling state in the equatorial IO terminate the downwelling anomalies in the east.

2.7. CLIMATE CHANGE AND GLOBAL UPWELLING

Bakun (1990) suggested an enhancement of offshore Ekman transport and thereby
associated upwelling, due to climate change and global warming which would result in the
intensification of the upwelling favourable winds. Hsieh and Boer (1992) stated that the Bakun
hypothesis cannot be true globally. The impact of climate change varies globally even in regions
with similar oceanographic processes. Among the five major upwelling zones over the world,
coastal areas of Benguela, Peru, Canary and northern California witnessed an increasing trend in
upwelling while a decreasing trend was observed along Chile, southern and central California,

and central Somalia coasts (Varela et al., 2015).

As per the study conducted by Xie & Hsieh in 1995, the upwelling in the upwelling

regions as well as the downwelling in the downwelling regions seemed to intensify during the
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period from 1950 to 1988, mainly in boreal winter rather than in boreal summer and the anomaly

corresponds to the intensified wind.

Manjusha et al. (2013), from the study conducted along the southwest coast of India,
pointed out that while different species of pelagic fishes respond to the prevailing environmental
conditions in different ways, the herbivorous small pelagic fishes are expected to benefit from
the current global warming trend. The results also showed nearly 50% increase in the coastal

upwelling along the southwest coast of India during southwest monsoon.

Praveen et al. (2016) observed a shift in both the magnitude and direction of winds over
the western Arabian Sea which demarcates it into two zones of increased and decreased
southwesterly winds along the Oman coast and the Somali coast respectively. They also
suggested an enhancement in the marine productivity in the western Arabian Sea due to the net

upwelling increases along the Oman coast as a result of the enhanced winds.

2.8. INDIAN OCEAN WARMING

In the study conducted by Cadet (1985) on the Southern Oscillation over the Indian
Ocean, a cycle with a period of about 40 months in the eastern Indian Ocean and about 30
months in the western part is described, the origin of which is marked by high pressure, low
cloudiness and strong zonal winds. The zonal winds decreases and the SST and air temperature
increase in the following 7-8 months. The minimum pressure is reached when the cycle reaches
half way. It is also noticed in this study that some of the Indian Ocean warming events (in the
year when El Nino related warming occurs) coincide with the Pacific Ocean warming while
some are not associated with the Pacific Ocean warming events. Preceding a warming event, a
decrease of trade wind intensity over the Pacific and Indian Ocean and a reduction in convective
activity over the eastern Indian Ocean are expected. The variations in the intensity of each
warming event are observed to be more uniform over the Indian Ocean than that of the Pacific
Ocean. Since the periodicity differs in the western and eastern parts of the Indian Ocean, certain
events that are significant in the western part will be insignificant in the eastern part. Some

results also showed that the anomalies propagate to the east over the Indian Ocean.

The Indian Ocean has been observed to be warming throughout the past five decades and
the Western Indian Ocean for more than a century. During summer monsoon, due to the strong

monsoon winds and the associated upwelling, the western Indian Ocean generally has cooler sea

13



surface temperatures than the rest of the Indian Ocean. The Indian Ocean warm pool has been
observed to be warming and expanding. Rao et al. (2012) proposed a coupled ocean-atmosphere
feedback mechanism which suggested that the warming of the Indian Ocean is expected to
enhance the convection over the west central equatorial Indian Ocean and thereby strengthens
the anomalous easterlies. This can trigger more number of IOD events. And also, the
downwelling oceanic Rossby waves triggered by the anticyclonic wind stress curl is expected to
deepen the thermocline, thereby further warming the Indian Ocean and expanding the Indian

Ocean Warm Pool.

A study conducted by Kumar et al. (2009) revealed a decadal scale variability in the
annual mean SST of the Arabian Sea basin which is driven by upwelling. The SST anomaly
cycle shows a slow warming trend in the period between 1960-1995 and then a disruption is
observed afterwards, which cannot be attributed to the natural changes in solar activity. Hence it
is assumed that despite the cooling brought by the upwelling, the warming due to increased CO,

emission has become dominant after 1995.

El Nino results in low-level easterly anomalies over the western Indian Ocean leading to
warming by weakening the mean westerlies while La Nina does not show any significant cooling
anomalies (Roxy et al., 2014). Rapid warming of Indian Ocean enhances the ocean stratification
and thereby hinders the mixing of nutrients from the subsurface layers to the euphotic zone. As a
result, during the past six decades, a decline of about 20% in the marine phytoplankton was

pointed out by Roxy et al. (2016), with large declining rate during the last 16 years.

Dong and McPhaden (2016) pointed out an interhemispheric SST gradient in the Indian
Ocean during the recent global warming hiatus, with an increased warming trend in the region
south of 10°S and relatively weaker trend in the northern part. The main reason for this gradient
is attributed to the enhanced Indonesian Throughflow (ITF) which is expected to reduce the
vertical mixing by depressing the thermocline in the southern part, thereby hindering the cooling
of the surface water. When compared to the pre-hiatus decade, the enhanced ITF and the
associated thermocline deepening is responsible for 70% of the recent warming trend. The
positive wind stress curl between 10°S and 20°S and the negative wind stress curl between the
equator and 10°S due to changes in Walker circulation induced anomalous downwelling and

anomalous upwelling respectively in the respective regions. Also, the intensified coastal
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upwelling along the Somalia coast due to anomalous southwesterly wind stress adds up to the

condition.

2.9. MARINE HEAT WAVES

Frolicher et al. (2018) stated that under present global warming scenario, the incidence of
Marine Heat Waves (MHW) will become more frequent across the globe, with the maximum
increase expected in the tropics and the Arctic Ocean while in the Southern Ocean, it is the
lowest. They also stated the global warming as the reason for 87% of the MHW occurring
recently. Oliver et al. (2018) found that the occurrence of MHW and their duration have
increased by 34% and 17% globally which contributed to 54% increase in the annual MHW
days. Rahmstorf and Coumou (2011) stated that the Moscow MHW in 2010 occurred only due to
climate warming. In 2013-2015, northeast Pacific region experienced a large MHW which is
reported to be the strongest MHW since 1982. Cheung and Frolicher (2020) stated that MHW

can double the magnitude of impact of long-term climate change on the fish stocks by 2050.
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CHAPTER 3

MATERIALS AND METHODS

3.1. STUDY AREA

The area used for the study is the part of the western Arabian Sea within 5°N & 20°N
latitudes 65°E & 80°E longitudes.

50 100 km

68 72 76
Figure 3.1. Study area — southeast Arabian Sea

The Arabian Sea is characterized by seasonally reversing wind system called the
monsoon. During summer, strong south-westerly winds with moisture-laden air blow from the
sea towards the land mass, while during winter, the reversal of the winds takes place which

results in north-westerly winds with dry air blowing from the land to ocean. The changes in the
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wind fields in summer and winter would alter the ocean circulations of the Arabian Sea

seasonally.

The coastal areas of the Arabian Sea is one among the highly productive regions in the
Indian Ocean as it is expected to have an oceanographic phenomenon termed as upwelling which
brings up the cold, nutrient-rich subsurface water to the surface to replace the relatively warmer,
nutrient-deficient surface water, making the coastal areas highly productive. The upwelling in the
Arabian Sea coast is observed to commence in association with the onset of summer monsoon.
Under favourable conditions of SST and nutrients, Arabian Sea is observed to have

phytoplankton blooms.

This study is focussed on the upwelling along the southwest coast of India where the
upwelling is usually found to begin prior to the southwest monsoon onset and retain till

September.

3.2 DATA

3.2.1 Surface winds

Monthly means of surface wind vectors (u and v components) at 10 meter height from
1979 to 2018 from ERA-Interim, a global atmospheric reanalysis product was collected from
European Centre for Medium-Range Weather Forecast (ECMWF). The data has a spatial

resolution of ~80 km on 60 levels in the vertical from the surface up to 0.1 hPa.

3.2.2 Sea Surface Temperature

Monthly Sea Surface Temperature (SST) for the period 1985 to 1999 from Pathfinder
AVHRR with a spatial resolution of 9 km and for the period 2000 to 2018 derived from
MODIS-Terra and MODIS-Aqua channels in the mid-IR region (3.8-4.1 um) with a spatial
resolution of 4.63 km are obtained from APDRC. The mid-IR channels are useful in the high

water vapor, low-latitude regions and are less susceptible to aerosol contamination.

3.2.3 Ocean Temperature
Daily ocean temperature from Hybrid Coordinate Ocean Model (HYCOM) Analysis and
Reanalysis products of Global Ocean Forecasting System 3.1 (GOFS 3.1) with a spatial
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resolution of 0.08° lon x 0.04 ° lat and 0.08° respectively are collected from

https://www.hycom.org for the period 2000 to 2018. For data assimilation, the system uses the

Navy Coupled Ocean Data Assimilation (NCODA) system.

3.2.4 Sea Level Height Anomaly

Sea level height anomaly (SSHA) processed from all altimeter missions: Jason-3,
Sentinel-3A, Hy-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2
with a spatial resolution of 0.25°, from 1993 to 2018 is obtained from Copernicus Marine
Environment Monitoring Service. The processing system uses the Geophysical Data Records to
produce Sea Level Anomaly (SLA) in delayed time. All altimeter fields are interpolated at
crossover locations and dates. In order to obtain the gridded SLA, all the flying satellites are

merged and an Optimal Interpolation is made.

3.2.5 Carbon-based Productivity Model (CbPM)
Net Primary Production (NPP) from CbPM during 2003-2019 was downloaded from

http://sites.science.oregonstate.edu/ocean.productivity/1080.by.2160.monthly.inputData.php.

3.2.6 Fisheries Data

Species-wise annual marine fish catch for Kerala coast (district-wise) from 2007 to 2018

was obtained from Central Marine Fisheries Research Institute (CMFRI).
3.2.7. Oceanic Nino Index (ONI)

ONI for the years 1950-2020 was downloaded from National Oceanic and Atmospheric
Administration  (NOAA) Climate  Prediction Center (CPC) from the site

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_vS5.php.

3.3. METHODS

3.3.1 Upwelling Indices

Since upwelling intensity cannot be measured directly, various upwelling indices are used

to understand the intensity of upwelling.
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3.3.1.1 Upwelling index from surface winds

In the Northern Hemisphere (Southern Hemisphere), the surface winds are expected to
move the surface water to the right (left) with the net transport of water at an angle of 90° to the
wind direction which is termed as Ekman transport. Coastal upwelling is generated when the
surface winds blowing parallel to the coast induce offshore Ekman transport, bringing up the
subsurface water. Hence offshore Ekman mass transport is taken as primary indicator of

upwelling.

Along the southwest coast of India, the surface wind is mostly north-westerly while it is
mostly tangential at the southern tip of India and hence for the calculation of offshore Ekman

transport, zonal wind and meridional wind components are neglected respectively.

Ekman mass transport due to zonal and meridional wind is calculated using the equation

TX
M, ==
.
T
M, ==
ot

respectively, where 7, is the cross-shore wind stress, 7,, is the along-shore wind stress and f; is
the Corriolis parameter which has the value of 2w sin(@), where w is the angular velocity of the
Earth’s rotation and has a value of 7.292 * 107>, and @ is the latitude. The wind stress is

calculated by
Tx = PairCalV]u
Ty = PairCalV|v

where pg;,- is the density of air, C; is the dimensionless drag coefficient, |V| is the wind speed
and u and v are the zonal and meridional components of the wind. The wind speed is calculated

using the equation
V= V@u?+v?

The dimensionless drag coefficient for the southeast Arabian Sea is calculated using the formula
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3.3.1.2 Upwelling index from Sea Surface Temperature (SST)

The process of coastal upwelling brings colder nutrient-rich water from the subsurface to
the surface and hence there will be anomaly between the coastal and offshore Sea Surface
Temperatures (SST). This anomaly is used for understanding the upwelling intensity and is
termed as Local Temperature Anomaly (LTA). Upwelling along the southwest coast of India is

expected to extend up to about 200-300 km. In this study, LTA is calculated as

LTA = Toffshore — Teoastat

where Tofrsnore and Teoqstar are the SST of offshore and coastal station respectively. During
upwelling, LTA will be positive and vice versa. The greater the LTA, the greater is the upwelling

intensity.

For calculating LTA, 10 coastal stations are selected with their corresponding offshore

stations perpendicular to the coast, at a distance of 1° and 2° from the coast as shown in figure

4.2.
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Figure 3.2. Study region showing the coastal and offshore stations selected for LTA calculation.

3.3.1.3 Sea Level Anomaly
Upwelling brings colder, denser water towards the surface which reduces the sea level.
Hence sea level height anomaly during southwest monsoon can be a result of upwelling though

there are several other factors which affect the sea level variability.

3.3.1.4 Shifting of Isotherms

Ocean temperature data from HYCOM collected from APDRC is used to understand the
movement of isotherm at 10 selected locations in the Southeast Arabian Sea as shown in figure
2. At each location, four sub-locations are taken at distances 20km, 50km, 75km and 100km

from the coast. The rapid upward movement of isotherms serves as an indicator of upwelling.
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Figure 3.3. study area showing different locations and sub-locations selected for analysis of

isotherms

3.3.1.5 Carbon-based Productivity Model (CbPM)

Behrenfeld et al. (2005) were the first to describe the CbPM which was later expanded
upon by Westberry et al. (2008). Unlike the traditional approach to Net Primary Production
(NPP) modeling, CbPM relates NPP to phytoplankton carbon biomass and growth rate.

NPP = carbon * growth rate
(Behrenfeld et al., 2005)
Phytoplankton biomass is assessed from particulate backscattering coefficients (byy ).
carbon = 13000 * (by, — 0.00035)

(Behrenfeld et al., 2005)
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Phytoplankton growth rate is a function of nutrient and temperature stress and

photoacclimation and is derived from satellite chlorophyll-to-carbon data.
growthrate = Uy, * f(N,T) * g(1g9)
(Behrenfeld et al., 2005)

where Upq = 2, f(N,T) is the reduction in growth rate due to suppression of nutrient and

temperature and g(Ig) is the growth rate reduction due to light limitation.

f(N T) _ (Chl: C)observed —£
’ (Chl: C)ppax — €

(Westberry et al., 2008)

where (Chl: C) ppserveqa and (Chl: C)pay are the observed and maximum Chl: C ratio and & is the

minimum Chl: C ratio when NPP is zero which is ~0.0003.
(Chl: C) gy = 0.022 + (0.045 — 0.022) 7318
(Behrenfeld et al., 2005)

where (Chl: C)pmax is the chlorophyll-to-carbon ration under nutrient replete condition,
(Chl: C) ppservea is the satellite-derived chlorophyll-to-carbon ratio and Ig is the median mixed
layer light level which is calculated as

MLD
Ig = PAR x e ¥PAR——

(Behrenfeld et al., 2005)

The evaluation of f(Ig) requires information of Mixed Layer Depth (MLD),
Photosynthetically Available Radiation (PAR) and attenuation coefficients for PAR (KPAR) and
is calculated using the equation

glg) =1—e9
(Westberry et al., 2008)
3.3.2. Modelling Approach

The Finite Volume Community Ocean Model (FVCOM) was used to simulate the

temperature profile of southwest coast of India for a period of one year (2014). The model
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decomposes primitive equations over unstructured triangular grids, having spatial resolution
varying from 20 m (within 10 km area of inlet) to 50 km (in the open ocean) and consist of about
60,000 elements with 21 vertical sigma levels. The maximum model time step of one second is
set by the lowest CFL value in the domain to preserve the stability over the simulation (D. F.
Hill, 2007). The model was forced by tide at open boundary, which was extracted from Global
tidal model and river discharge for the year 2014 was taken from Central Water Commission
(CWCQC). Surface meteorological forcing’s such as atmospheric pressure, wind, solar radiation and
cloud were taken from European Centre for Medium Weather Forecast (ECMWF). Currents,
Salinity and temperature forcing at the open boundary was extracted from hybrid global ocean
model data. Global self-consistent, hierarchical high-resolution geography database available at
http://www.soest.hawaii.edu/wessel/gshhg/ was utilised for delineating land-water interface,
while estuaries and backwaters were incorporated by digitizing LISS-III data. FVCOM model
was run in parallel mode on a multiprocessor computer to achieve minimum execution time with
the technology of MPI (Message Passing Interface) and the outputs stored in NETCDF format
with one hour interval. Several studies showed that wind is the major parameter influencing
upwelling phenomena, where the rapid upward shifting of 26° C isotherm is evident. The present
modelling study is mainly aimed to understand the fact that whether upwelling prevails in
southwest coast of India without wind. FVCOM model have a capability to switch ON and OFF
of different parameters. Here we were simulated the model for two conditions 1) real condition
with WIND ON 2) experimental condition with WIND OFF. If the real condition is calibrated
and validated with in-situ measured data, so that the experimental condition may valid

throughout the study.

3.3.2.1. Calibration and validation of the FVCOM Model
3.3.2.1.1. In-situ measurements

Validation/calibration of the water level and current simulations for the southwest
monsoon period were carried out using in-situ measurements spanning from 24th July-21st
August 2010 in the Cochin estuary and two inlet connected to sea (Cochin and Munambam),
while those for transition stage of monsoon were done from 20th September-20th October 2009.
Water levels were recorded at 10 minutes interval at 6 different locations using SBE-26 plus

water level recorder. Aanderaa RCM-9 current meters were deployed at 4 locations to record
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water speed and direction at 10 minutes interval. Salinity profiles at Cochin coastal water were
obtained from & offshore locations upto 35 m depth wusing SBE-19 plus CTD
(conductivity = 0.001 S/m) during the year 2014.
3.3.2.1.2. Model validation

The data from in-situ observations were used to evaluate model accuracy. Taylor diagram
provides a statistical summary of the model to produce accurate results in terms of correlation,
centred Root Mean Square Deviation (RMSD) and variance. The correlation between model and
observation is given by the azimuthal position, while the distance from the reference point
(observations) is a measure of the centered RMSD. Therefore, an ideal model (being in full
agreement with observations) is marked by the reference point (0.1) with coordinates ¢ =0 and
radius = 1, which means the correlation coefficient is equal to 1 and the modelled and measured
variations have the same amplitude. Figure 3.4 represents statistical significance of model by
comparing simulated tide, U and V components with the observed data from the various location
the Cochin estuary. Both the season, Taylor diagram showed very good correlation (>0.7) of tide
and current simulations with a standard deviation < 0.5 and low RMSE (<1.0). Salinity variation
in the shelf off Kochi was simulated for the year 2014 and was well-matched with in-situ
measurements. The representative months having large, medium and low riverine flux were
subjected to statistical significance (Figure 3.5). Throughout the validation, high correction
coefficient (>0.7) was noticed at all stations with a minimum standard deviation and RMSD

(<0.3).
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Figure 3.5. Taylor diagram represent statistical significance of model by comparing temperature
with the observed data from the various location of the shelf off Kochi for different months in

the year 2014.

3.3.3. Oceanic Nino Index (ONI)

To identify ENSO years, the Oceanic Nino Index (ONI) from NOAA was analyzed.
From the ONI values calculated for overlapping 3-months periods, the years with values equal to
or above +0.5° anomaly for 5 consecutive periods is defined to be an El Nino year and similarly
the years with values equal to or below -0.5° anomaly is defined to be La Nina year. And as for
the strength, the years with ONI values from 0.5° to 0.9° anomaly for at least 3 consecutive
overlapping 3-month period is classified as weak, 1° to 1.4° anomaly as moderate, 1.5° to 1.9°

anomaly as strong and years with values greater than 2 as very strong .
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CHAPTER 4

RESULTS
4.1. CLIMATOLOGY

4.1.1. Surface Winds and Offshore Ekman Mass Transport

Wind is an important parameter for changing the ocean dynamics, which can drag a water
column up to 100 m while passing over ocean surface. Figure 4.1 shows the wind speed, offshore
Ekman transport due to meridional wind and zonal wind during January to December. During
January and February, along the west coast of India, the mean wind to the North of 12°N is
mainly northerly and to the South, it is north-easterly. The mean wind becomes north-westerly
along the entire coast of the study area by April. The wind speed along the west coast seems to
be in the range of 1-5 ms” from January to April, and the value decreases with passing months.
The wind speed starts to increase from April onwards. In May, the wind speed along the coast is
about 3 ms” with the direction towards the southeast. The direction becomes westerly in June
with the speed reaching the range of 5-6 ms”. In July and August, the wind speed further
increases and the direction becomes north-westerly along the southwest coast of India. By
September, the wind speed starts to decrease, and the wind direction gradually shifts to north-
easterly. The wind direction over the southern tip of India is almost tangential from May till
October, after which the direction changes to north-easterly over the entire study area. The
strongest wind is observed during the month of July and the maximum is observed at the
southern tip of India. The lowest wind is observed during the months of March-April and

October-November.

Many studies showed that the upwelling is mainly controlled by the wind acting upon the
ocean water. Upwelling along the southwest coast of India is taken to be negative since the
upwelling favourable wind along the region is equatorward while the values are considered to be
positive along the southern tip of India as the upwelling favourable wind at the region is
eastward. Offshore Ekman transport along the Indian coast is observed to be evident from May
onwards at the southern coast. Both the spatial extent and strength seem to increase during June-
July and reaches up to a maximum of 4500 kgm's™ in July along the southern coast. The

strength of Ekman transport is observed to decrease northward and it starts to reduce from
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August at the southern coast. The offshore Ekman transport becomes negligible along the whole

coast by the end of September.

4.1.2. Sea Surface Temperature (SST) and Local Temperature Anomaly
(LTA)

Figure 4.2 shows the climatology of Sea Surface Temperature (SST) for the study region.
In January and February, average SST along the southwest coast of India is about 28°C. A
decreasing tendency of SST is found to the North of 15°N and to the South of 7.5°N. The SST in
the entire study region shows an increasing pattern from January onwards. Most of the region
shows SST greater than 29°C by May. As an indication of the wind induced upwelling, the SST
begins to show a reduction, initially from the southern coastal tip of India. The low SST region
gradually expands northward along the coast and the SST over the entire region also shows a
decreasing pattern. During July and August, SST near to the coastal region reaches about 24-
25°C and the minimum SST region is found to be confined to the coast within the latitudes 7.5°N

and 15°N. After August, the water begins warming up, which is evident from figure 4.2.

Figure 4.3 shows the climatology of Local temperature anomaly (LTA) for the 10
different sites and it shows that the peak LTA values occur during summer monsoon period
(June-September). The maximum LTA of about 2.5-3°C is usually observed at Site 3, followed
by Site 4 (2-2.5°C). At Site 1, the LTA is observed to show negative values during June-
September while at Site 2, LTA attain positive values just above zero during June. The LTA was
found to be decreasing northward. The peak value at Site 7 reached up to 1.8°C and this value
was observed to be slightly higher than that of Site 5 and Site 6 which happens to be about
1.75°C and 1.5°C respectively. That is, there is a slight reduction in the upwelling index between

at Site 5 and Site 6.
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4.1.3. Isotherm Depth

To elucidate the shifting of isotherms, four sub-locations are selected at each site at a
distance of about 20 km, 50 km, 75 km and 100 km away from the coast which are also
perpendicular to the coast. The 26°C which is taken as the base of the mixed layer is used as the
reference in this study. During June to September, upslopping of isotherms are evident at most of
the sites with the maximum upslopping observed within 50 km distance from the coast. Beyond
50 km distance from the coast, upslopping is weaker. At Site 1 and Site 2, the isotherms are not
clearly visible at 20 km distance from the coast. The upslopping of isotherm become more
prominent from Site 1 to Site 3. The strongest upslopping is found at Site 3. At Site 4, the
upslopping at 20 km distance from the coast is prominent but at 50 km, the upslopping is weak
when compared to Site 5. From Site 1 to Site 5, the isotherms attain minimum depth during the
month of July while for the remaining sites, a lag is observed. The upslopping is found to be
slightly stronger at Site 7 than that of Site 5 and Site 6. To the north of Site 7, the upslopping

again starts to weaken.
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4.1.4. Mean Sea Level (MSL) Anomaly

Figure 4.5 shows the climatology of Mean Sea Level (MSL) Anomaly. During January to
May, the MSL anomaly is observed to be positive with a rise of about 15 cm along the southwest
coast of India. The sea level shows a decreasing pattern from January onwards. During June,
MSL anomaly becomes almost negligible and also begins to appear as negative anomaly, which
is found to be more prominent in the coastal region between 7.5°N and 12.5°N. The extent of
anomaly along the coast reaches maximum of about -10 cm in August, after which the sea level
begins to increase over again. In November, the MSL anomaly gains positive value of about 5
cm along the coast while negative anomaly can still be observed in the offshore regions. The
negative anomaly keeps shifting in the offshore direction till January and from February

onwards, the MSL rises over the entire study area. The negative MSL anomaly is observed to
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start from the southern coastal region and then the region anomaly extends towards north as well

as offshore regions.
4.1.5. Carbon based Production Model (CbPM)

Figure 4.6 shows the climatology of Net Primary Production (NPP) along the southwest
coast of India. From January to March, NPP increased along the coast to the north of 17°N. The
maximum NPP, greater than 1350 111ng'2day'1 was observed in March and afterwards NPP
declines. The southwest coast is oligotrophic during the premonsoon season. NPP shows a rising
trend along the southern coastal region from May onwards, starting from the south and
progressing northwards. The highest NPP along the southwest coast is observed during the
month of September with value ranging between (1200-1350 mng’zday'l). Then the value
again starts to decrease afterwards and becomes negligible by beginning of November. But still,
higher NPP can be observed at the northern latitudes between 17-20°N. Higher NPP values are

found between these latitudes during most of the months.
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4.2 VARIATIONS IN UPWELLING INDICES AT DIFFERENT SITES

To understand the variations in upwelling intensity along the southeast Arabian Sea
coast, the upwelling indices during the southwest monsoon season from 2000 to 2018 at the 10
different sites are studied. The results showed variations in the values of indices at different sites.
Table 4.1 and 4.2 showed the years of ENSO and IOD events from 1979 to 2018. Wind, Ekman
transport, SST, MSL, LTA and NPP for different sites were analyzed. The wind speed and
Ekman transport varied for different sites but the pattern was almost similar throughout the entire
coast. The MSL anomaly was almost similar throughout the coast. The SST and LTA showed

high inter-annual as well as spatial variations.
4.2.1. Site 1

Figure 4.7 shows that the wind speed along Site 1 during the southwest monsoon for the
study period ranges between 4-7 ms" with the wind blowing from west-southwest for most of
the time. The southerly component of wind is observed to be more prominent at this site which is
parallel to the coast and favour upwelling. From figure 4.9, it can be seen that the Ekman
Transport ranged between 1750-2000 kgm'ls‘] and was almost steady throughout the years. No
significant changes can be observed in the wind speed and Ekman transport during the ENSO
and 10D years. The D26 showed a deepening trend. The SST at the region showed a continuous
increase during 2001-2003. The highest SST is observed during 2015 which was a very strong El
Nino year. The MSL anomaly showed negative values during June-September. A slight decrease
was noted in the anomaly from 2000-20135, attained positive values in 2015-2016, then again the
anomaly started decreasing. The MSL anomaly was found to be increasing during El Nino and
positive IOD years. From figure 4.7, the LTA values at summer monsoon period were negative
during most of the years. But in 2006, it is observed to reach close to zero. Figure 4.10 showed

that the NPP did not show significant variations and ranged between 1000-1500 mgCm “day .
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Figure 4.7. Windrose chart for Site 1 during 2000-2018 June-September
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Figure 4.9. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at

Site 1 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina

and strong La Nina shaded by pale brown, darker brown, pale blue and darker blue respectively
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Figure 4.10. NPP for Site 1 during 2003-2019

4.2.2. Site 2

The wind speed at Site 2 ranged between 6-9 ms' during the southwest monsoon of the
study period. The wind was mostly westerly throughout the period. The Ekman transport due to
these westerly winds were between 3500-4000 kgm'ls'l and did not show significant variations
but a reduction was observed during 2015 and 2017. During the La Nina and I0OD years, no
particular changes are noted in the wind speed and Ekman transport. The SST showed higher
values in 2003, 2015 and 2017. June-September MSL mean showed negative values throughout
the study period and a slightly increasing trend can be noted till 2015. In 2015-2016, MSL
anomaly showed positive values. During the El Nino and positive IOD years, a rise in MSL
anomaly is noted. The LTA at this site was mostly negative at 1° distance from the coast but
positive values are observed during 2005-2008. At 2° distance, the LTA was more prominent
than that at 1° distance. D26 showed a deepening trend. The NPP ranged between 500-1000
mgCm>day "' and exceeded 1500 mgCm™“day " in 2007 and 2015.
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Figure 4.11. Windrose chart for Site 2 during 2000-2018 June-September
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Figure 4.13. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at

Site 2 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina

and strong La Nina shaded by pale brown, darker brown, pale blue and darker blue respectively.
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Figure 4.14. LTA for Site 2 during 2000-2018

4.2.3. Site 3

Figure 4.15 showed that the wind speed varied between 6-10 ms during June-September
of the study period with wind blowing from the west for almost 53% of the time and for the
remaining period wind was found to be west-northwesterly. The westerly component of wind
was found to be dominant at the site. The highest wind speed as well as offshore Ekman
transport is usually observed at Site 3 where the Ekman transport during June-September for the
study period ranged between 5000-6000 kgm'ls‘1 and the maximum was observed during 2014
and 2016. A continuous rise in Ekman transport was observed during 2011-2014. In 2015 and
2017, a sudden decline was observed from the previous year. During the La Nina and 10D
events, no significant changes are noted in wind speed and Ekman transport. The June-
September SST mean showed inter-annual variations and the highest value of about 27°C

occurred in 2015 and the lowest of about 24.5°C in 2001 and 2018. During 2008-2010, a
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continuous reduction was noted and during 2010-2012, a continuous rise was noted. A deepening
trend is observed in D26. MSL anomaly showed the same pattern as that of Site 1 and Site 2.
LTA showed higher values between 1-3°C. From 2001-2004, a continuous decrease is observed
and during 2008-2012, a continuous rise is noted. A reduction in LTA is noted during the very
strong El Nino year. There is no significant difference between the SST of the two offshore
stations. But significant differences in SST between the two offshore stations are observed in

2009, 2016 and 2018. The NPP ranged between 500-1500 mgCm“day .
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Figure 4.15. Windrose chart for Site 3 during 2000-2018 June-September
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Figure 4.16. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at

Site 3 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina
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Figure 4.17. LTA for Site 3 during 2000-2018
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Figure 4.18. NPP for Site 3 during 2003-2019
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4.2.4. Site 4

From figure 4.19, it can be seen that the wind speed during the summer monsoon for the
study period at Site 4 is ranged between 6-9 ms™ with the direction west-northwesterly for most
of the period. This was parallel to the coast. Figure 4.20 showed that the wind speed did not
show significant variations inter-annually but was observed to show a sudden decrease during
2015 and 2017. A slight increase in wind speed is observed during 2010-2014. Corresponding
changes are observed in Ekman transport. The offshore Ekman transport was negative as the
upwelling favorable wind blowing towards the equator and the value ranges between 1000-2000
kgm's. The highest value of about 2000 kgm's"' was found during 2016. A continuous
reduction was observed during 2004-2009 and from 2011 to 2014, a continuous increase is
noted. During the La Nina and IOD years, no significant changes are observed. The SST
remained almost steady from 2000 till 2011. In 2015, highest SST close to 28°C was observed
and the minimum value of about 25°C was observed in 2018. A slightly deepening trend is
observed in D26. The MSL anomaly showed same pattern as that of the previous sites. The LTA
ranged between 1-3°C with insignificant variation between the two offshore stations. LTA
showed a reduction during the year 2015. D26 was between 20-40 m during most of the period,
with the depth reaching close to 10 m below the surface in 2013. The NPP usually varied
between 750-1500 mng'zday'1 but exceeded 2000 mng'zday'1 during 2009 summer monsoon

period.

54



NPP [mgC/m?/day?]

Site 4

Iooonni

5

Figure 4.19. Windrose chart for Site 4 during 2000-2018 June-September
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Figure 4.20. NPP for Site 4 during 2003-2019
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Figure 4.21. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at

Site 4 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina

and strong La Nina shaded by pale brown, darker brown, pale blue and darker blue respectively
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Figure 4.22. LTA for Site 4 during 2000-2018
4.2.5. Site 5

The wind speed during June-September of the study period varied between 5-8 ms™'. The
direction was mostly west-southwesterly during the period which is almost parallel to the coast.
The wind was nearly steady throughout the period. the Ekman transport was lower than that of
Site 4 which varied between 500-1500 kgm™'s™ with highest value greater than 1500 kgm™s™
observed during 2016. The wind speed and Ekman transport showed reduction in 2003, 2015 and
2017 but was strong in 2016. A sudden increase was also noted in 2010. During the La Nina and
IOD events, no particular changes are observed in the wind speed and Ekman transport. The SST
was almost steady with the highest SST observed in 2015 which was nearly 28°C. D26 showed a
slightly deepening trend. The MSL anomaly showed same range and pattern as that of the
previous sites. The LTA values were found to be between 1-2°C. The SSTs at the two offshore

stations were nearly similar. A reduction in LTA values was observed in 2015. The NPP usually
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varied between 1000-1500 mng"zdaly'1 but the value exceeded 1500 mng'zday'1 during 2009-

2010.
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Figure 4.23. Windrose chart for Site 5 during 2000-2018 June-September

Site 5

3500

3000

2500 -

2000+

1500+

1000

500+

—o— [|AS Mean
EEE Monthly

" 2004

2006 2008 2010 2012 2014 2016

Year

Figure 4.24. NPP for Site 5 during 2003-2019

2018

58



Wind & D26

Wind Speed (m/s)

| — D28

—o— |JAS Mean
B Monthly

0.5

2000 2002

2004

2006

2008 2010 2012
Ekman Transport

0.0 1

-0.5 1

-1.01

-1.54

-2.04

Ekman Transport [10° kg/m/s]

|
npy

~  JJAS Mean
mmm Monthly

2000 2002

2004

2006

2010 2012 2014 2016 2018
SST

2008

—— Monthly
—e— ||AS Mean

2000 2002

2004

2006

2010 2014 2016 2018
MSL

2008

MSL [cm]

—e— Monthly
JAS Mean

2000 2002

2004

2006

2010 2012 2014 2016 2018

Year

2008

20

40

60

80

100

Depth [m]

Figure 4.25. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at

Site 5 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina

and strong La Nina shaded by pale brown, darker brown, pale blue and darker blue respectively
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Figure 4.26. LTA for Site 5 during 2000-2018
4.2.6. Site 6

Windrose chart showed that the wind speed varied between 4.5-7.5 ms"' during June-
September of the study period and the wind was west-northwesterly for almost 74% of the
period. The wind speed throughout the period was almost steady. The offshore Ekman transport
was almost steady during the entire study period with values ranging between 500-1000 kgm'ls'1
and the highest value was observed during 2016. Both the wind speed and Ekman transport
showed a reduction in 2015 and 2017 but showed an increase in 2016. No particular changes
were noted during the La Nina and IOD events in wind speed and Ekman transport. The SST
varied between 26-27°C and was nearly steady throughout the years but a reduction is noted in
2004. A rise is observed during 2013-2015 with highest SST of about 28°C occurring in 2015.

MSL anomaly showed similar pattern as that of the previous sites. A slight, continuous
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deepening trend was noted in D26. LTA at a distance of 2° was more prominent at this site and

the value was observed to be between 1-2°C. LTA was lowest during 2015. The NPP showed

considerable variations inter-annually with the values between 500-2000 mng'zday'l. The

highest NPP values were observed during 2007 and 2014.
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Figure 4.27. Windrose chart for Site 6 during 2000-2018 June-September
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Figure 4.28. NPP for Site 6 during 2003-2019
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Figure 4.29. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at

Site 6 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina

and strong La Nina shaded by pale brown, darker brown, pale blue and darker blue respectively
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Figure 4.30. LTA for Site 6 during 2000-2018

4.2.7. Site 7

The wind speed during the summer monsoon months of the study period ranged between
2-5ms" and the direction was mostly west-northwesterly. The wind speed was almost steady for
the period. the Ekman transport was lower than that of Site 6 and occurred to be below 500 kgm
's!. The value showed continuous reduction during 2005-2009 and was almost absent in 2009.
Strongest Ekman transport was observed in 2016. SST varied between 25-27°C and the lowest
was in 2013. The MSL anomaly showed similar pattern as that of the previous sites. The LTA
values were more prominent than that of Site 6. Continuous reduction is observed during 2003 to
2008. In 2013, 2014 and 2016, highest values are observed. The SST's between the two offshore
stations were almost similar but showed significant variations in 2013 and 2014. D26 showed a
deepening trend, with the maximum depth observed during 2017. The NPP ranged between
1000-1500 mgCm™day ™.
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Figure 4.31. Windrose chart for Site 7 during 2000-2019
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Figure 4.33. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at
Site 7 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina

and strong La Nina shaded by pale brown, darker brown, pale blue and darker blue respectively
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Figure 4.34. LTA for Site 7 during 2000-2018
4.2.8. Site 8

The wind was mostly west-northwesterly during the monsoon season of the study period
and was stronger than that of Site 7. For about 20% of the time, the direction was observed to be
westerly and for about 10% of the time, the wind was northwesterly. The wind during most of
the period was not clearly parallel to the coast. This can be understood from the figure 4.36
which showed low Ekman transport which was below 500 kgm™s™. In 2015 and 2017, a
reduction in wind speed and Ekman transport is observed. But no significant changes are noted
during the La Nina and IOD years. The June-September SST mean was almost steady from 2000
to 2012 and in 2013, a sudden reduction of SST is observed. The lowest summer monsoon SST
of about 25°C was observed in that particular year. The SST then rose and reached highest value
of about 28°C in 2014 and 2015. D26 was observed to be deepening. MSL showed similar

pattern as that of the other sites. The LTA showed almost similar values as that of Site 7 and
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varied between 1-2°C. The NPP values ranged between 750-2000 mng'zdaly'1 with the highest

value observed during 2014.
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Figure 4.35. Windrose chart for Site 8 during 2000-2018 June-September
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Figure 4.36. NPP for Site 8 during 2003-2019
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Figure 4.37. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at

Site 8 during 2000-2018 with years of moderate El Nino, very strong El Nino, moderate La Nina

and strong La Nina shaded by pale brown, darker brown, pale blue and darker blue respectively
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Figure 4.38. LTA for Site 8 during 2000-2018

4.2.9. Site 9

At this site, the wind direction varied between west-northwesterly and westerly and the
wind speed ranged between 4-8 ms™. The wind speed was higher than that of Site 8. The wind
throughout the period was nearly perpendicular to the coast. Even though the wind speed during
the study period was higher than that of Site 8, the Ekman transport was negligible. The SST was
almost steady showing lowest value of about 26°C in 2013 and highest of about 28°C in 2015.
MSL anomaly showed similar pattern as that of other sites. LTA values were positive but most
of the years, it showed values less than 1°C and appeared to be close to zero during 2009. The
SST at both offshore stations were almost similar. The D26 showed a continuous deepening
trend. The NPP was slightly lesser than that of Site 8 with values ranging within 500-1000

mng'zday'] during most of the years but the value reached up to 2000 mng'Zday'1 during
2004.
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Figure 4.40. NPP for Site 9 during 2003-2019
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Figure 4.41. Graph showing the wind speed, D26, offshore Ekman Transport, SST and MSL at
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Figure 4.42. LTA for Site 9 during 2000-2018

4.2.10. Sitel0

The wind speed was between 3-6 ms"' and the wind was mostly westerly during the
monsoon season of the study period. The wind was weaker than that of Site 9. This wind being
mostly westerly was nearly perpendicular to the coast. The Ekman transport was observed to be
nearly absent at this site. The June-September SST mean was almost steady throughout the years
fluctuating between 26-27°C. the highest SST was bout 28°C and was observed in 2015. D26
was observed to show a deepening trend. MSL anomaly had similar pattern as that of other sites.
LTA values was less than 1°C but reached up to 2°C in 2004. The SSTs at two offshore stations
were almost similar. NPP varied between 500-1250 mgCm™ day "' during most of the time and

occurred to be lowest during 2012.
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Figure 4.44. NPP for Site 10 during 2003-2019
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Figure 4.46. LTA for Site 10 during 2000-2018

4.3. MARINE FISH LANDINGS ALONG KERALA COAST

Figure 4.48 shows the district-wise marine fish landings along the Kerala coast during
2007-2018. The fish landing was found to be the highest along Ernakulam, Kollam and
Kozhikode coast which ranged between 50 to 150 lakh kg. The fish landings were found to be
the highest during the summer monsoon period of the year which happens to coincide with the
upwelling indices. The lowest fish landings are found along Kasargode coast which were
reported to be less than 50 lakh kg. However, the data was found unavailable during certain

months between June-September.

Figure 4.48(a) showed that the June-September mean landing during 2007-2018 was
between 25-100 lakh kg. The landing showed a reduction from 2008 to 2010 along the coast and
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the highest landings were recorded in the years 2007, 2011 and 2018. An increasing trend was

observed from 2014 onwards.

Along the coast of Kollam, the June-September mean landing ranged between 50-150
lakh kg. A continuous decrease was observed from 2008 to 2010 and afterwards, an increasing
trend is noted. The landing during the monsoon period showed high fluctuations alternatively
during 2007-2011. During 2012-2015, the landing was almost steady and an increase was noted
in 2016. From 2016 onwards, the landing showed decline.

At Ernakulam district, the landings ranged between 50-150 lakh kg. Generally, an

increasing trend is observed along the coast but a reduction is noted during 2015-2016.

At Malappuram coast, the landing was mostly between 50-100 lakh kg during 2007-2013.
During the rest of the study period, the landing was observed to be below 50 lakh kg.

At Kozhikode district, the landing during monsoon season was mostly between 50-100 kg. A

sudden increase which reached up to 200 lakh kg was observed in 2012.

At Kannur and Kasargode coasts, the landings were lower than that of other districts and
were observed to be mostly below 50 lakhs kg. Kannur coast showed landing greater than 50
lakhs kg in 2013 which coincided with the highest landing in Kozhikode and at Kasargode coast,
the higher landing was noted in 2009 and 2015.
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Figure 4.47.A. District-wise annual marine fish landings along the Kerala coast during 2007-

2018 for the districts Thiruvananthapuram, Kollam and Alappuzha
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Figure 4.47.B. District-wise annual marine fish landings along the Kerala coast during 2007-

2018 for the districts Ernakulam, Thrissur and Malappuram
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Figure 4.47.C. District-wise annual marine fish landings along the Kerala coast during 2007-

2018 for the districts Kozhikode, Kannur and Kasargode

4.4. MODEL RESUTLS

The model was ran for two conditions, ‘with wind’ and ‘without wind’. Figure 4.48
shows the model output of SST along the southwest coast for ‘with wind’ condition for the year
2014. The result showed a usual pattern as the SST is higher in non-monsoon season and lower
during monsoon season. Maximum SST of 30°C is observed during April and it can be seen that
coastal SST starts to decrease from May onwards by the influence of monsoonal wind towards

the coast. Maximum cooling is attained in July and October onwards the water begins to warm
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up again. The lowest SST of 24°C was found between the latitudes 11°N and 12°N along the
southwest coast during July which indicates the peak upwelling stage. Figure 4.49 is the transect
plot of temperature at Kochi upto 150 m depth from the coast under ‘with wind’ condition during
2014. The major upwelling indices of 26°C isotherm at Cochin coastal water is usually observed
at a depth between 40 to 50m during non-monsoon months. During the southwest monsoon, the
rapid uplifting of 26°C isotherm is observed from May onwards and it reaches the surface during
July and August. Downwelling process was imitated by October and intensified from November

onwards.

Figure 4.50 shows the model output of SST for ‘without wind’ condition for the same
year and it confirms that there is no upwelling without wind. On an average the SST is higher
than the real condition (wind on). Maximum SST of 30°C was observed all along the coast
during April. The figure shows SST cooling during June-September, the cooling was not found
to reach the same extent when the model was ran for ‘with wind’ condition and the maximum
cooling of 27°C was observed during August. Slight uplifting of 26°C isotherm can be observed
during June-September but the surface water reaches up to 27°C (Figure 4.51). The isotherm is
shifted from 40-50 m to 20-30 m. This indicates that apart from wind there may be other factors
favourable for upwelling phenomena. The SST continues to warms up from October onwards

similar to ‘wind ON’ condition.
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Figure 4.48. SST along the south west coast of India for the year 2014 (wind ON condition)
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Figure 4.49. Vertical transect of temperature at Kochi up to 150 m depth from coast for the year 2014

(wind ON condition)

82



/
9
7°N >_ 1. L

= —_—es . e
74°E 75°E 76°E 77°E T4°E 75°E T76°E T77°E 74°E 75°E 76°E 77°E 74°E 75°E 76°E 77°E
<4 B 4
N N N W W

N N

(=] < (=]
Temperature (°C)

Figure 4.50. SST along the south west coast of India for the year 2014 (wind OFF condition)
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Figure 4.51. Vertical transect of temperature at Kochi up to 150 m depth from coast for the year 2014
(wind OFF condition)

4.5. SST, WIND SPEED AND MSL ANOMAY ANALYSIS

Figure 4.52, 4.53 and 2.54 show the variation of wind speed, SST and MSL with latitude
respectively in the study region. The wind speed is observed to increase from April onwards with
the maximum speed attained within the months of May-July. The wind speed during this time is
found to increase northward. The strongest wind during the study period was observed during the
years 2013 and 2018. The SST is found to be low at the beginning of the year as well as during
the summer monsoon period with the value showing a decrease to the north. The occurrence of

maximum wind speed and lowest SST coincide with each other. The MSL begin to decrease
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from April onwards and the lowest value was observed during June-October of the year at the

southern latitudes and the value seemed to increase to the north.
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Figure 4.52. Variation in wind speed with latitude during 2000 to 2018
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Figure 4.53. Variation in SST with latitude during 2000 February to 2018 December
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Figure 4.54. Variation in MSL with latitude during 2000-2018

4.6. LONG-TERM ANALYSIS

Table 4.1 shows the ENSO years during 1979 to 2018. Figures 4.55, 4.56 and 4.57 show
the monthly and yearly wind speed, SST and MSL respectively at five out of the 10 sites (Sites 2,

Mean Sea Level [cm]
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3,4, 6 and 8) which are expected to show considerable variations in the pattern of wind speed
and Ekman transport. From figure 4.55, it can be seen that the wind speed did not show any long
term trend. That is the wind speed was almost steady for the past 4 decades at almost all of the
sites. But during 1997-1998 and 2015-2016 very strong El Nino event, the wind speed at most of
the sites showed a reduction. But the following year, the wind is found to retain the strength.

During the La Nina and IOD events, no significant changes are found in the wind speed.

From figure 4.56, the SST along the southwest coast of India did not show any long-term
trend. The SST was almost steady for the past 3 decades. But during the 1997-1998 and 2015-
2016 very strong El Nino years, a drastic increase in the annual SST is observed with the highest
SST for the past 3 decades occurring in 1997. Soon after the very strong El Nino years, a
continuous reduction in annual SST is noted for the following one or more years. Even though
the SST decreased in 2016 after the very strong El Nino event of 2015, a rise is again observed
during 2017 at most of the sites. In 2018, again a reduction in annual SST is noted. During the La

Nina and IOD events, no significant changes are observed in SST.

From figure 4.57 it is evident that the MSL anomaly showed almost similar pattern
throughout the entire coast. An increasing trend is noted from 1993 till 2015. A drastic reduction
is visible after 2015 for 3 consecutive years. During the 1997-1998 and 2015-2016 El Nino
event, a sudden increase in MSL can be observed corresponding to the increased SST from
figure 4.56. But after both the events, a reduction is observed for two or three consecutive years.
During the positive IOD events, an increase in MSL is observed. But during the La Nina and

negative IOD events, no significant changes are noted.

Table 4.1. The years of weak, moderate, strong and very strong El Nino and La Nina during

1979 to 2018.

Years ENSO Strength
1979-1980 El Nino Weak
1982-1983 El Nino Very strong
1983-1984 La Nina Weak
1984-1985 La Nina Weak
1986-1987 El Nino Moderate
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1987-1988 El Nino Strong
1988-1989 La Nina Strong
1991-1992 El Nino Strong
1994-1995 El Nino Moderate
1995-1996 La Nina Moderate
1997-1998 El Nino Very strong
1998-1999 La Nina Strong
1999-2000 La Nina Strong
2000-2001 La Nina Weak
2002-2003 El Nino Moderate
2004-2005 El Nino Weak
2005-2006 La Nina Weak
2006-2007 El Nino Weak
2007-2008 La Nina Strong
2008-2009 La Nina Weak
2009-2010 El Nino Moderate
2010-2011 La Nina Strong
2011-2012 La Nina Moderate
2014-2015 El Nino Weak
2015-2016 El Nino Very strong
2016-2017 La Nina Weak
2017-2018 La Nina Weak

Table 4.2. IOD events from 1979 to 2018

Year 10D
1981 Negative
1982 Positive
1983 Positive
1989 Negative




1992 Negative
1994 Positive
1996 Negative
1997 Positive
1998 Negative
2006 Positive
2007 Positive
2008 Positive
2010 Negative
2012 Positive
2014 Negative
2015 Positive
2016 Negative
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Figure 4.55.A. Monthly mean and yearly mean of wind speed from 1979 to 2018 for Site 2
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Figure 4.55.B. Monthly mean and yearly mean of wind speed from 1979 to 2018 for Site 3
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Figure 4.55.C. Monthly mean and yearly mean of wind speed from 1979 to 2018 for Site 4
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Figure 4.55.E. Monthly mean and yearly mean of wind speed from 1979 to 2018 for Site 8
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Figure 4.56.B. Monthly and yearly mean SST from 1985 to 2018 at Site 3
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Figure 4.56.D. Monthly and yearly mean SST from 1985 to 2018 at Site 6
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Figure 4.56.E. Monthly and yearly mean SST from 1985 to 2018 at Site 8
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Figure 4.57. A. Monthly and yearly MSL from 1993 to 2018 at Site 2
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Figure 4.57. B. Monthly and yearly MSL from 1993 to 2018 at Site 3
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Figure 4.57. C. Monthly and yearly MSL from 1993 to 2018 at Site 4
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Figure 4.57. D. Monthly and yearly MSL from 1993 to 2018 at Site 6
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Figure 4.57. E. Monthly and yearly MSL from 1993 to 2018 at Site 8
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CHAPTER 5
DISCUSSION

Along the southwest coast of India, coastal upwelling is observed to be an annually
recurring phenomenon associated with the summer monsoon. Many studies showed that the
climate change impacts regional and global oceanographic processes such as SST-wind pattern
which can alter the upwelling dynamics. The study is focused on upwelling off the southwest
coast of India. The model results prove the importance of wind in the southeast Arabian Sea
upwelling. The long-term changes in the upwelling indices are analyzed and the major factors
which influence the spatio-temporal variations in the upwelling along the coast are identified

from the study.
5.1. WIND, THE PRIMARY INDUCER OF UPWELLING

The model output proves the importance of wind in southeast Arabian Sea upwelling.
The cooling of the surface water during the monsoon season was found to be higher when
compared with the results in the absence of wind. This proves that the upwelling off the
southwest coast of India occurs as a result of wind-induced Ekman divergence. In fact, the model
was simulated with and without wind condition only, all other parameters like, heat flux,
precipitation, air temperature, open boundary forcing, humidity etc were included in the model.
However, in the absence of wind, cooling of the coastal water is observed during June-
September. But the extent of cooling was lower than that of the ‘wind off” condition. This
cooling can be attributed to the southwest monsoon precipitation during the period. Similarly,
when looked at the vertical transect plot of water temperature at Kochi, the surfacing of 26°C
isotherm 1is evident for ‘wind on’ condition while the uplifting of isotherms is negligible for
‘wind off” condition. Similar results were proposed by Seena et al., (2019) which highlighted the
influence of wind on the plume transport. The model was ran for ‘with wind’ and ‘without wind’
condition. In the presence of wind, the plume appeared to propagate to the north throughout the
year irrespective of the seasons. When the effects of wind are nullified, the effect of the earth’s
rotation forced the plume to move to the right and the mixing of the plume with the oceanic

water was considerably lower than the normal condition. The results from this study confirm that
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the upwelling is primarily resulted from the wind-induced Ekman divergence but there may be
some other parameters which support the uplifting of water. More experimental studies are

required to discover the favorable parameters of upwelling phenomena.
5.2. CLIMATOLOGY OF THE SOUTHEAST ARABIAN SEA UPWELLING

Southwest coast of India features wind-induced upwelling, which is a well-known
phenomenon with the availability of fish landings. During the southwest monsoon, the wind is
south-westerly over the most parts of the Arabian Sea. Moving towards the southwest and
southern coast of India, the direction changes to north-westerly and westerly respectively, which
are almost parallel to the coast, thereby favoring upwelling along the region. The climatology of
upwelling indices revealed that the upwelling along the southeast Arabian Sea coincides with the
summer monsoon months (June-September) and is expected to commence in June, starting from
the southern part of the coast, eventually spreading northward (McCreary, Kundu and Molinari,
1993; Smitha et al., 2008). The maximum upwelling is found to occur at the southern coast
where the wind is the strongest which reaches up to 8-9 ms" and blows nearly tangential to the
coast for most of the period. Upwelling intensity is decreasing towards the north with the

direction of wind turning to be more westerly.

The wind along the coast starts to intensify from February onwards and the direction is
mostly northerly along the southwest coast while it is north-easterly along the southern coast.
The wind begins to blow from the northwest along the southwest coast from April onwards with
the intensity of wind rising the following months. The strongest wind is usually observed during
July-August after which it starts to weaken and so is the pattern of the offshore Ekman transport.
This is in compliance with the upwelling pattern proposed by Gupta et al. (2016). The strongest
upwelling is perceived at Site 3 of the study where the highest wind speed is observed and the
wind was nearly parallel to the coast. The upwelling intensity is observed to be different at Site 2
and 4 even though the wind is stronger on either site. This confirms that upwelling intensity is
influenced by the strength as well as the direction of the wind with respect to the coast. Along
the southwest and southern coast of India, the upwelling favorable wind is north westerly and

westerly respectively.

The upwelling will significantly affect the variation of SST as the bottom cooled water is

piled up to the surface. The highest SST in the southeast Arabian Sea is observed in the month of
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May. The SST along the coast begins to cool from May onwards which happens to coincide with
the upwelling period. The spatio-temporal variation of the Ekman transport was similar to the
SST, which initiates to cool off starting from the south, gradually spreading northward and the
minimum SST is found to occur in August, after which the water starts to warm up again
(McCreary et al., 1993). The climatology of MSL anomaly shows changes corresponding to the
changes in SST. The LTA values also showed an increase starting from March onwards which
suggests the cooling of coastal waters and the value is found to peak during July-August. The
maximum anomaly is usually observed at Site 3, followed by Site 4 and these results are in
compliance with that from the Ekman transport. But at Site 1 and Site 2, the LTA was observed
to be usually negative during the monsoon season even though a rise is observed during the
period. The LTA is also observed to be reducing northward but at Site 7, a slightly higher value
is observed when compared to Site 5 and Site6. The reference isotherm (26°C), which is taken to
be the base of the Mixed Layer, showed upward slopping during the monsoon period. This
upslopping of isotherms is solely driven by the Ekman pumping. So the upwelling is the
strongest where the upslopping is the most prominent. From the climatology of isotherms, the
upwelling is observed to be more prominent within the 50 km distance from the coast. At Site 1
and Site 2, the isotherms were not clearly visible at 20 km distance from the coast and this can be
attributed to the mixing of water due to wave and wind action at the region. This mixing would
also affect the LTA values as it alters the SST of the region. The coastal and offshore SST at this
region is observed to be almost similar due to the mixing, which is reflected in the LTA values
also. The upslopping of isotherms becomes more prominent from Site 1 to Site 3 and the
strongest upwelling signals are found at Site 3. At Site 4, the upwelling was stronger at 20 km
distance from the coast but at 50 km distance, the upwelling signals were weaker when compared
to Site 5. When looked from the south to north, a lag is observed for the isotherm to reach the
minimum depth. This confirms that the upwelling starts from the southern coastal region and
gradually progresses northwards. At Site 7, the upslopping was more prominent when compared
to Site 5 and Site 6. Similar results are also observed from LTA. These spatial variations in the

upwelling indices can be attributed to the varying bathymetry features along the southwest coast.

The climatology of NPP suggests an increase along the coast starting from May but the
maximum value is observed during September after which it begins to decline. This lag can be

attributed to the time taken for the primary production. Study conducted by Rajagopalan et al.

100



(1992) revealed that along the Cochin inshore waters, the most favorable condition for maximum
NPP is observed to occur during the post-monsoon season. The study also confirmed that
enhanced rainfall favors NPP to a certain level, beyond which the fresh water influx turns out to
be unfavorable. They also suggested that the nutrients brought by coastal upwelling has

significant role in primary productivity than that brought by fresh water discharge.
5.3. SPATIAL VARIATIONS

It can be understood from the windrose charts that the strongest wind is observed at Site
3, followed by Site 4 and Site 2. The strongest offshore Ekman transport is also observed along
these sites. The Ekman transport is found to reduce northward. From Site 3 to Site 7, the wind
speed is observed to reduce. This reduction in wind speed is also observed in the Ekman
transport. From Site 7 to Site 9 an increase is noted in the wind speed but the Ekman transport is
observed to decrease further. This reduction in the Ekman transport even though the wind is
strengthening can be attributed to the change in the wind direction with respect to the coast.
From the south to north, the wind becomes less parallel to the coast, with the wind direction still
being similar, due to the inclination of the Indian coast of about 24° from the true north. At Site

10, the wind becomes almost westerly and nearly perpendicular to the coast.

Even though the Ekman transport at Site 2 shows higher values than that of Site 4, all the
other upwelling indices imply that the highest upwelling intensity is observed at Site 3, followed
by Site 4. The upwelling weakens from the south to north, that is, from Site 3 to Site 10. At Site
1 and Site 2, the LTA showed negative values during most of the years. This anomaly in the
signals received from LTA might be due to the mixing of the water due to wind and wave action.
Similar LTA values at both the offshore stations imply that the upwelling usually confines within
the 1° distance. But the climatology of isotherms showed highest upwelling signals within 50 km
to the offshore from the coast. Hence, it can be noted that the upwelling is confined within 50 km
offshore from the coast but this upwelled water move further offshore, thereby affecting the SST
further offshore. The movement of the upwelled water further offshore explains the similar SST

at 1° and 2° distance from the coast.

In case of NPP, relatively higher values during June-September was found at Site 5 but
the values show high temporal and spatial fluctuations, given that the climatology showed

greatest NPP during the month of October. All the upwelling indices points out that the
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maximum upwelling is observed at the southern coast of India which reduces towards the north.
The upwelling signals become almost negligible at Site 10. So the upwelling extent along the

southwest coast is confined within 7°N to 14°N latitudes (Smitha et al., 2014).

Figure 4.47 showed the monthly marine fish catch for each coastal districts of Kerala for
the period of 2007 to 2018. From the figure, it can be observed that the reported marine fish
landing is high along the coasts of Ernakulam, Kollam and Kozhikode and the lowest catch was
reported along Kasargode coast throughout the period. The highest fish landing along the
southwest coast of India is observed during the monsoon season. However, due to the existing
trawl ban during the summer monsoon months, the actual fishery potential cannot be derived

from the data.
5.4. LONG-TERM VARIATIONS IN UPWELLING INDICES

Bakun (1990) suggested an enhancement of offshore Ekman transport and the associated
upwelling due to climate change and global warming which would result in the intensification of
the upwelling favorable winds. This theory was later corrected by Hsieh and Boer (1992) who

suggested that the impact of climate change on coastal upwelling varies regionally.

Figure 4.51 showed the monthly and yearly mean wind speed during 1979-2018. Even
though inter-annual variations are visible, the wind speed along the coast did not show any
significant trend for the past four decades. Similarly, no significant trend can be observed from
the monthly and yearly mean SST along the coast. But during the very strong El Nino years of
1997-1998 and 2015-2016, a sudden increase in annual SST is observed. After these events, a
reduction in SST is also observed for one or two years. Similar pattern is also visible in the
annual MSL anomaly. But unlike the wind speed and SST, the MSL anomaly showed an
increasing trend from 1993 to 2015 and afterwards, a continuous reduction is observed. Swapna
et al. (2017) pointed out an increasing trend in the north Indian Ocean sea level during the last 3-
4 decades, especially in the Arabian Sea, the reason for which is attributed to the enhanced heat
storage due to reduced southward heat transport as a result of weakening monsoon circulation.
The highest MSL anomaly is observed in 2015. After the sudden rise in MSL during 1997-1998
and 2015-2016 very strong El Nino event, a continuous reduction is noted for two or three
consecutive years. The MSL also seems to rise during positive IOD events. According to the

observed MSL pattern since 1993, a further rise in MSL can be expected in the future even
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though a reduction is observed after 2015. When compared with the 1997-1998 El Nino event,
this reduction in MSL might be temporary. The La Nina and negative IOD events do not seem to

have particular impact on these parameters.

From the long-term analysis of the parameters, no significant trend is noted in the
upwelling intensity along the southwest coast of India for the past 3-4 decades. But the study
conducted by Manjusha et al. (2013) found nearly 50% increase in the coastal upwelling indices
along the southwest coast of India during 1998-2007. Even though the MSL showed an
increasing trend, it does not seem to impact the southeast Arabian Sea upwelling. Considerable

inter-annual variations can be observed throughout the study period.
5.5. INTER-ANNUAL VARIATIONS IN UPWELLING INDICES

Table 4.1 showed ENSO years during 1979 to 2018. It can be seen from the table that
most of the El Nino years are followed by La Nina events, whether weak, moderate or strong.
The years 1982-1983, 1997-1998 and 2015-2016 experienced very strong El Nino events. The
1997-1998 EI Nino was followed by a strong La Nina event which prolonged for three
consecutive years. Most of the El Nino events are accompanied by an 10D event as strong El
Nino is expected to trigger the development of IOD (Roxy et al., 2011). During 2006-2008, three
consecutive positive IOD events were reported with the strongest one in 2006 (Iskandar et al.,
2013). During this period, the LTA at Site 2 showed positive values indicating a stronger
upwelling along the region. The MSL during the monsoon season showed an increase during

these positive IOD years. No significant changes can be observed in other upwelling indices.

After a mature phase of El Nino, a basin-wide warming is expected to occur in the Indian
Ocean (Nigam and Shen, 1993). It can be clearly seen from the figure 4.53 that the ENSO has an
impact on the southeast Arabian Sea SST. The June to September mean SST tends to increase
during an El Nino year while it tends to decrease during La Nina year. During the prolonged La
Nina events of 1973-1976 and 1998-2001, the southwest tropical Indian Ocean showed
maximum cooling (Singh et al., 2013). It can also be observed from the results that the SST
showed continuous reduction during 1998-2001. D26 was observed to be deeper during the El
Nino years, probably due to the rise in SST. The changes in the Indo-Pacific Walker circulation

induced by the resulting SST variability in the western tropical Indian Ocean due to ENSO, delay
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the Indian summer monsoon (Annamalai et al., 2005). This delay can probably affect the

seasonal upwelling in the Indian Ocean.

El Nino induces anomalous anti-cyclonic circulation over the southeastern Indian Ocean
which brings about some changes in the climatological winds (Roxy et al., 2011). The wind
speed is found to decrease during El Nino and so is the upwelling. This is also evident from the
reduction in LTA during 2015. There was a remarkable reduction in wind speed and Ekman
transport during 1997 and 2015 which then strengthened the following year. The highest
variation in the wind speed was observed at the southern region. Ekman transport during the
period 2000-2018 was found to be the strongest in 2016. Figure 4.48 shows the wind speed
variation with latitude for the entire study area. It can be seen from the figure that the strongest
wind during June-September for the period was found during 2018 and 2013 and the wind
intensity increases to the north. A reduction in the wind speed was also observed in 2017. This
was soon after the MHW across northern Australia which might have influenced the SST over

the Indian Ocean and thereby reduce the wind speed.

Study by Rao et al. (2010) revealed that the annual variations in equatorial zonal winds
are expected to reflect in the MSL through the eastward propagating Kelvin waves. The ENSO
events are observed to bring about changes in the equatorial zonal winds. The MSL is expected
to be high during El Nino and low during La Nina corresponding to the SST changes. Even
though MSL is observed to be high during El Nino years, it is not observed to fall during all the
La Nina events. This deviation from the expected fall in MSL might be attributed to the
precipitation and river discharge which compensate the decrease in MSL. As per the observed
SST pattern during 2000-2018 summer monsoon months, the MSL is expected to show reduction
from the previous year level in 2007 and 2011 since those were strong La Nina years, but
instead, it is observed to rise or remain the same as that of the previous year. These years are
reported to have positive deviation of precipitation from the normal and this might be considered
as the reason for the variation in the expected sea level change. But the study conducted by
Shetye (2016) stated that the sea level at Veraval, Marmagao and Cochin is observed to decrease
during the monsoon period when the rainfall is considerably high which suggest that the
contribution of rain water runoff to the sea level change is small. So, another possible reason for

this deviation might be that the La Nina fails to cool the western Indian Ocean to the same extent
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that the El Nino warms the western Indian Ocean as proposed by Roxy et al. (2016) which fails

to reduce the sea level as expected.

The IOD is not observed to have significant influence on the upwelling indices except
MSL. The MSL is found to rise during positive IOD years. When IOD coincide with an ENSO
event, the impact of IOD is overcome by the influence of ENSO. 2012 was solely a positive IOD
event and during that year, an increase in wind speed is noted. But this is not sufficient to

conclude the effect of IOD on the upwelling off the southwest coast.
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CHAPTER 6

SUMMARY AND CONCLUSION

Coastal upwelling along the southwest coast of India is an annually recurring
phenomenon associated with the summer monsoon and is considered to have significant
influence on the fishery potential of this region. The study confirms that the upwelling along the
southwest coast of India is induced by wind-driven Ekman divergence during the monsoon
season. The wind intensity as well as the direction of wind with respect to the coast turns out to
be an important factor which influence the upwelling intensity. The wind along the southwest
coast during summer monsoon is found to be north-westerly while it blows from the southwest
over the rest of the Arabian Sea. The wind is westerly along the southern coast of India. This
along-shore wind is the primary reason for the recurrence of upwelling along the coast. The
phenomenon is observed to initiate with the onset of monsoon in June, peak by July-August and
subside by September. The strongest upwelling along the coast is observed to occur at the
southern latitudes where the wind speed is the highest and the wind is most parallel to the coast.
The intensity is found to decrease northward. But a reduction in upwelling signals is observed
between Kollam and Kochi coasts. This might be due to the variations in the bathymetry along
the coast. The upwelling is confined within 50 km distance offshore from the coast but the

upwelled water is found to move further offshore up to 2-3° offshore.

The analysis of upwelling indices for a period of 19 years, from 2000-2018 did not show
any significant changes but showed considerable inter-annual variations. When the inter-annual
variations in the upwelling indices are analyzed, it revealed that the wind speed over the
southeastern Arabian Sea decreases during a strong El Nino event and so does the upwelling. But
this reduction is found to recover during the succeeding year. So it can be noted that the El Nino
has a temporary impact on the coastal upwelling in the southeast Arabian Sea. But there might be
a possibility that the increased incidence of El Nino in the future can bring about permanent
changes in the upwelling intensity. Further studies must be required to prove the exact impact of
increased El Nino events. The La Nina and IOD events do not seem to particularly impact the

upwelling intensity.
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The maximum NPP is found to occur after the peak monsoon period and this time lag
corresponds to the time taken for the primary production. The monthly marine fish landings
along the Kerala coast showed higher landings during the monsoon season. But due to the
existing trawl ban during this period, it is not possible to derive the exact fishery potential of the
region from this data. The coasts of Kollam, Ernakulam and Kozhikode showed the highest fish
landings. Most of the districts showed an increasing trend in the fish landings during the

monsoon season from 2016 onwards.

The SST and wind speed during the summer monsoon months during the past 3-4
decades revealed no considerable variations, but the MSL is found to be on rise from 1993 to
2015. After 2015, a continuous reduction is observed. But when compared to the 1997-1998 very
strong El Nino event, the continuous reduction in MSL after 2015-2016 El Nino event can be
expected to be temporary. The MSL might continue to rise in the future. This rise in MSL does

not seem to affect the upwelling intensity.
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ABSTRACT

Upwelling along the southwest coast of India is an annually recurring phenomenon associated
with the summer monsoon. The study was conducted to understand the long-term changes in the
southeastern Arabian Sea upwelling and to identify the factors that influence the spatio-temporal
variation in upwelling intensity. Finite Volume Community Ocean Model (FVCOM) has run for
two conditions, ‘wind on” and ‘wind off” condition. The model results prove that the upwelling
off the southwest coast of India is a classical wind-driven upwelling system. The analysis of
upwelling indices for a period of 19 years, from 2000 to 2018 did not show any noticeable trend
but showed considerable inter-annual variations. The spatial variations in the upwelling along the
coast can be attributed to the variations in the bathymetry. The southeast Arabian Sea upwelling
is affected by El Nino, but the La Nina and IOD events does not appear to influence the
upwelling significantly. The long-term analysis of Sea Surface Temperature (SST) and wind
speed during the past 3-4 decades has not shown any significant trend. The Mean Sea Level
(MSL) during June-September showed a rising trend during the past two decades. But this rise in

MSL does not seem to affect the upwelling off the southwest coast of India.
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