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1

Introduction

1.1 Evolution of Ocean Sciences and Disciplines

Oceanography is the branch of science that deals with all studies relevant to the
sea. It covers a wide range of topics such as its physical conditions like ocean
currents, waves and circulation pattern, the chemical nature of sea water, the
biological life forms that thrive within and topography beneath the ocean wa-
ter and the atmosphere above it [Sverdrup et al., 1942]. Though oceanography
is one among the newest fields of science, its roots date back to several cen-
turies when people began to venture in to their neighbouring seas for day-to-day
needs. Their experiences and understanding of the oceans over a period of time
were passed down the generations. The early modern oceanographic explorations
were primarily focussed on cartography and were limited mainly to the surfaces
(www.wikipedia.org). Over the period, with the development of technology and
knowledge, regarding the oceans, great advancements were made in all the fields
of marine sciences.

Modern oceanography began as a field of science only a little less than 150
years in the late 19th century, after the Americans, British and Europeans launched
expeditions to explore the oceans. The first such scientific expedition is the Chal-
lenger expedition from 1872 to 1876 onboard the British warship HMS Challenger.
Oceanography gained immense importance during the two world wars and from

then onwards numerous studies have been conducted to understand the oceans


file:www.wikipedia.org

1.2 Oceanography in India

in detail (www.divediscover.whoi.edu/history-ocean/index.html) and its impor-
tance vis-a-vis the environment where we dwell. The growth of oceanography
has been stimulated not only by its intellectual character and by the everyday
practical needs of maritime affairs, but also by the understanding that oceans
play a significant role in influencing both weather and climate over land and sea.

Oceanography basically is a data dependent science and therefore the need of
accurate measurements is of greater importance [Apel, 1987]. The observation
techniques range from traditional in-situ and ship based data collection to the
recent developments in satellite technology in order to better grasp the premise(s)
of theories in oceanography and thus lead to improved parameterization of nu-
merical models for climate prediction. Broad disciplines of oceanography are

classified into:

e Physical Oceanography: The study of currents, waves, tides, physical water

properties, air-sea interaction

e Biological Oceanography: The study of marine life and its productivity, life

cycles and ecosystems

e Geological Oceanography: The study of plate tectonics, geology of ocean

basins, coastal process like erosion, sedimentation and

e Chemical Oceanography: The study of chemical properties of sea water,

trace organics, carbon cycle, metal speciation, drugs and alike.

Figure 1.1 shows the different processes that take place within the ocean.

1.2 Oceanography in India

During the early years in the evolution of oceanography, very little had been
studied and understood on the Indian Ocean owing mainly due to the socio -
economic conditions surrounding it. This gap was filled up to some extent by
the International Indian Ocean Expedition (IIOE) held between 1960 and 1965.
A major share of the present understanding on the processes in Indian Ocean is
the fruit of IIOE [Panikkar, 1963]. One of the main intentions of IIOE was to
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Figure 1.1: Schematic of different oceanic process, taken from Southampton

Oceanographic Centre, UK

train Indian scientists in oceanography and establish national level laboratories in
India. These two objectives resulted in the establishment of the National Institute
of Oceanography in Goa with a team of dedicated researchers.

India has a long coast line of 7517 kms and 25% of its population resides
in the coastal regions [Sanil Kumar et al., 2006]; therefore it is imperative for
the Indians to well understand the seas around it. In this line of progression,
numerous studies had been conducted by India alone and also in collaboration
with other nations / interested agencies around the world to further enhance the
knowledge on the Indian Ocean. Some of the recent studies that were undertaken
by India are Bay of Bengal Monsoon Experiment (BoBMEX), Arabian Sea Mon-
soon Experiment (ARMEX) and Joint Global Ocean Flux Studies (JGOFS) in
the Arabian Sea region. These studies have helped to reveal the role of the In-
dian ocean in modulating the monsoon(s) (Bhat et al., 2001 and Sengupta et al.,
2008) and also on the features of the biogeochemistry of the northern Indian

Ocean region [Muraleedharan and Kumar, 1996].


1_introduction/figures/fig1-1.eps

1.3 Remote Sensing as a tool to monitor Oceans

1.3 Remote Sensing as a tool to monitor Oceans

Monitoring the oceans is essential to learn about global climate change issues,
fisheries, coastal zone management and of course, just out of scientific curiosity.
There are several approaches to achieve this aim of understanding the oceans
like observations, numerical models based solely on pure theory and combined
observational - numerical models (data assimilation), etc. Among observational
techniques, satellite remote sensing is an excellent tool for monitoring the oceans.
Satellite overpasses allows continuous and cost effective collection of a variety of
observations over large and often inaccessible regions of the oceans within a short
period of time. Due to the availability of a variety of sensors, techniques and
platforms employed satellite observations differ in their temporal, spatial and
spectral characteristics. Consequently, different sensors also vary in their ability
to meet the demands of a particular application. In order to efficiently utilize
these systems, one must consider the capabilities and limitations of each and
choose an appropriate sensor for their application(s) and environment |[Brown
et al., 2005]. The purpose of an earth observing sensor on a satellite or aircraft
is to obtain information about the Earth and its environment. This information
may be as complex as a detailed map of temperature or the spatial patterns of
surface circulation [Brown et al., 2005].

The information transfer mechanism from sea to the satellite is a major con-
straint in remote sensing of oceans. This is because of the medium through which
electromagnetic radiation has to pass through [Robinson, 2004]. Atmospheric
medium is opaque for many sections of the electromagnetic spectrum, and in those
parts where the atmosphere is transparent; radiation passing through may still be
hampered by various other atmospheric constituents [Stewart, 1985]. Retrieval of
information from these signals lays the foundation for remote sensing. Capability
of ocean remote sensing is subject to the nature of information about the sea that
is possible to be retrieved and communicated by the electromagnetic radiation
Maull [1985]. Principal parameters that could be monitored remotely from satel-
lites are ocean colour, sea surface temperature (SST), sea surface height(SSH)

and sea surface roughness for estimating winds [Robinson, 2004]. In a way, these
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Figure 1.2: Schematic of remote sensing,from [Robinson, 2004]

entire phenomena are pertaining to the upper ocean and thus are known as sur-
face signatures of the ocean. If quantitative information about these signatures is
to be retrieved from the satellite data, we need to understand the processes that
cause them to have a surface signature in the primary detectable variables. It
is with these challenges that satellite oceanography has evolved to unravel, with
as well.

the advancement of physics of remote sensing and the understanding of oceans

Figure 1.2 presents the complete schematic of the processes involved in remote

sensing, right from data collection to data dissemination. The major component

of remote sensing as far as oceans are concerned is the atmospheric correction
[Robinson, 2004]. The signals that were observed from the ocean will get attenu-

ated while passing through the atmosphere at especially certain wavelengths and
those parts where the atmosphere is nearly transparent are known as Atmospheric
Windows. All windows are not transparent to every part of the electromagnetic
spectrum - they are selective [Stewart, 1985]. Figure 1.3 shows the different
spectral bands used in remote sensing. The most important bands that are often

used in ocean remote sensing are:

e Visible band - Ocean Color,

e Thermal Infrared Sea Surface Temperature,
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Figure 1.4: Atmospheric Windows, from http://frigg.physastro.mnsu.edu

e Passive Microwave - Sea Surface Temperature, Sea Surface Salinity and
e Active Microwave Sea Surface Height, Sea Surface Roughness.

Constituents of the atmosphere that hamper the information are the presence
of Carbon Dioxide, Water vapour and Aerosols. Figure 1.4 presents the schematic
of atmospheric windows and transmission percentage for each of the atmospheric
constituents at different wavelengths of the electromagnetic spectrum. If features
of land and ocean are to be observed by the reflection of incident solar radiation
in the same way as the human eye observes, then the frequency range of high
energy solar radiation should be used [Robinson, 2004]. Depending on the na-
ture of observation and the resources available, different satellite missions were

launched by various countries over the past three decades [Robinson, 2004]. This
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growth in the data has made it possible to understand global oceans and their
phenomenon more explicitly. Some of the most notable contributions of satel-
lites in oceanography are the understanding on general circulation and eddies,
El-Nino southern oscillation (ENSO) phenomenon, global productivity regions
[Saitoh et al., 2011] and in the Indian Ocean, the satellite observations have
paved the way for discovering the Indian Ocean Dipole [Saji et al., 1999]. Also,
the knowledge on monsoon pattern now stands enhanced by the application of
satellite data products [Joseph, 1990].

1.4 Satellite Oceanography in India

One of the early works on Indian Ocean particularly related to surface oceano-
graphic conditions off west coast of India from satellite observations are available
from Saha [1972]. A critical study from the ESSA - 2 satellite photographs linked
with aerial data collection had been applied to study the sea state and its surface
temperature. Indian remote sensing program started to experiment with sensors
specific to oceanographic studies in 1996 with the launch of Modular Optical Sen-
sor (MOS) onboard IRS - P3. This was later followed by an exclusive ocean color
sensor named Ocean color monitor (OCM-1) onboard IRS - P4 in 1999 [Chauhan
et al., 2002]. This satellite gave vital information on the optical properties and
productivity of the Indian Ocean region as reported by Chauhan et al. [2002] and
Chauhan et al. [2003]. Later on OCM - 1 was followed by OCM - II that was
recently launched onboard Oceansat - II in 2009. This satellite carried another
ocean related payload called as scatterometer that is used to estimate ocean sur-
face winds. Apart from the Indian satellite sensors, scientific community is vastly
utilizing the data provided by other popular satellite missions launched by vari-
ous space agencies of the USA and European Union. After the advent of satellite
sensors specific to oceanographic observations, it had been possible to monitor
the global productive zones, thereby identifying the spatial extent of large marine
ecosystems. The abundance of satellite data had made possible the monitoring of
the inter-annual variability of the major upwelling zones as reported by Chavez
and Messie [2009]. This has prompted to undertake a similar study to expand the

knowledge on the upwelling phenomenon that takes place in the south Eastern
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Arabian Sea(SEAS), annually. In order to enhance our knowledge on upwelling
in local Indian waters and also to demonstrate the significance of satellites in the
field of oceanography, present study is envisaged with a series of objectives, listed

in section 1.9.

1.5 Upwelling, by definition

Upwelling is the physical process of ascending motion of water column for a
minimum duration and extent by which water from subsurface layers is brought
into the surface layer (Smith, 1968, Bakun, 1990). As a result of upwelling, cool,
nutrient rich subsurface waters replaces the warm surface waters of the ocean.
This process has profound influence on the primary productivity and climate in

different time scales.

1.5.1 Classification of Upwelling

Coriolis force and Ekman transport are the main physical forces attributed to
drive upwelling in the oceans. Rotation of earth causes the moving objects to
deflect along their paths, to the right in the Northern Hemisphere and to the
left in the Southern Hemisphere, which is known as Coriolis Effect. Observations
demonstrate that the water in the ocean moves in curved paths under the Coriolis
Effect as it is not attached to the earth (www.wikipedia.org). Winds blowing over
the sea surface produce a thin, horizontal boundary layer called Ekman layer. In
the ocean, the surface layer or Ekman layer flows towards right of the wind
direction in the northern Hemisphere and to the left of the wind direction in the
Southern Hemisphere due to the Coriolis deflection [Pond and Pickard, 1983].
This wind induced surface layer transport has strong dynamic implications on
coastal surface currents. This will result in the movement of water away from the
shore and if there is no sufficient horizontal flow to replace this displaced water,

then water must rise from the depth resulting in upwelling [Stewart, 2005].
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Thermocline

Figure 1.5: Schematic of equatorial upwelling, pink arrow indicates the direction
of wind blowing and the blue arrows indicate the water movement, taken from

http://atmos.washington.edu

1.5.2 Upwelling characteristics based on driving forces

Upwelling is of two kinds - depending on the nature of driving force: a. Wind-
driven and b. Dynamic (www.es.flinders.edu.au/ mattom/ShelfCoast /notes/chapter06).
Wind driven upwelling occurs due to the divergence of Ekman layer. Dynamical
upwelling results due to the divergence in the upper ocean or convergence in the
deeper waters which is caused by large scale oceanic current systems [Rao and

Ram, 2005].

1.5.3 Upwelling based on its spatial occurrence

The different types of upwelling, classified [Pond and Pickard, 1983] on the basis

of their spatial occurrence are: a. Equatorial, b. Coastal and c¢. Open Ocean.

e Equatorial upwelling: Equatorial upwelling is caused by trade winds blow-
ing from East to West in the vicinity of the equator. Water flows away
from the equator to right in the Northern Hemisphere and towards left in
the Southern Hemisphere. The deficit of water at the equator is filled by the
upwelled waters from below [Stewart, 2005]. Equatorial upwelling is most
prominent in the Pacific Ocean. Figure 1.5 shows a schematic of equatorial

upwelling in the oceans.
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Figure 1.6: Schematic of Coastal Upwelling, from http://en.wikibooks.org

e Coastal upwelling: Coastal upwelling results from the divergence of the flow
that occurs when surface waters are transported offshore from a coastal
boundary as the wind blows parallel to the coastline on its left (right) in
the northern (southern) hemisphere as shown in figure 1.6 . Deficit in
water near to the coast is filled by the upwelled waters from the deep. In
other terms, upwelling will occur when the wind blows equator-ward along
an Eastern boundary of an Ocean in either Hemisphere or pole-ward along
a Western boundary [Pond and Pickard, 1983]. Coastal upwelling is most
prominent along Somalia coast, Southwest coast of India, the Java-Sumatra
Islands, coasts of California and Peru, the Southwestern and Northwestern

tips of Africa and recently reported in South China Sea [Su et al., 2011].

e Open Ocean upwelling: Away from the equator, wind stress curl plays an
important role in forcing the oceanic movement. Positive wind stress curl
is conducive for upwelling in the Northern Hemisphere and negative wind
stress curl is favourable for upwelling in the Southern Hemisphere [Stew-
art, 2005]. Vertical motion of water results in cyclonic and anti-cyclonic
circulation of water, where cyclonic circulation gives rise to upwelling and
anti-cyclonic circulation results in down-welling [Rao and Ram, 2005]. In
general, it is understood that different types of upwelling occur depend-
ing upon the topography, prevailing wind directions and conditions in the

adjacent deep ocean as in figure 1.7 .
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Figure 1.7: Schematic of Open Ocean upwelling as a result of Ekman pumping,

from www.las.ac.in

The driving force for coastal upwelling is the wind stress blowing parallel
to the coast, whereas the driving force in open ocean is the wind stress curl
[Bakun and Agostini, 2001]. The areas where upwelling is influenced by winds
are said to comprise the large productive regions of the world. Some of the major
upwelling zones around the world are Bengula upwelling in the south Atlantic,
Canara upwelling off the northwest African coast, California upwelling system of
the west coast of the United States, Peruvian upwelling region in the equatorial
Pacific and the Somalia upwelling system in the Arabian Sea. Though upwelling
in SEAS is not as dominant as those listed above, it has considerable impact(s)
on the Indian coastal region and importantly, on economics. Figure 1.8 shows
the major upwelling zones around the world. If there is a greater increase in the
uplift of the nutrients from the subsurface to the surface waters, then that will
lead to a phenomenon called Eutrophication [Naqvi et al., 2000]. Eutrophication
is a negative impact of upwelling on the marine life. Increase in the nutrients will
often lead to the depletion of oxygen [Naqvi et al., 2000] in the subsurface waters
which eventually prove fatal to the marine life. If there is a greater increase in
the uplift of the nutrients from the subsurface to the surface waters, then that
will lead to a phenomenon called Eutrophication. Eutrophication is a negative
impact of upwelling on the marine life. Increase in the nutrients will often lead

to the depletion of oxygen [Naqvi et al., 2000] in the subsurface waters which
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Figure 1.8: Major upwelling zones across the world are marked in red, taken from

http://greenseaupwelling.com

eventually prove fatal to the marine life.

1.6 Upwelling in the Indian Ocean

Upwelling in the Indian Ocean is mostly influenced by monsoon winds. The re-
gions where upwelling is predominantly observed are off the Oman coast in the
northern Arabian Sea which is both open ocean and the coastal upwelling region
[Wyrtki, 1973], Somalia coast (Wyrtki, 1973, Raghu et al., 1999), the southwest
coast of India (Muraleedharan and Kumar, 1996, Madhupratap et al., 2001),
around Sri Lanka coast, both in the coastal and the open ocean regions [Vinay-
achandran and Mathew, 2003|, south of Madagascar [Lutjeharms and Machu,
2000], coasts of Java and Sumatra (Wyrtki, 1973, Susanto et al., 2001) and east
coast of India (Shetye et al., 1991, Naidu et al., 1999). Among these regions that
were studied and observed as upwelling zones, the present thesis concentrates on
southwest coast of India within SEAS, which is of considerable interest in the

Indian context.

1.6.1 Northern Arabian Sea

Northern Arabian Sea provides a good example for coastal upwelling inuenced by

the seasonal reversal of the monsoon winds. The physical characteristics of the
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Arabian Sea are firstly, strong wind stress during the SW monsoon resulting in
widespread upwelling and later, mixing in summer; secondly, moderate strength,
relatively cool and dry winds during the winter (NE) monsoon to promote evap-

orative cooling, thereby forcing strong convective mixing in the offshore region.

1.6.2 Somalia Coast

Upwelling along the Somalia Coast is a seasonal phenomenon during the SWM
from June to September [Wyrtki, 1973]. In this region, upwelling occurs due
to strong winds blowing parallel to the coast and results in intense upwelling
between 5° and 11°N latitudes. At 11°N, the Somali current turns to the East
and the upwelling waters may extend to a few hundred kilometres [Shankar et al.,
2002]. Nutrient concentration in the Arabia (Oman) coast is often greater than

the Somali coast.

1.6.3 Southwest Coast of India

Upwelling along the southwest coast of India commences from the southern tip
of India by end May/ early June and propagates northward with time. This up-
welling phenomenon is attributed to the influence of south-westerly winds [Mad-
hupratap et al., 2001]. The upwelling exists till September month and then pro-
gressively decreases. Upwelling in the Minicoy region was observed during the
[TOE near 8°N latitude during the Northeast monsoon in November. The primary
cause for this upwelling was observed to be the presence of diverging currents [Rao
and Jayaraman, 1966]. As a result of the confrontation of the currents in the Ara-
bian Sea with the coast, a north-north westerly current develops. These currents
diverge in the vicinity of Minicoy resulting in upwelling. In the month of July, a
peak in upwelling was observed due to the pole-ward propagating coastal Kelvin
waves [Shenoi et al., 1999]. Thus, it is understood that the upwelling in this

region is a combined effect of winds together with conducive circulation pattern.
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1.6.4 Sri Lanka Region

Off the southern coast of Sri Lanka, coastal upwelling driven by the monsoon
winds has been reported [Vinayachandran and Mathew, 2003]. In this region, the
southwest monsoon current flowing into the Bay of Bengal advects the upwelled
waters along its path. Herein, the upwelling was observed to be seasonal. In this
region, the maximum intensity in upwelling was observed during July / August
and these upwelled waters had an SST of 24° -25°C. Basically, the upwelling

favourable conditions in this region are the presence of along shore wind.

1.6.5 East Coast of India

Compared to the Arabian Sea, upwelling phenomenon is less known in Bay of
Bengal. Along the eastern coast of India, upwelling was observed in July /Au-
gust [Shetye et al., 1991] and was found to be due to local alongshore wind forcing.
Upwelling ceases by the end of SWM [Shetye et al., 1991]. Also, there are reports
on open ocean upwelling in the southwestern part of Bay of Bengal during NEM
[Vinayachandran et al., 2003]. A phytoplankton bloom was observed between
8° - 16°N and west of 83°E and this bloom weakens in January. As stated by
the author, the upwelling in this region is related to the Ekman Pumping form-
ing a cyclonic gyre with an anti-clockwise wind stress curl during the northeast

monsoon.

1.6.6 Java - Sumatra region

An upwelling area develops south of Java during SWM accompanied by strong
winds. Ekman transport along with winds cause strong upwelling, but only a mild
decrease in the SST was observed [Wyrtki, 1973]. Along shore winds cause up-
welling along the Sumatran coast and by January / February, bloom had shifted
to 5°-10°N and centred on 90°E [Raghu et al., 1999]. The upwelling centre mi-
grated westward and this process terminated with the onset of northeast monsoon
[Susanto et al., 2001]. The variability of upwelling is related to the ENSO and
anomalous easterly wind and also, the annual upwelling occurs in June - October
months with cold SST and low SSH.
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1.6.7 Madagaskar region

Upwelling was also observed in the continental slope and shelf regions of southern
Madagascar. The reason for upwelling in this region was attributed to the high
pseudo wind stress. Dimarco et al. [2000] observed upwelling in the months of
February and March. Upwelling was also observed to be present with varying
intensities even in the absence of upwelling favourable winds in this region. This
was, of course, attributed to the complex nature of the currents south of the Island
and due to the retroflection of the East Madagascar Current (EMC) [Lutjeharms
and Machu, 2000]. The upwelling in south Madagascar persists under all wind
conditions and the reason was given as the passage of a strong western boundary
current from a narrow to a much wider shelf.

In general, can be inferred from the definition, that upwelling is a localized
phenomenon with a limited duration, often occurring each year. It influences
primary productivity of the region and also the cold upwelled waters do influence
the local weather. Atmosphere of the region will be stable with little convection.
The important feature of upwelling in the Indian Ocean region is the seasonality
of its occurrence. Noteworthy, the seasonal reversal of the monsoon winds has
a profound impact on upwelling. Upwelling is more pronounced in the Arabian
Sea than in the Bay of Bengal as the Bay is more influenced by the fresh water

inputs from the large rivers of India [Prasanna Kumar et al., 2002].

1.7 Southeastern Arabian Sea (SEAS)

Southeastern Arabian Sea (SEAS) is a unique oceanic basin within the Arabian
Sea where a suite of phenomenon take place over a year, ranging from coastal
upwelling during summer monsoon season along the southwest coast of India to
monsoon onset vortex to the Arabian Sea mini warm pool before the onset of sum-
mer monsoon and formation of algal blooms in the spring inter-monsoon period
[Jayaram et al., 2010b]. All these phenomena make SEAS a natural laboratory to
study oceanography in detail. Figure 1.9 presents the topography of the region.
As like the rest of the Arabian Sea region, SEAS also shows seasonal reversal of

the circulation pattern, indicated in figure 1.10. Coastal circulation in this region
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Figure 1.9: Topography of SEAS; the dotted line indicates the 200m isobath

shows a well marked seasonal cycle [Shetye and Shenoi, 1988]. This cycle results
in intense air - sea interactions on varying time scales; and this has varied and
profound impacts on the upper hydrographic structure including current systems
(Hastenrath and Lamb, 1979, Hastenrath and Greischer, 1991). The semi- an-
nual wind field has a maximum during January and July. During the summer
monsoon, generally from June through to September, strong winds blow from the
southwest forming an intense low-level jet [Findlater, 1977] over the central AS.
In response to these winds a clockwise circulation evolves in AS (Wyrtki, 1971,
Schott, 1983, Cutler and Swallow, 1984) producing coastal upwelling along the
Somalia, Oman and the southwest coast of India [Wyrtki, 1973]. The equator-
ward eastern boundary of this anticyclonic circulation is known as the West India
Coastal Current (WICC) [Shetye and Shenoi, 1988]. To the south of Sri Lanka,
this WICC amalgamates with the eastward flowing SMC bending around the Sri
Lankan coast and flow poleward into the Bay of Bengal. During winter, generally
from November to February, the winds blow from the northeast. Part of this

flow bifurcates at the southwest Indian coast and flow poleward to form WICC
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1.7 Southeastern Arabian Sea (SEAS)

(a) Summer monsoon (July) (b) Winter monsoon (January)

ARABIAN
SEA

Figure 1.10: (a) Geography of the northern Arabian Sea. Schematics of summer-
monsoon circulation are superimposed. Ekman pumping region in the northern
Arabian Sea is highlighted in yellow tone. Coastal upwelling promoted by diver-
gence of alongshore wind stress component is indicated in green tone. Current
branches indicated are the Ras al Hadd Jet (RHJ), Lakshadweep Low (LL), West
India Coastal Current (WICC), Southwest Monsoon Current (SMC), Sri Lanka
Dome (SD) and East India Coastal Current (EICC). The Findlater Jet and wind
direction are indicated by bold gray arrows. (b) As in (a), but for winter monsoon.
Convective cooling region is shown in yellow tone. Additional abbreviations shown
are: Lakshadweep High (LH) and Northeast Monsoon Current (NMC). (From [Luis
and Kawamura, 2004])

[Shetye et al., 1991]. This poleward flow, which occurs in opposition to the wind
field, is facilitated by a density gradient along the west coast of India [Shetye
and Shenoi, 1988]. During the inter-monsoon period, from March to April and
October to November, weak, highly variable wind regimes (2 ~ 3ms™!) occur in
the Arabian Sea [Hastenrath and Lamb, 1979] and the basin surface circulation
dissipates [Cutler and Swallow, 1984].

Dynamic processes in SEAS are triggered by the local and remote forcing.
Wind jets in the equatorial Indian Ocean, between 5°S to 5°N, sets off equato-

rial Kelvin waves which, upon reflection from the eastern boundary of the Bay
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of Bengal, propagate along the perimeter as a coastal Kelvin wave and radiate
Rossby waves [Yu et al., 1991]. The coastal Kelvin waves propagate along the
perimeter of the Bay of Bengal, bend around the Sri Lankan coast and further
proliferates poleward along the west coast of India. The downwelling (upwelling)
Kelvin wave radiates downwelling (upwelling) Rossby waves which propagate off-
shore and promote anticyclonic (cyclonic) circulation in the Lakshadweep Sea
during winter (summer) monsoon (Bruce et al., 1994, Bruce et al., 1998, Shankar
and Shetye, 1997). The anticyclonic Lakshadweep circulation is also strengthened
by negative wind stress curl during the winter monsoon.

To sum up, upwelling along the southwest coast of India is an annually recur-
ring phenomenon that occurs during the SWM (June to September). Though this
upwelling phenomenon is less in intensity when compared to the other thoroughly
studied upwelling regimes of the Arabian Sea (like those at Somalia and Oman),
it has profound impacts on the coastal fisheries of India. While the west coast of
India accounts for 70% fish yield of the total Arabian Sea production [Luis and
Kawamura, 2004, the southwest coast alone accounts for 53% [Sanjeevan et al.,

2009]; hence this region is of considerable importance in the Indian context.

1.8 Past studies and Relevance of the Present

work

During the past five decades of oceanography in the Indian Seas, many studies
had been carried out to understand the complexity of SEAS starting from the
earlier works of Sastry and Myrland [1959], and from the extensive field stud-
ies along the southwest coast of India to explore the upwelling phenomenon and
bottom trawling of fisheries by Banse [1959] and Banse [1968]. It was from these
studies of Banse [1959], for the first time, the reason behind upwelling in SEAS
had been attributed to the prevalent divergent current pattern during summer
monsoon season. This line of understanding was substantiated by Rao and Ja-
yaraman [1966]. Sharma [1966],[1968] and [1973] had made a comprehensive
study on upwelling along the southwest coast of India based on temporal vari-

ability in the density structure, horizontal divergence of surface currents, wind
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stress component and sea level. He pointed that the depth from which upwelling
commences in March was around 90m and the upwelled waters reached the sur-
face by May. Further, the influence of wind direction and speed on the upwelling
has been dealt by Subramanyam [1958], Darbyshire [1967], Wooster et al. [1969]
and [Sharma, 1968], but could not divulge sufficient information on contribution
of wind and this still remains a topic that needs further investigation. However,
Mathew [1983], attempted to address some of these issues using temperature,
density, surface wind stress and sea level data collected once in a month along
the coast. He observed a lag in the upwelling resultant surface cooling between
the southern and northern regions of SEAS. Wyrtki [1973], in a classical article
on the oceanography of the Indian Ocean has clearly stated that the shoaling of
20°C isotherm was present upto less than 50m from the surface as a result of
upwelling. It is understood that upwelling along the southwest coast of India sets
in some time during February / March [Johannessen et al., 1987] and could be
mapped from sea level anomaly (Shankar and Shetye, 1997, Haugen et al., 2002,
Shenoi et al., 2005). Variability of temperature field, influence of along shore
winds on the upwelling phenomenon and Ekman transports between 8° and 15°N
stands well expounded, by Shetye [1984]; later a thorough study on the circulation
and hydrographic pattern of this region was documented, again by Shetye et al.
[1985]. Recently the work by Gopalakrishna et al. [2010] has reflected on intra
- seasonal to inter - annual variability in upper surface temperature fields. The
wind induced mass transports associated with this coastal upwelling regime are
comparatively less than the other regions elsewhere [Hastenrath and Greischer,
1991]. Propagation of coastal Kelvin wave from the Bay of Bengal and thus the
radiation of Rossby waves and their dynamics in this region and further, their role
in formation of Lakshadweep High and Low, both in respect to sea level and SST
and their role during the upwelling period is reflected in the works of Shankar
and Shetye [1997]. Upwelling as a result of equator-ward alongshore winds lower
the SST, which commences at the southern tip of India and propagates north-
ward along the coast with the advancement of monsoon (Madhupratap et al.,
2001, Luis and Kawamura, 2004, Rao et al., 2008, Smitha et al., 2008). In spite
of all these extensive, elaborated studies, there remains certain areas that needs

further research like the contribution of wind component and remote forcing on
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the upwelling phenomenon, the spatial extent of upwelling region and the related
productivity, the temporal relationship between the forcing factors and the ocean
response with respect to upwelling; the role of upwelling towards the heat budget
of the region needs special attention and all the above aspects are dealt in this

thesis.

1.9 Objective of the Study

This work aims to achieve the following objectives:

1 The spatial and temporal relationship between the forcing factors and the

related ocean responses in SEAS.

2 On what time scales does the local and remote forcing influence the up-

welling process?
3 Deriving the indices of upwelling based on SST and wind stress.
4 Deriving an index to denote the spatial extent of CHLA in SEAS.

5 Heat budget of the region and influence of upwelling on heat budget terms.

1.10 Scheme of the Thesis

In this thesis, a variety of available satellite data products have been made use of
to bring out a synergistic analysis on the upwelling phenomenon in SEAS. Basic
concepts of remote sensing, upwelling and linked oceanography topics have been
dealt in chapter 1 and auxiliary data products utilized in this study are described
in chapter 2. The climatological monthly variability of the upwelling signatures
are detailed under chapter 3. Chapter 4 presents the forcing factors that trigger
the upwelling process in SEAS. Chapter 5 describes the oceanic response to the
forcing factors with respect to the SST cooling and CHLA blooms. Chapter 6
presents the heat budget of the region and the variability of heat budget terms
with respect to upwelling. Chapter 7 describes the inter-annual variability of

upwelling intensity in SEAS and the influence of climatic events on upwelling.
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1.10 Scheme of the Thesis

Concluding remarks are penned in chapter 8. The work concludes with a section
on references cited followed by appendix 1 which illustrates the weekly variability
of SLA that serves as a signature of planetary wave propagation in the region

and appendix 2 provides a list of publications forming part of this thesis work.
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2

Data and Methodology

2.1 Introduction

The characteristic features of an upwelling region are low SST, high CHLA, lower
SSH and preferably, presence of along shore wind stress, if on the eastern bound-
aries of the ocean. The vertical motion rotates water in cyclonic (anti clock wise)
or anti-cyclonic (clock wise) circulation (in northern hemisphere). Cyclonic cir-
culation leads to upwelling, while anti-cyclonic circulation results in downwelling.
To study the relation between above stated parameters and their impacts on
upwelling, data has been amassed from various sources. The following are the
satellite platforms and the sources from where the data has been accessed / down-
loaded.

SST data was obtained from the Advanced Very High Resolution Radiometer
(AVHRR) on board a series of NOAA satellites (http://poet.jpl.nasa.gov) and
the Tropical Rainfall Measuring Machine (TRMM) Microwave Imager (TMI)
(http://las.incois.gov.in). Sea Surface Wind data was obtained from QuikScat
scatterometer onboard Quikbird satellite (www.ifremer.fr). The SLA data has
been obtained from Archiving, Validation and Interpretation of Satellite Oceano-
graphic data (AVISO) that distributes satellite altimetry data of the available al-
timeters (ftp://ftp.aviso.oceanobs.com). The ocean colour data from Sea viewing
Wide Field of view Sensor (SeaWiFS) and Moderate resolution Imaging Spectro-
radiometer (MODIS) on board Aqua satellite was obtained from ocean colour

group at Goddard Space Flight Centre of NASA (http://oceancolor.gsfc.nasa.gov).

22


http://poet.jpl.nasa.gov
http://las.incois.gov.in
file:www.ifremer.fr
ftp://ftp.aviso.oceanobs.com
http://oceancolor.gsfc.nasa.gov

2.2 Principle of Measurement and Processing

Apart from these satellite data products, other auxiliary data products like tem-
perature and salinity profiles to compute mixed layer depth were obtained from
CORIOLIS (http://www.coriolis.eu.org), and world ocean atlases 2001 and 2009

were obtained from National Climate Data Centre of NOAA (www.nodc.noaa.gov).

2.2 Principle of Measurement and Processing

2.2.1 Sea Surface Winds

Sea Surface wind is a vector quantity and space-borne microwave scatterometers
are the only proven instruments that can measure both wind speed and direction
over the ocean under all weather conditions [Wentz et al., 2001]. Scatterometer
is one of the active remote sensors used in satellite oceanography that works on
the principles of radar. It is an oblique viewing radar pointing towards the sea
surface from aircraft or satellites at incidence angles normally between 20° and
70°. Backscattered energy received by the receiver from the field of view of the
sensor determines the sea surface roughness and thereby the wind speeds over the
sea surface. The backscatter is governed by the in-phase reflections from surface
waves where, for a smooth surface the radar receives no return when viewing at an
angle [Wentz et al., 2001]. As the surface roughness increases, backscatter occurs
as constructive interference of scattering from periodic structures in the surface
roughness. The backscatter does not only depend on the magnitude of the wind
stress but also the wind direction relative to the direction of azimuth angle of the
radar beam. The retrieval of wind speed and direction from the scatterometer
measurements requires knowledge on the backscatter variation with wind speed
and direction relative to the radar azimuth [Robinson, 2004]. The empirical

formula used to derive the winds for a particular frequency of the radar:

0o = 00(U7X>97p) (21)

where o, is the normailized radar back scatter function, (U, x) are the wind
speed and direction relative to the radar azimuth, 6 is the radar incidence angle

and 'p’ is the polarization. Figure 2.1 illustrates graphically the wind speed and
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Figure 2.1: Principle of measurement of QuikScat Scatterometer, taken from
http://nsidc.org

direction relative to the radar azimuth and the schematic of measurement princi-
ple used in QuikScat Scatterometer. QuikScat operates in ku band (~ 14 GHz)
frequency in a sun synchronous near polar orbit with 98.6° inclination angle and
an altitude of 803km (Wentz et al., 2000, Wentz et al., 2001). Its revisit time is 4
days. The radar radiates microwave pulses at 13.4 GHz using twin pencil beams
at angles 46° (horizontal polarization) and 54° (vertical polarization) with an In-
stantaneous Field of View (IFOV) for each pencil beam as 30 x 40 km. Thus, each
point on the ground is viewed from multiple directions while maintaining constant
incidence angle for each of the beams. The overall spatial resolution is 25 x 25
km with an accuracy of 2 ms™' and 20° for wind speed and direction respectively.
Scaterrometer data has become a source of real time information regarding global
wind pattern for both meteorological and oceanographic purposes. In upwelling
studies, the wind stress and curl computed from the scatterometer measurements
provide an indirect signal on intensity of upwelling. The signatures of upwelling
thus arrived at, from the stresses are the negative (positive) wind stress along the
eastern boundaries in the northern hemisphere (southern hemisphere). The curl
of wind stress should be positive (negative) in the northern hemisphere (southern

hemisphere) to boast of divergence pattern over the ocean surface [Pickard and
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Emery, 1982]. Wind stress is computed from QuikScat measured winds using the
bulk aerodynamic formula:
T = paCyU? (2.2)

where 7 is wind stress over the ocean, p, is the density of air (1.25 kg m?), Cj is the
wind dependent drag coefficient and U is the wind speed following Smith [1988].
The zonal (u) meridional (v) component of wind speeds in network Common Data
Format (netCDF) were obtained from the Asia Pacific Data Research Centre
(APDRC). The validation statistics of QuikScat measured winds over the Indian
Ocean region were reported by Goswami and Rajagopal [2003] and Satheesan
et al. [2007].

2.2.2 Sea Surface height

Sea Surface Height (SSH) is precisely measured using satellite altimeters. These
altimeters are radars that transmit sharp pulses toward the Earths surface and
receive the return pulse. Height of the satellite above the sea surface is obtained
by measuring the time required by the pulse to travel from the altimeter to the
surface and back [Robinson, 2004]. Amplitude and shape of the reflected pulse
provide additional information about the surface such as sea surface roughness.
Basic understanding of altimetry is derived from the knowledge of potential grav-
ity due to Earths atmosphere and the potential gravity due to the solid earth and
water along with the centrifugal acceleration due to Earths rotation. Assuming no
atmosphere, still water results in an equi-potential surface, and this equi-potential
surface is called Geoid. Geoid is a property of gravitational field and responds to
global distributions of mass. The displacement of the sea surface from the geoid
is known as the sea surface topography. This difference is primarily due to the
currents and tides [Stewart, 1985]. In order to attain the sea level deviation from
the geoid, one should have detailed knowledge of the global geoid, but this is not
available at present, in such cases the long term altimeter measurements of the
available altimeter records provide sea surface topography. Essentially geoid is
time invariant and thus the long term altimeter records even without the geoid
information provide better data of the time varying ocean dynamic topography.

At least two altimeters are required to monitor the ocean precisely at very high
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Figure 2.2: Principle of altimetry: Radar altimeters measure the distance be-
tween the satellite and the sea surface (E). The distance between the satellite and
the reference ellipsoid (S) is derived by using the Doppler Effect associated with
signals emitted from marker points on the Earths surface as the satellite orbits
overhead. Variations in sea surface height (SS, ie S-E), are caused by the com-
bined effect of the geoid (G) and ocean circulation (dynamic topography, DT),

from (www.eohandbook.com/eohb05)

resolutions to understand the mesoscale variability over the ocean [Robinson,
2004). Figure 2.2 shows the schematic of the principle of altimetry. Of all sen-
sors carried on satellites, the altimeter is most dependent upon its orbit to be
capable of successful calibration and interpretation. An altitude over 1300 km is

advised for altimeter missions because:

e of the atmospheric drag, there is an order of magnitude less than at 800

km,

e ground stations can much better track the satellite,

e the satellite orbit error resulting from irregularities of the Earth gravitation

field at a high orbit is less than at a lower one and

e Air, water vapor, clouds, and rain slow down the return of the microwave
signal. A second instrument called a radiometer is used to correct for the

influence of water in the atmosphere.
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The dual-frequency NASA radar altimeter (TOPEX / Poseidon) works by send-
ing radio pulses at 13.6 GHz and 5.3 GHz toward the earth and measuring the
characteristics of the echo [Fu et al., 1992]. By combining this measurement
with data from the microwave radiometer and with other information from the
spacecraft and the ground, scientists can calculate the height / level of the sea
surface. Data from the SLR (Satellite Laser Ranging) and DORIS (Doppler Or-
bitography and Radio positioning Integrated by Satellite) systems are used to
determine the orbit of TOPEX/Poseidon. Together these systems provide all-
weather, global tracking of the satellite. There are however, some limitations
in land-based systems. Sea level anomaly (SLA) is derived by subtracting the
real time observations from the altimeters from the long term mean. The data
from different sensors are merged to arrive at better coverage and accuracy of the
sea level to less than 4cm www.aviso.oceanobs.com. The sea level anomaly data
used for the present study is a merged product of different altimeter missions
and is obtained from AVISO data extraction service [LeTraon and Dibarboure,
1999]. The spatial resolution of the data is 0.25° x 0.25°. The temporal resolution
ranging from weekly to monthly was selected based on the process to be studied.
The geostrophic currents were computed from the sea level anomalies using the

geostropic relation:
2Qsin(¢).V = gtan(i) (2.3)

where 2 is the earth’s angular velocity, ¢ is the latitude, V is the velocity and
tan(i) is the I=slope of the sea surface [Pond and Pickard, 1983]. The geostrophic
currents are made use of to understand the circulation pattern in the region of

interest during different seasons.

2.2.3 Sea Surface Temperature

Infrared Radiometers Present study makes use of SST data obtained from
Advanced Very High Resolution Radiometer (AVHRR) onboard NOAA series of
satellites and Tropical Rainfall Measuring Machine - Microwave Imager (TMI).
The data products were chosen based on their availability. The AVHRR functions
based on infrared radiometry, where the fundamental basis is that all surfaces

emit radiation whose strength is in-turn dependent on the surface temperature.
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Figure 2.3: Black body emittance spectrum at different temperatures, from

http://cimss.wisc.edu

The higher the temperature, the greater is the radiant energy. By measuring the
emitted radiation, the temperature can be calculated, provided the physics of the
process is well defined Robinson [2004]. The spectral characteristics of thermal
emission from body at temperature T in K are determined by Planks radiation
law: o o

MOLT) = SHean($2) — 1 (24)
where A is the wavelength in metres, M is the spectral exitance (also called
mittance: The radiant flux density of radiation per unit band width centred at ,
leaving unit area of surface, irrespective of direction), C; and Cy are constants.

By integrating over all the wavelengths gives the total exitance of a black body:
M =oT* (2.5)

where o = 5.669 x 1078 W m™2 K~ (Stefan’s constant).The spectral peak of

each temperature is found at wavelength:
Amaz L = Cs (2.6)

Figure 2.3 shows the emittance at different wavelengths for different tempera-
tures. The solar emitted energy has a peak in the visible part of the spectrum and
typical SSTs emission peak lies between 9um and 11pm. Thus, the thermal IR is
an optimal region for monitoring SST. An IR radiometer can detect the bright-

ness temperature of the radiation at the sea surface. The measured brightness
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temperature differs from the actual temperature of the observed surface because
of its non-unit emissivity and also because of the intervening atmosphere. The
presence of atmosphere restricts the IR radiometry of the sea surface to two spec-
tral windows 3.5 - 4.1um and 10.0 - 12.5um. The emissivity of the sea surface
in the IR region is approximately 0.98 to 0.99 [Masuda et al., 1988|. The sen-
sor, when viewing the sea surface with an angle zero, the maximum emissivity is
0.992 at 11um wavelength. However, the sensor monitors the surface from differ-
ent incident angles during different sea states and thus the emissivity varies with
wind speed [Watts et al., 1996]. It could be said that the IR radiance above the
sea surface depends not only on the temperature of the surface skin, but also on
the surface emissivity, the incident radiation after removing the direct sun glitter.
Since the emissivity is ~ 1 in the IR region, the measured brightness temperature
is only slightly less than the true SST and thus can be easily incorporated in the
atmospheric corrections. The main difficulty in the IR radiometry is the correc-
tion for reflection of the incoming solar radiation. Even though the emittance
from the sun is greater than the sea surface, it fills only small part of the sky
and thus the solar irradiance reaching the top of the atmosphere is about 107°
of its value near the solar surface which is about 1/300 of the radiation emitted
by the sea surface (Maull, 1985, Robinson, 2004). At 10um, the solar reflection
is small and thus this spectral window is effective both during the day and night.
At 3.7pm, the incoming solar irradiance is of same order as the surface emittance
and the diffusion reflection of sunlight contributes an unacceptable error which
cannot be corrected. Therefore 3.7um cannot be used during day time. Thus
one can deduce that the spectral windows used for SST measurements are the
bands between 3.5 - 4.1um during night time and between 10.0 - 12.5pum dur-
ing both day and night. These signals are derived after necessary atmospheric
corrections. For IR sensor calibration, a target of known temperature is used.
This temperature is measured and transmitted to ground receiving station along
with the signal measured by the IR sensor. Atmospheric correction is based on
multispectral approach, when the differences between brightness temperatures
measured at different wavelengths are used to estimate the contribution of the
atmosphere to the signal. For cloud detection, the thermal and near-infrared

waveband thresholds are used, as well as different spatial coherency tests. The
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accuracy of the IR sensors is high but they cannot see the sea surface through the
clouds under overcast conditions. AVHRR is the most successful and widely used
IR sensor onboard NOAA series of satellites. It has 5 spectral bands as shown

in the following table: The scanner has an IFOV of approximately 1.3m rads

Table 2.1: AVHRR spectral channels and their characteristics, taken from
http://noaasis.noaa.gov/NOAASIS/ml/avhrr

Channel No.  Resolution Wavelength (um) Typical Use
1 1.09km 0.58 - 0.68 Daytime cloud and surface mapping
2 1.09km 0.725 - 1.00 Land and water boundaries
3 1.09km 1.58 - 1.64 Snow and Ice detection
4 1.09km 3.55 - 3.93 Night cloud mapping, SST
5 1.09km 10.30 - 11.30 Night cloud mapping, SST
6 1.09km 11.50 - 12.50 SST

and a cross-track scan of £55.4°. With a nominal height of 833 km the ground
FOV at nadir are 1.1 km and the swath width about 2500 km. The orbit period
is about 102 min and 14 orbits are completed per day. The swath of adjacent
orbits overlap, ensuring that the whole Earth surface is viewed at least twice
a day, once from the ascending (daylight) passes and once from the descending
(night) overpasses. The pathfinder SST that is employed in the present study is
systematically analyzed AVHRR data from 1985. The data is provided on the
public domain on daily, 8-day and monthly averaged scales with a spatial reso-
lution of ~ 9 km. The processing methodology and validation statistics of the
Pathfinder project are explained explicitly in Podesta et al. [1995] and Kilpatrick
et al. [2001].

Microwave Radiometers To overcome the lack of AVHRR data during the
overcast conditions, the data products derived from the microwave (MW) ra-
diometers were made use of. Microwave radiometers are capable of measuring
SST independently of the cloud cover. These radiometers are normally operated
at wavelengths between 1.5mm and 300mm (200GHz to 1GHz) depending on the
parameter to be measured. They observe the thermal radiation emitted by the

sea surface in the microwave part of the spectrum under all weather conditions.
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At longer wavelengths, there is little or no absorption or scattering by the inter-
vening atmosphere, aerosols, haze, dust or small water droplets in clouds. Only
problem is the liquid water in the form of precipitation. But, at longer wave-
lengths, the thermal emission is weak and thus the signal received is relatively
weak. Therefore to maintain the signal strength and overcome the noise levels,
the field of view (FOV) must be wider than for IR radiometers. This makes
the spatial resolution of MW radiometers coarser than the IR radiometers. The
physical principle behind the MW radiometer is the Planks radiation law for

non-perfect emitter:

€(0, ¢)
A2

feap(~2 ) — 1] (2.7)

_ 2

where L) = spectral radiance at wavelength A\, h = Plank’s constant = 6.626 x
1073% Js, c= speed of light, k = Boltzmann’s constant = 1.38 x 10723 J K1,
T = temperature of the emitter in degrees K, €(0, ¢), 6 and ¢ are the zenith
and azimuth angles. Following the Rayleigh- Jeans approximation the spectral

radiance By per unit frequency bandwidth is:

€6, ¢)
A2

By = kT (2.8)

For a black body at temperature 300k typical of the ocean, the Rayleigh-Jean
approximation deviates by less thanl% as long as f is less than 117 GHz, cor-
responding to A > 2.57mm. Thus the emitted radiance is directly proportional
to the temperature of the emitting surface. Therefore, the emitted radiance is
called Brightness temperature while the radiance measured by the microwave an-
tenna is apparent temperature at a certain frequency. But it is typically much
lower than the actual temperature of the emitting ocean surface because for the
sea water, the emissivity is less than 0.5 at microwave frequencies. The Tropi-
cal Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) is a passive
microwave radiometer that measures SST [Wentz et al., 2000]. Apart from SST,
the other parameters that TRMM measures are the precipitation, Earths radiant
energy and lightening. The TMI has five wavebands at 10.7, 19.4, 21.3, 37.0 and
85.5 GHz. The channel at 10.7 GHz is used to measure SST. Its orbit is not

sun synchronous and has complete ground coverage between +40° latitude and is
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Figure 2.4: Schematic depicting the temperature structure near the sea surface
(a) at night and (b) during the day in conditions suitable for diurnal warming.
The figure shows where the skin, sub-skin and depth measurements of SST are
defined. SST} represents the foundation temperature at the base of any diurnal

thermocline that may be present (after Donlon et al. [2002])

accomplished in 3 days at an altitude of 402 km and an angle of inclination 35°.
The spatial resolution at which TMI provides SST is 0.25° x 0.25°. The accuracy
of TMI is measured at 0.6°C with the drifter buoys [Wentz et al., 2000]. Figure
2.4 presents the schematic of different SST measurements near the sea surface.
Every SST observation depends on the measurement technique, the sensor that
is used, the vertical position of the measurement within the water column, the
local history of all the component heat flux conditions and the time of the day
the measurement was obtained. The vertical structure of SST can be defined
[Donlon et al., 2002] as follows:

1 The interface SST, SSTint is the temperature of an infinitely thin layer at
the exact air sea interface. It represents the temperature at the top of the

SSTskin layer and this cannot be measured using current technology.

2 The SSTskin is the temperature measured by a radiometer at depth within

a thin layer (~ 500 pm) at the water side of the air-sea interface. This
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is the basis for measuring the skin temperature using IR radiometers at

wavelengths shorter than 5um [McKeown and Asher, 1997].

3 The SSTsub-skin is the representative of the SST at the bottom of the
SSTskin temperature gradient. It could be measured by MW radiometers
operating at low frequencies (6 - 10GHz). In this region of electromag-
netic spectrum, the penetration depth in seawater is much greater and the

resultant measurements depths are greater than 1mm

4 The SSTdepth (also known as SSTbulk) is the temperature beneath the
SSTskin, therefore SSTdepth should always be quoted with specific depth
in the water column. SSTdepth is measured using traditional tempera-

ture sensors mounted on buoys, profilers and ships at any depth beneath
SSTsubskin.

The AVHRR SST data products were obtained from Jet Propulsion Laboratory
of NASA and the TMI data was obtained from SSMI. The data products were
on different time scales ranging from daily, 8-day and monthly. SST (skin) was
used to compute upwelling indices and also in synergy with other data products to
ascertain the upwelling region. SST obtained from TMI is used for understanding

the temporal relationship between the forcing factors and the upwelling response
on SST as the AVHRR data is available on 8-day basis.

2.2.4 Chlorophyll-a Concentration

The chlorophyll-a concentration (CHLA) is the primary photosynthetic pigment
in phytoplankton that primarily absorbs in the blue and red regions than in green
of the visible spectrum of electromagnetic radiation. The measurements of ocean
color are based on the electromagnetic energy between 400 and 700 nm. The
sunlight is not merely reflected from the sea surface. The color of water surface
results from sunlight that has entered the ocean, been selectively absorbed, scat-
tered and reflected by phytoplankton and other suspended material in the upper
layers, and then backscattered through the surface. The back scattered energy
from the ocean surface progressively shifts from deep blue to green as the con-

centration of phytoplankton increases [Yentsch, 1960]. Ocean color radiances in
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the blue-green can be coalesced from depths as great as 50 m. The transparency
of open ocean waters is very high; the upper layer of tens of meters depth con-
tributes to ocean color, this contribution decreasing with depth whereas in the
turbid coastal waters, the depth of the upper layers and also the transparency of
the water column are very less. Satellite ocean color depends on CHLA, which in
turn depends on phytoplankton biomass. Thus the ocean color data provides the
practical means for monitoring the spatial and seasonal variations of near surface
phytoplankton, oceanic primary production, global carbon and biogeochemical
cycles and fishery research. The CHLA is derived from the back scattered radi-
ances using semi empirical algorithms based on the regression of radiance versus
chlorophyll [O’Reilly et al., 1998]. The following are the drivers that can change

the ocean color:
1 Phytoplankton and its pigments

2 Colored Dissolved Organic Material (CDOM, or yellow matter, or gelbstoff)
which is derived from decaying vegetable matter (land) and phytoplankton
degraded by grazing or photolysis.

3 Suspended particulate matter

e These particulate matter consist of both Organic and Inorganic substances

that can alter the ocean color.

e The organic particulates (detritus) consist of phytoplankton and zooplank-

ton cell fragments and zooplankton fecal pellets

e The inorganic particulates consist of sand and dust created by erosion of
land-based rocks and soils. These enter the ocean through river run off,
deposition of wind-blown dust and wave or current suspension of bottom

sediments.

Depending on the density of both dissolved and suspended matter, Morel and
Prieur [1977] divided the ocean into Case I and Case 2 waters. In case 1 wa-
ters, phytoplankton pigments and their co-varying detritus pigments dominate

the seawater optical properties and in case 2 waters, other substances that do
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not co-vary with CHLA (such as suspended sediments, organic particles, and
CDOM) are dominant. Though the case 2 waters occur in relatively smaller area
of the oceans, they are important and optically complex because of their constant
interaction with human habitat in the coastal regions, prevalence of large river
run off. These optically dominant parameters are retrieved from the ocean color
sensor observations depending on their inherent nature to absorb and backscatter

the energy in particular wavelengths as shown in the following:
1 Chlorophyll absorption peak is at 443 nm,

2 Measurements must also be made in the 500 - 550 nm range where the
chlorophyll absorption is zero and the absorption of other plant pigments

(i.e., carotenoids) dominate.
3 CDOM-dominated wavelength is at 410 nm and
4 Suspended particulate matter dominates the red region of the spectrum.

All the ocean color measurements are to be subjected to atmospheric cor-
rections before finally being used. Sunlight backscattered by the atmosphere
contributes 80 - 90% of the radiance measured by a satellite sensor at visible
wavelengths. Such scattering arises from dust particles and other aerosols, and
from molecular (Rayleigh) scattering. Such atmospheric contribution can be cal-
culated and removed by the additional measurements made in the red and near-
infrared spectral regions (e.g., 670 and 750 nm). Since blue ocean water reflects
very little radiation at these longer wavelengths, the radiance measured is due al-
most entirely to scattering by the atmosphere. Long-wavelength measurements,
combined with the predictions of models of atmospheric properties, can there-
fore be used to remove the contribution to the signal from aerosol and molecular
scattering. The data was obtained by Sea viewing Wide Field of view Sensor
(SeaWiFS) radiometer onboard Orbview spacecraft of NASA. It has a sun syn-
chronous orbit with an altitude of 705km with a spatial resolution of 1.1 km at
Local Area Coverage (LAC) and 4.5km at Global Area Coverage (GAC). Sea-
WIiFS observes the earth surface using its 8 spectral channels: SeaWiFS Data
Analysis System (SeaDAS) is a software tool provided by the Ocean color group
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Table 2.2: Spectral channels of SeaWiFS and their purposes,taken from website

http://oceancolor.gsfc.nasa.gov

Spectral Channel Central Wavelength (nm) Primary Use

1 412 (Violet) Dissolved organic matter (incl. Gelbstoff)
2 443 (blue) Chlorophyll absorption

3 490 (blue - green) Pigment absorption (Case 2), K(490)

4 510 (blue - green) Chlorophyll absorption

5 555 (green) Pigments, optical properties, sediments

6 670 (red) Atmospheric correction (CZCS heritage)

7 765 (near IR) Atmospheric correction, aerosol radiance

8 865 (near IR) Atmospheric correction, aerosol radiance

of NASA for processing the SeaWiFS data products, incorporated with necessary
correction algorithms. The ocean color data products are obtained in Hierarchical
Data Format (HDF') and processed using SeaDAS. The final spatial resolution of
the data utilized for this study is ~ 9 km and a relevant temporal resolution of
8-days, monthly is used based on the nature of the analysis. The data obtained
from the satellite consists of 4 levels depending on the level of processing as shown
in the following figure 2.5 for almost all the sensors:

Tables 2.3 and 2.4 presents thedetails of all the remote sensing platforms

used in this thesis.

Table 2.3: Satellite Sensor, Parameters measured, their resolutions

Resolution
SI. No Sensor Parameter Spatial Temporal Spectral
1 QuikScat Winds 0.25° x 0.25°  3day running mean 14 GHz (Ku band)
2 TMI SST 0.25 ° x 0.25°  3day running means 10.7 GHz
3 AVHRR SST 4 x 4 km 8 day Thermal IR
4 SeaWiF'S CHLA 9 x 9 km 8 day Visible
5 MODIS CHLA 9 x 9 km 8 day Visible
6 Altimeter SLA 0.25 ° x 0.25° Daily and Weekly 13.6 GHz
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Figure 2.5: Processing levels of satellite data, taken from [Robinson, 2004]

Table 2.4: Satellite data period used for this study and limitations

Sl. No Parameter Period Limitations
1 Winds 2000 - 2009 Cannot measure during heavy rainfall events
2 TMI SST 1998 - 2009 Cannot measure during heavy rainfall events
3 AVHRR SST 1987 - 2007 During Cloud Cover
4 SeaWiFS CHLA 1998 - 2007 During Cloud Cover
5 MODIS CHLA 2008 - 2009 During Cloud Cover
6 SLA 1993 - 2009 Data reliability is less very near to the coast
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2.3 Software Tools

To process and analyze the data, suite of software packages were made use of.

The following are the list of them:
e Ferret - For major data processing and analysis (www.ferret.noaa.gov/FERRET)
e GrADS - Exclusively used to compute EOF (http://www.iges.org/grads)

SeaDAS - For retrieving chlorophyll data from SeaWiFS and MODIS level
3 products (http://oceancolor.gsfc.nasa.gov/seadas)

Origin - For quality line graphs

Matlab - Exclusively used for wavelet analysis (wavelet analysis toolbox

obtained from Colorado University) and Coherence spectra.

2.4 Study Area

By making use of the above mentioned data products and the analysis tools, the
spatio - temporal variability of upwelling phenomenon in SEAS ( 1.9) has been
addressed in the present study. This study envisages bringing about an under-
standing on the upwelling, its generation, forcing factors like wind and remote
forcing, heat budget, surface cooling and surface CHLA of SEAS. This region is
having immense importance in the climate of India and especially the southwest-
ern coast of India. Through this study, the contribution of satellite data products

in effectively understanding the marine environment has been emphasized.
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3

Climatology of SEAS

3.1 Sub-surface Signatures

In order to uderstand the sub-surface oceanographic structure during a year in the
SEAS region, monthly variability of 20°C and 25°C isotherms are analyzed based
on 0.25° x 0.25° world ocean atlas 2001 data [Boyer et al., 2005]. The upliftment of
these two (20°C and 25°C) isotherms is considered to be the subsurface signature
of upwelling. The representative months of January (winter), April (summer),
July (SWM) and October (spring/ Inter monsoon period) are also plotted to
understand the thermal structure of SEAS. The monthly climatologies, computed
from the available satellite datasets for sea surface winds, SLA, SST and CHLA

were analyzed for their monthly and seasonal variability.

3.1.1 Variability of 20°C and 25°C isotherms

Upwelling results in the shoaling of thermocline of the water column; to under-
stand the spatial and temporal variability of shoaling and also to monitor the
evolution of upwelling phenomenon as a whole, topography of the 20°C (D20)
isotherm in the region is plotted. From figure 3.1 it is observed that during Jan-
uary, D20 was 160m along the coast to the north of 11°N and 130 135m to its
south. The depth progressively shoaled towards the offshore regions upto 125m
except for the region between 73° to 76°E and 7° to 9°N where the depth was

deeper than 150m. In February, the pockets of warmer waters spread offshore
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Figure 3.1: Topography of 20°C isotherm
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to the north of 11°N, while it shoaled to the south upto 110m. The offshore
waters maintained relatively uniform depth between 125 to 135m. A similar uni-
formity was observed during March too. By the month of April, the orientation
of isotherms were seen to be setting perpendicular to the coast. D20 was found to
be shallow at the southern region while it deepened towards north. The perpen-
dicular nature of isotherms continued in May with their depth further shoaling
to 120m at the north and 95m at the south indicating the beginning of upwelling.
By June, D20 shoaled further less than 90m in the southern region whereas the
depth was 110m in the north. The isotherms changed their orientation becoming
parallel to the coast by July and all along the coast, the D20 was less than 70m
and it progressively deepened upto 130m towards the offshore. Further shoaling
was noticed in the months of August and September near the coast where D20
was less than 60m. A noticeable fact is the shifting of the shallowest depth or
in other words, the centre of upwelling towards north by September. This phe-
nomenon is maintained in the northern region in October which indicates the
existence of upwelling while the southern regions were marked by warmer waters
with deepening of the isotherms upto 100m; this indicates the withdrawal phase
of upwelling in the region. In November, the coastal regions were prevailed by
warmer waters where D20 was observed to be greater than 130m and the offshore
regions were shallow at 85 to 95m. By December, the D20 in the whole region was
greater than 100m with deeper values along the coast. The pattern of variability
for 25°C (D25) isotherm (Figure 3.2) was following the D20 for all the months
except for November, where the northern part of the region was still maintaining
shallow depths while D20 had sunk deeper.

To summarize, January, February, March, April and December are the months
where, the D20 was at its maximum depth along the coast; among these months,
the presence of shallow D20 when compared to the coast, was observed in the
offshore region between 72° to 70°E during January and December. The signature
of upwelling, i.e., the shallow D20, was spotted at the southern tip of the coast
during April and this feature further progressed northward in the subsequent
months. By June, upwelling was well established at the southern coast and in
October, it was limited only to the northern part of the region. July, August

and September are the months when upwelling was present all along the coast
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Figure 3.2: Topography of 25°C isotherm
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extending upto 72.5°E. May and November are the periods of transition between

upwelling and non-upwelling phases.

3.1.2 Thermal Profile of the region

The climatological temperature profiles for the representative months of different
seasons obtained from the WOA 2001 within the study region are plotted at three
stations along 8°, 10°, 12° and 14°N latitudes (Figure 3.3). The representative
months of January (winter), April (summer), July (SWM) and October (spring/
Inter monsoon period) are considered here to understand the temperature struc-
ture of the upper 200m during a year. Along 8°N, the stations were plotted at
76°, 73° and 71°E. At 76°E; during January, the temperature of upper 80m was
observed to be ~ 28°C that decreased with depth to 15°C at 200m. The ther-
mocline depth during this season was approximately around 100m. The summer
temperature was observed to be warmer around 30°C and lowered to 27°C at
80m which also is the thermocline depth for this season. The temperature fur-
ther dropped to ~ 14.5°C at 200m. July registered the coolest of all the months
with surface temperature being observed around 27.5°C and theremocline depth
at 40m; this indicates the presence of upwelling in the region during SWM pe-
riod. By spring, the surface temperatures rose higher than 28°C indicating the
termination of upwelling phase with the arrest of upwelling phenomenon at the
surface waters while the thermocline depth still observed to persist as in the case
during SWM.

The coastal location along 10°N at 75°E showed similar profile as that along
8°N during January and April with near surface temperature during April slightly
greater than 30°C. The thermocline during July to October was observed to be
very near to the surface around 20m. The temperature during October was
warmer than July in the upper 100m and thereafter, up to 200m, the profile
during both the months was observed to be approximately the same.

Along the 12°N latitude, the coastal station was considered on 74°E longitude.
Here, the surface waters during January were observed to be ~ 28°C. A slender
rise in temperature with depth was noticed up to 60m which later decreased with

depth. The thermocline depth was found to be around 80m. In summer, the
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surface temperature was greater than 30°C whereas during the summer monsoon,
surface temperature was ~ 28°C inferring the presence of cooler upwelled waters
at the surface. The thermocline shoaled to 50m during upwelling from 80m depth
that was observed during summer. The post monsoon / spring period was found
to be the coolest of all the seasons in this region with the surface temperatures
noticed to be less than 28°C and the thermocline almost tapping the surface.
Similar conditions were encountered along 14°N near to the coast during all the
seasons.

The (central) station along 8°N selected at 73°E had temperature values in the
upper 40m observed as ~ 28°C during January with a thermocline depth of 80m.
The temperature at the 200m was ~ 15.5°C. The temperature profile throughout
the summer was analogous to that of the station near to the coast for the same
season. During the summer monsoon (July), the surface temperature was less
than 28°C upto 50m and subsequently an abrupt slump was observed indicating
that the thermocline shoaled as a result of upwelling in the region. During post
monsoon, though the waters in the upper 40m were warmer than July, below
this depth, the water column was observed to be the coolest of all seasons. This
anomalous cooling of the subsurface waters even after the collapse of SWM winds
could be linked either to the presence of upwelling induced cooler waters at the
subsurface. Along 10°N at 73°E, the temperature profile for all seasons was similar
to that along 8°N. Along 12°N, at 73°E, the surface temperature during January
was 28°C which slightly increased with depth up to 50m and thereafter fell to 16°C
at 200m. During summer, the surface temperature was warmer around 30°C due
to the presence of the Arabian Sea warm pool [Kurian and Vinayachandran, 2007
reflecting conditions of pre monsoon season. The temperature below 120m was
similar to that during the winter monsoon (January in this case from the figure
3.3). For the summer monsoon period, the temperature in the upper 60m was
around 28°C and dropped consistently to 14°C at 200m. The thermocline depth
was observed to be around 50m. The surface temperature during post monsoon
was warmer than that during January and April but cooler below the depth of
15m. The absence of thermocline indicates the presence of strong upwelling in
this region even after the weakening of summer monsoon. Along 14°N and at

73°E, conditions were similar to that near the coast along the same latitude with
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the exception during April when the surface temperature was greater than 30°C.
These warmer surface temperatures were due to the prevalent warm pool.

Offshore stations along each of the latitudes were considered at 71°E. Along
8°N, the thermal structure at 71°E was similar to that across 73°E. Along 10°N,
during January, April and July, the profiles were same as at 73°E but during post
monsoon, the thermocline was deeper when compared to that at 73°and 75°E.
Along 12°N, the thermal structure during both the monsoons was identical upto
150m and thereafter, a feeble rise was observed during July. During post mon-
soon, the surface temperature was slightly greater than that during the monsoon
season but below the thermocline at 30m, the thermal structure in this season
appeared the coolest of all the seasons. Along 14°N, at 71°E, the temperature
for the upper 30m was found to be least during January with the thermocline
depth approximately around 60m. The temperature gradually fell to ~ 16°C
at 200m. During summer, a temperature of 29°C near the surface decreased to
27°C at 80m and thereafter gradually dropped to 16.5°C, at 200m depth. The
temperature during the summer monsoon, in the upper 50m is slightly higher
than that during winter monsoon is 28°C and below the thermocline, the profile
was approximately similar to that of January upto 130m and thereafter indicated
decreasing trend. The temperature profile during October was again similar to
that at 12°N.

To summarize, from figure 3.3, it was observed that the surface temperatures
at all the stations during all seasons varied between 27.5° to 30.5°C. In the coastal
sections, along 8° and 10°N, thermocline was observed to be near to the surface
during July and October indicating the presence of upwelling. Intense upwelling
during summer monsoon could be identified from the presence of cooler waters at
the surface. In the northern region, existence of upwelling was observed during
October. Thus it can be stated that the upwelling commences in the southern
regions during SWM and advances northward, with time. In the northern regions,
upwelling prevails well after the collapse of SWM, till October and subsides later;
thereby inferring the difference in the temporal evolution of upwelling along the

coast and the spatial distribution away from coast.
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3.2 Satellite Observations

3.2.1 Monthly Variability in Wind pattern

In order to appreciate the evolution of upwelling based on forcing factors and
the associated response, satellite derived products are made use. From the above
analysis of the hydrographic conditions of the region, it is surmised that the
upwelling in the region is not entirely wind dependent but also related to another
factors such as the complex circulation pattern prevailing in the region (and
its reversal in direction), which may play a vital role. These factors and their
monthly variability has been explained in detail in the following sentences. The
monthly variability of the wind pattern in the region was obtained for ten years
(August 1999 - July 2009) — as per the quality data record of QuikScat measured
sea surface winds (QuikScat ceased to function from November 2009). The 3 day
running averaged wind products were used to compute the monthly mean wind
and thereby the long term average of all the corresponding months for every year.
The resultant 25km x 25km resolution monthly climatological product (Figure

3.4) was utilized to ascertain the mesoscale variability of the wind for the region.

On inspection of the figure 3.4, it was observed that the direction of wind
in SEAS was northerly irrespective of the season. Wind speeds are high during
the summer monsoon months, especially during June, July and August compared
to other months. This implies that the region was dominated by only summer
monsoon and there is only a feeble impact of winter monsoon. In January, wind
speed near the coast was 3 m/s in the southern region except near the southern
tip where it is higher than 6m/s. In the open ocean region between 70° - 72°E,
the wind speed was observed to be 6 m/s. The wind direction was northerly upto
11°N and north-northeast, down south. In February, the least wind speed region
was limited to 7° - 9°N, while the rest of the region had wind speeds between 5
- 6 m/s. A minute change in the wind direction was observed near to the coast
from January. Here, in February, the wind direction all along the coast was north
- northwesterly. Rest of the region, the open ocean, was prevailed by northerly

winds. High wind speed greater than 6 m/s is maintained at the southern tip
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of India. In the inter monsoon period of March, the wind speed, except near to
the coast, was less than 4 m/s. Along the coast, the wind speed was ~ 5.5 m/s.
The wind direction was north - northerly from coast to 72°E; beyond that it was
absolute northerly. By April, the entire region was prevailed by northwesterly
winds though the strength was very less. During May, the direction prominently
turned north westerly along with increase of speed. Wind speed all over the
region was greater than 6 m/s and near the southern tip of India, the wind speed
was greater than 7 m/s. By June, the SWM regime was set over the entire region
and a significant rise in wind speeds (greater than 8 m/s) was observed; that
it was ~ 9m/s in the northwestern corner of the region. An interesting feature
observed was the development of a low wind pocket very near the coast between
8° and 10°N with speed less than 7 m/s. During July, which is also the peak
monsoon time, the speeds were greater than 10 m/s in the northwestern corner
and rest of the region indicated 8 m/s. The low wind pocket observed during
June spread offshore and northward. The wind direction to the south of 8°N was
predominantly zonal (westerly), and near the coast, it was northwesterly and in
the open ocean region, it was southwest. The low wind region further elongated
up to 13°N parallel to the coast during August. Wind speed reduced in the NW
corner to 9 m/s and a possible change in the direction to northwest was observed
at 72°E. During the receding phase of SWM, in September, the wind direction was
completely northwest and speeds all over the region were 7 m/s, while a further
drop to 5 m/s was observed along the coast. During the inter monsoon period
of October, the wind speed reduced to 5 m/s all over the region and direction
was northwest to the north of 8°N, while to the south, it was perfect westerly
(zonal component) which dominated the region. In the initial phase of northeast
monsoon, during November, the wind speed was observed to be less than 4.5 m/s
with a strong low wind region centered on 11°N and 73°E. Wind direction was
northerly all over the southern region and northeasterly up to 12°N. Later, the
low wind region observed during November split into two eddies and extended
towards the coast. The speed within these regions was 3 m/s and direction all
over the region, indicated northeast.

In summary, it can be stated that the wind direction near the coast was

northerly (equatorward) irrespective of season. Despite this fact, coastal up-
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welling in the region was taking place only during the SWM. This is because the
alongshore winds that were prevailing during the northeast monsoon does not
have adequate strength to drive Ekman transport away from the coast, also the
absence of divergent circulation pattern to generate upwelling. Another impor-
tant fact to be reckoned is that the zonal component of the wind varies once a
year i.e., during SWM, while the meridional component has bi- modal variability
and this component of wind functions importantly in coastal upwelling for the

region and this fact is dealt in chapter 4.

3.2.2 Monthly Variability of Sea Level

On observing the sea level anomaly (SLA) derived from merged altimeter mea-
surements, distributed by AVISO, the monthly climatology showed a distinct
annual cycle (Figure 3.5). On a broad scale, the SLA was positive during winter
monsoon months and negative during summer monsoon. From figure 3.5, it could
be observed that two eddies were forming, one on the southern region between
73° - 75°E and 7° - 9°N, and another along the coast between 11° - 13°N. These
eddies were anti cyclonic during winter monsoon and cyclonic during summer
monsoon. The presence of cyclonic eddies is an indication of divergence of the
sea surface and thence upwelling favorable. In January, SLA all over the region
along the coast was positive with values greater than 16 cm. Negative anoma-
lies were observed in the northwest corner of the region. In February, the twin
eddies showed dissipation and spread westwards, the whole region is prevailed
by positive anomalies. By March, both these eddies were completely dissipated
and a flow westward was observed. During April, the entire region does not show
noticeable variability. In May, a patch of negative SLA was observed along the
coast indicating the initial phase of upwelling in this region. By June, nega-
tive anomalies spread upto 72°E from the coast, with high intensity along the
coast, and this clearly indicates the establishment of upwelling along the coast.
During, July, two cyclonic eddies could be observed at the exact location where,
anti cyclonic eddies were located during winter monsoon and negative anomalies

prevailed in the whole region, leading to infer the spatial spread of upwelling,
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off the coast. Similar conditions were observed during August too. In Septem-
ber, the two eddies showed dissipation, but negative anomalies still prevailed in
the region. During October, negative SLA showed reduction in magnitude along
the coast while in the open ocean region, strong negative anomalies continued to
dominate.

This indicated the start and dissipation of coastal upwelling. The coastal re-
gion was prevailed again by positive anomaly by November. The positive anoma-
lies spread upto 72°E from the coast and the formation of twin anti cyclonic

eddies could be again observed, thus completing one full annual cycle.

3.2.3 Monthly Variability of Sea Surface Temperature

The response of the ocean towards upwelling can also be understood in the form
of cooler SST. For the present study, AVHRR - Pathfinder SST data from 1982
- 2009 was used to ascertain monthly variability of the SST. The 8 day temporal
with 4 x 4 km spatial resolution data was averaged for every month; this monthly
data was made use of to arrive at the climatology. From the scrutiny of figures
on SST (Figure 3.6), for each month in the study region, it was understood that
March, April and May are the warmest months in the region. Similarly, July,
August and September are the coolest. During January, the SST in the region
varied between 27.5°C at the southern tip of India and northwest corner to 29°C
for rest of the region. In February, a patch of warmer waters was observed along
the southern coast between 8° - 10°N up to 75°E. The northwest corner of the re-
gion remained cooler between 27.5°C and 28.5°C. During March, coastal regions
up to 73°E were found to be at ~ 29.5°C with a warm patch of 30°C between 9°
- 10°N. April and May recorded almost uniform temperature all over the region
with temperature above 30°C. The warm patch between 9° and 10°N that was
observed during March further rose to 31°C in April and moved offshore in scat-
tered patches by May. The surface cooling signatures were observed in June at
the southern tip of India with temperatures less than 28°C upto 10°N along the
coast extending up to 75°E from coast. Apart from this, cooler temperatures are
also observed between 70° - 71°E and 11° - 12°N. Coastal region to the north of

11°N were maintaining values around 29.5°C. During July and August, the whole
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Figure 3.5: Monthly variability of Sea Level Anomaly over SEAS
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3.2 Satellite Observations

SEAS was covered by SST less than 26°C. By September, these cooler tempera-
tures turned slightly warmer to greater than 28.5°C in open ocean region, while
the coastal regions remained cooler, less than 28°C. This transition indicated
the terminal phases of upwelling. With the seizure of SWM, the region turned
warmer by October with SST above 29°C. This warming further intensified in
November and uniform temperatures of above 29°C were observed all over the
region. A warmer patch of temperature greater than 30°C was observed along
the coast between 11° - 14°N. By December, these warmer waters spread further
up to 72°E with further reduced the surface temperatures. Cooler SST ~ 28.5°C
was observed at the southern tip of India.

To summarize, the surface temperatures are warmer than 28°C in the SEAS
region from January to May and upwelling resultant cooler temperatures are
observed in the satellite measured SST near the southern tip of India in June and
thereafter with the advancement of upwelling, the entire coast indicated cooler
temperatures all over the region by July and August. The receding phase of
upwelling began in September and its influence on SST was limited only to the
coastal regions; upwelling ceased to exist by October. One noticeable fact was
the drop of SST by nearly 4.5°C in the coastal regions from April / May to July
/ August. Concurrently, the open ocean temperatures dropped by 2° - 3°C. Thus
it could be clearly concluded that upwelling in SEAS is an annual phenomenon

that occurs during SWM period.

3.2.4 Monthly Variability of Chlorophyll-a Concentration

The growth of phytoplankton occurs in the layer where both light and nutri-
ent concentrations are sufficient. With increase of the upwelling nutrient flux
the conditions of phytoplankton growth becomes better and the maximum of its
vertical distribution moves to shallower layer. When nutrient flux is very inten-
sive and phytoplankton biomass is high, the maximum of vertical distribution
of phytoplankton is located at the surface. The result is a direct correlation
between total phytoplankton (or chlorophyll) concentration in water column (or

within the euphotic layer) and in the thin surface layer. Hence, both the surface
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Figure 3.6: Monthly variability of Sea Surface Temperature over SEAS
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3.3 Temporal Cycle of the signatures

CHLA and the chlorophyll above the penetration depth can be used as a mea-
sure of water productivity, i.e., phytoplankton biomass. Therefore, the satellite
measured surface CHLA provides an estimate on the biomass of the region of
interest. Figure 3.7 shows the monthly variability of CHLA for the study area.
Monthly averages were arrived upon computing the long term mean of respective
months in each year from 1998 to 2007. On examination of the CHLA monthly
climatology, it is observed that similar to SLA, CHLA too has a distinct annual
cycle. The region shows feeble variability with respect to the CHLA during non
upwelling months. For this period, CHLA remained less than 0.5 mgm =2 all over
the region except very near to the coast during the months of January, February,
March, April, November and December. For May and October, i.e., during the
initial and terminal phases of upwelling, CHLA of 2 - 3 mgm ™3 was observed
all along the coast. By June, a strong patch of 5 mgm 2 CHLA was observed
at the southern region of the coast and which spread about ~ 100 km from the
coast. This patch extended further north by July coinciding with the peak phase
of SWM and the resultant upwelling, northwards. These highly productive wa-
ters spread ~ 200 — 300 km offshore, while a maximum concentration was noted
between 8° - 10°N during July - September. Two distinct productive fronts can
be noticed: one, between 8° - 9°N and the other between 11° - 12°N. These are
also the regions of high river run-off during the rainy SWM season. By August,
the frontal regions were subdued and rather uniform CHLA content was observed
all over the coast. In the entire open ocean region, CHLA up to 1 mgm 3 was
observed during this period. The same scenario prevailed in September too but
with depleted offshore values to the west of 72°E and south of 12°N. The CHLA
content reduced considerably by October, all over the region, and was present
only very near to the coast. The entire region stands deprived of measurably

productivity by November and December based on CHLA.

3.3 Temporal Cycle of the signatures

In order to get an understanding on the temporal structure, over a year, three
representative regions (Box1: Lat: 7.5° - 8N, Lon: 76° - 76.5°E; Box2: Lat:
10.5° - 11°N, Lon: 74.5° - 75°E; Box3: Lat:13.5° - 14°N, Lon: 73.5° - 74°E) as
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Figure 3.7: Monthly variability of Chlorophyll- a Concentration over SEAS
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3.3 Temporal Cycle of the signatures

6°N —

Figure 3.8: Figure showing locations along the coast considered for understanding
the temporal variation of signatures. (Box1: Lat: 7.5° - 8N, Lon: 76° - 76.5°E;
Box2: Lat: 10.5° - 11°N, Lon: 74.5° - 75°E; Box3: Lat:13.5° - 14°N, Lon: 73.5° -
74°E)

shown in figure 3.8 along the southwest coast of India were selected. The area
average of the long term monthly mean at these regions for all the four parameters
discussed in previous sections aid the presentation of upwelling signatures as
plotted in Figure 3.9. The long term averages through box 1 to box 3 indicate a
wide range of perturbation(s) during SWM season coinciding with the upwelling
phenomenon. The wind speeds at all the three boxes showed increase during the
SWM season with the highest in box 3 among all the three regions, followed by
box 1 and then, box 2. The wind speed initially showed decrease from January to
April indicating the receding phases of winter monsoon and commenced to peak
sometime during May to reach their maximum by July and later receded to pre
- monsoon speeds by October. A slight built up was observed during November
signaling the onset of winter monsoon. To summarize, this shows that the semi-
annual cycle of wind pattern in the region is bestowed with summer monsoon
winds that blow sturdily during June to September having a dominating influence
on the processes of our concern.

As expected, during seasons of upwelling, lowering of sea level, already re-
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Figure 3.9: Monthly variability of the signatures at selected regions along the

coast

ported for these parts of the ocean [Shankar and Shetye, 1997] stands once again,
re - confirmed. Though minor variations of 2 to 3 cm was observed between the
3 boxes, the overall features in the figure suggest a gradual decrease from start
of the year to the lowest levels during July, August and thereafter follows by a
rapid increase towards the year end. It is deduced that SLA has an annual cy-
cle for this part of the ocean and further that, the commencement of retraction
from lowering to increase in SLA starts from the southernmost areas of the study
region followed by the adjacent regions in box2 and later in box3.

The results pertaining to SST, though following a similar pattern, as above,
however differ in actual values. The long term averages in box 1 exhibited lowest
SST values; the low, coincided with the annual upwelling. During most of the
months, maximum SSTs were noted in box 2, being the central region of the
study area which inadvertently also exhibited the maximum fall in SST values
from a high of ~ 31.4°C in April to a low of ~ 28.3°C in August. All along the
coast, a secondary peak in SST was very evident, centered on November due to

water temperature inversions in the region [Nisha et al., 2009].
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3.3 Temporal Cycle of the signatures

From January to June and later from November to December, the coastal
water indicated near homogeneous values of CHLA, around 0.3 to 0.5 mgm 3.
With the advent of monsoon, predominant land run off to the coastal regions bring
about large nutrient inputs to near shore; meantime, ocean subsurface processes
promote upwelling and the combined affect resulted in moderate buildup of CHLA
up to 1.2 mgm =3 in the southern most box 1, whereas slightly higher values 1.5 -
2.0 mgm~? dominated the waters in box 3, which was located in the northernmost
section. The most significant enhancement in CHLA occurred in and around
box 2, where values as high as 4.5 mgm =3 should contribute to good primary
productivity.

Thus, from the monthly variability of signatures, one can state that the wind
and SST have semi-annual variability, while SLA and CHLA have annual mode
of variability in SEAS. This provides a unique setting to distinguish the forcing

and arrive at the responses of upwelling in this region.
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4

Role of Forcing Factors

4.1 Introduction

It is common knowledge now that wind plays an important role in coastal up-
welling processes. Theory says that upwelling occurs along a coast (with ocean on
its western side) when the wind stress has an equator ward alongshore component
or in the case of open ocean, it is positive (negative) wind stress curl in the north-
ern hemisphere (southern hemisphere) [Stewart, 2005]. Also, coastal divergence
of the seaward Ekman current is augmented by the alongshore equator ward wind
stress, whereas Ekman pumping results from the wind stress curl. In the Indian
Ocean, with the onset of SWM, a strong low level wind jet known as Findlater
Jet [Findlater, 1977] is established across the Arabian Sea. On either side of this
jet, the changing curl of wind stress would produce a region of divergence. The
upwelling along the west coast of India is an illustration of an eastern bound-
ary upwelling that is driven both by divergent currents and also, the alongshore
equatorward wind stress. Many studies had been published in the past on the
seasonality of the upwelling phenomenon based on various in-situ, modelled and
other observational data sets (Chavez and Messie, 2009, Boe et al., 2011). With
the availability of QuikScats ten year long fine resolution dataset from 1999 to
2009, it is possible to find the periodicity of wind forcing over the region during
upwelling season. Apart from atmospheric forcing, in the form of SWM winds,

there exists another forcing which is a manifestation of oceanic conditions driven
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from elsewhere, termed here in this case as remote forcing on the coastal up-
welling regime of SEAS. Kelvin waves, generated on the western African coast
travelling along the equatorial wave guide reaches the eastern Indian Ocean and
split north and southwards. The northern arm of the wave orients itself along the
coast thus turning into a coastal Kelvin wave. This coastal Kelvin wave travels
along Myanmar and east coast of India, finally reaching SEAS [Rao et al., 2010].
It is stated that Kelvin wave results in altering the East Indian Coastal Cur-
rent (EICC) to turn around Sri Lanka and join the West India Coastal Current
(WICC) [Shankar and Shetye, 1997]. McCreary et al. [1993] observed that winds
along the eastern boundary of India generated similar Kelvin wave and thence
influence WICC. Satellite altimetry provides the best observational platform to
study the changes influenced by these Kelvin Waves and the subsequent Rossby
waves that play a role vis-a-vis coastal upwelling in this region. The periodicity
of these waves has been well established by many earlier studies (McCreary et al.,
1993, Bruce et al., 1994, Rao et al., 2010). In this study an attempt has been
made to understand the role of remote forcing on the SST [cooling]| and upwelling
related phytoplankton blooms in the SEAS.

4.2 Wind Forcing

4.2.1 Wind Stress

SEAS is a typical eastern boundary upwelling system where winds blows equator
ward, along the southwest coast of India. Along shore and across shore wind
stresses were computed separately from QuikScat measured winds between years
2000 and 2009. Monthly climatology was computed from the wind stress as
illustrated in Chapter 3, whose variability is shown in figure 4.1. The sign
convention is such that, negative sign indicates southward (Equator ward) for
along shore wind stress and westward for across shore wind stress and vice -
versa.

It is observed that meridional wind stress was predominantly southward near

to the coast all most throughout the year. During January and February, the
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Figure 4.1: Monthly variability of meridional wind stress over SEAS
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4.2 Wind Forcing

meridional wind stress had a similar pattern with only slight variability in mag-
nitude; maximum northerly stress was noted at the northern end of the region.
A small patch of higher order stress was observed near to the coast between 8°
and 10°N extending up to 73°E. In March, all SEAS region was prevailed by
stress ranging between -10 x 107 and -30 x 1073 Pascal. By April, the direction
of stress had shifted northward. Significantly, in May, northern and southern
parts of SEAS were prevailed by positive stress with a large negative field of wind
stress, extending from the coast to 71°E. This is a clear indication of changes that
occur in atmospheric setting(s) which suit the onset of SWM. This scenario was
further strengthened by June, when an intense southerly wind patch 11°N - 73°E
from the coast was observed of the order of 10 x 1072 Pascals. This confirms
results from previous studies (Rao et al., 2008, Smitha et al., 2008) that up-
welling commences from the southern tip of India and extends northwards along
the coast. During this period, the northerly patch was observed up to 9°N with
an offshore extent of approximately 150km. This northerly patch extended up
to 12°N by July and further, extended up to 72°E indicating the peak phase of
wind setting that results in intense upwelling. These northerly wind stress signa-
tures extended all along the southwest coast of India and by August, brought the
entire area under the influence of wind induced upwelling. During September,
only a feeble northerly wind stress was observed all along the coast (extending
approximately 100km from the coast). This is considered as a signature for the
start of retreating phase of the SWM winds. Based on above and other results,
a detailed discussion on the oceanic response with respect to upwelling to the
receding SWM is presented in chapter 5. The wind structure during October was
one that of an inter-monsoon phase where one can observe a lull in the winds.
By November, with the onset of northeast monsoon, strengthening of northerly
winds was observed and it further continued in December also.

To summarise, the meridional (alongshore) wind stress, very near to the coast,
was northerly for a significant part of the year. However, the strength of such
an along shore wind stress was relatively weak unlike in other places of notable
eastern boundary upwelling zones around the world. To state in advance, it
had two peaks associated with both the monsoons. The accurate periodicity

of the wind stresses are deduced from the continuous wavelet transforms in the
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following sections. The maximum extent of upwelling favourable wind stress was
observed to be around 300 - 400 km from the coast. From the along shore winds,
it is implicit that the upwelling starts at the southern tip of India and extends
northwards along the coast. Figure 4.2 shows the monthly zonal (across shore
wind stress) in SEAS. On close inspection, it is understood that unlike meridional
wind stress which has a bimodal variability, the zonal wind stress has only an
annual variability. The sign convention adopted for zonal wind stress, as stated
earlier, is such that, the positive sign indicates westerly wind stress and vice -
versa. Note that, January and February showed easterly shear due to the influence
of northeast monsoon.

During the inter-monsoon periods of March - April and October, the region
was observed to be under the influence of calm winds and hence feeble wind stress.
Intense zonal winds were observed during the SWM period (the months: June,
July, August and September). During August, the wind stress was observed to be
as high as 200 x 1073 Pascals. With the onset of northeast monsoon, the direction
shifted easterly by November. Additionally, the periodicity of zonal wind stress
along the coast was studied using continuous wavelet transform, based on 3 day
running mean of the stresses. The influence of wind stress had not been properly
explained by the earlier researchers and this aspect is dealt explicitly in chapter
5 in an attempt to quantify the weightage of each of the forcing factors on the

upwelling phenomenon in the region.

4.2.2 Wind Stress Curl

As per the classical upwelling theory, positive wind stress curl causes divergence in
Ekman layer and act as a catalyst for upwelling; on the other hand, negative wind
stress curl results in convergence in the Ekman layer and downwelling is expected
in the northern hemisphere. The monthly climatology of wind stress curl (Figure
4.3) showed positive curl all along the coast during the summer monsoon months
of June, July, August and September. It first starts as a small speck towards the
southern tip of India in May and extends northward with progress of time and is
well distinguishable all along the coast by August. A point to be noticed is the

presence of negative wind stress curl away from the coast during the June, July
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Figure 4.2: Monthly variability of zonal wind stress over SEAS
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Figure 4.3: Monthly variability of Wind Stress Curl over SEAS
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4.2 Wind Forcing

and August. Negative curl was also observed at the southern tip of India during
the winter monsoon season from November to February, indicating the presence
of downwelling and this confirms the model studies of Rao et al. [2008]. For rest
of the months in a year, wind stress curl over the region was uniform and does

not show any variability.

4.2.3 Ekman Transport

Upwelling intensity can be estimated from Ekman mass transport which is per-
pendicular to the direction of the wind in the region. Ekman mass transport (M)
for the southwest coast India was computed from the bulk aerodynamic formula
as used for satellite derived wind stresses by Koracin et al. [2004] and Petit et al.
[2006] and the references therein:

Ty = paOdWmagV (41)

where 7, is the meridional wind stress, p, is density of air which is 1.29 kgm™3; Cj
is wind dependent drag coefficient calculated using Smith [1988] method, W,a,
is the magnitude of wind speed and v is the meridional wind speed. Ekman
transport M, is obtained as:

Ty

M, = (4.2)

where fis the Coriolis paramter 2Q2sin ¢ (s7!), € is the angular frequency of earth
(s71) and ¢ is the latitude.

Ekman transport was computed for 1 x 1 degree grid box along the 200 isobath
line (Figure 4.4). Ekman transport was dependent on the direction of the wind
prevailing in the region. Along the southwest coast of India, wind direction was
equator-ward i.e., meridional, irrespective of the season. During SWM, wind
was north-northwesterly and in northeast monsoon, it was north-northeasterly
[Shetye et al., 1985] very near to the coast. The alongshore component during
SWM season decreased from 8° to 10°N and again increased up to 14°N. Between
10° and 14° N, wind built-up from May to July and later showed a decrease in
speed with time till the end of monsoon [Muraleedharan et al., 1995]. As wind
was meridional in both the seasons, Ekman mass transport will be offshore along

most parts of the coast line.
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Figure 4.5: Ekman transport along the southwest coast of India
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4.3 Temporal Variability

Climatology (Figure 4.5) computed from the QuikScat wind products show
the pattern of Ekman transport prevalent in the region. Onshore transport was
observed during the pre-monsoon months of April and May from 12° to 16°N.
Mild offshore transport observed between 9° and 10°N latitudes during winter
monsoon is due to the wind blowing parallel to the coast for that period at this
region. Maximum offshore mass transport was observed for the summer monsoon
period between 8° and 10°N latitudes ranging from 500 to 2000 kg/m?/s. Intense
offshore Ekman transport was observed off 8°N during winter monsoon which is
also in toe with the prevailing wind direction near the southern tip of India (Luis

and Kawamura, 2000, Luis and Kawamura, 2001).

4.3 'Temporal Variability

In order to understand the temporal variability and its frequency, three locations
were selected along the coast as shown in figure 3.8. The boxes were selected
such that they are located at southern, central and northern portions of the
southwest of India where the coastal upwelling is prevalent. Climatology of zonal
and meridional wind speed computed from the 3 day running mean for the period
2000 to 2008, was plotted to elucidate the daily variability in direction and speed
along the coast. On minute inspection, it was observed that, wind speed in
box 1 was equatorward (northerly) [Figure 4.6] for most months of the year,
but north - northwesterly during summer monsoon. The winds changed their
direction north-northeasterly by the end of October. In the central box (box 2),
the trend was similar to that observed in box 1, with slight variations in the
magnitude of the wind speed. But in box 3, winds were north-north easterly
till March and then northwesterly upto October. Change in direction towards
northeasterly, was observed in November. It is noted that the direction of wind
was oriented northerly in box 3 during summer monsoon, while in the remaining
two regions; winds were oriented more northwesterly during the same season.
This indicates that the SWM winds are influenced by the orographic effect of
the Western Ghats present along the coast and thus the winds are oriented along
the coast and are equatorward thereby resulting in an apt setting for an eastern

boundary upwelling regime in SEAS. Within the SWM season, intra-seasonal
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Figure 4.6: Wind Speed and direction at three different locations along the coast
(Box1: Lat: 7.5° - 8N, Lon: 76° - 76.5°E; Box2: Lat: 10.5° - 11°N, Lon: 74.5° -
75°E; Box3: Lat:13.5° - 14°N, Lon: 73.5° - 74°E)

variability was observed which can influence the upwelling related responses from
the ocean on those time scales. The definite temporal variability is deduced
by applying continuous wavelet transform at these three boxes using the wind
stresses derived from 3 day running mean for all the years considered for this

study.

4.3.1 Wavelet Transforms

Meridional (Along Shore) Wind Stress To ascertain the periodicity of wind
stresses along the coast, daily wind data from the selected boxes were subjected
to continuous wavelet transform with Morlet wave as mother wavelet as followed
in Torrence and Compo [1998]. Figure 4.7 shows the wavelet transform for along
shore wind stress in Box 1 near to the southern tip of India. The figure has
three sub figures: a. time series of the meridional wind stress for the entire time
period of 2000 to 2008; b. shows the power spectrum of the stress. [In figure

4.7, x-axis indicates the total days and y-axis indicates different frequencies of

70


4/figures/fig4-7.eps

4.3 Temporal Variability

10 a)V/ Stress(Daily)
10 T T T T T T

V Stress(Pascals)

| | | | | |
-10
01/01/00 14/05/01 26/09/02 08/02/04 22/06/05 04/11/06 08/11/08

b) Meridional Wind Stress Wavelet Power Spectrum ¢ Global Wavelet Spectrum

Period (Days)

01/01/00 14/05/01 26/09/02 08/02/04 22/06/05 011106 08/11/08 0 001 00 003 004 005
Time (Days) Power (Pascal %)

Figure 4.7: a. Time Series, b. wavelet power spectrum and c. Global wavelet

spectrum of Meridional Wind Stress in Box 1

variability with a cone of significance set at 95%]; c. presents the global wavelet
spectrum. From power and global wavelet spectrum, the predominant frequencies
were observed at 4, 8 - 16 days, 32 - 64 days, semiannual and annual modes. The
modes which were significant are 32 - 64 day band (Madden - Julian Oscillation),
semi annual and annual. Post 2005, the annual and semi annual modes seem to
be reduced in intensity while the other modes were still prevalent. This is directly
attributed to the decrease in the meridional component of wind speed during that
period [Jayaram et al., 2010a].

In the central portion of the southwest coast of India (Figure 4.8), the sig-
nificant frequencies of variability observed to be were semi-annual and the MJO.
Apart from these, there existed other minor frequencies also like 8 - 16 days and
annual variability. Within a short distance of 2 degrees (~ 200km), a factual
change was observed in the frequency of variability. Again further, towards the
northern region (box 3), the annual mode of variability was observed to be sig-
nificant while the semi annual mode was completely absent (Figure 4.9). The
other dominant frequencies like seasonal (64 - 128 day), MJO were also observed,

though not significant. Thus it can be deduced that even though the region
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Figure 4.8: a. Time Series, b. wavelet power spectrum and c. Global wavelet

spectrum of Meridional Wind Stress in Box 2
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Figure 4.9: a. Time Series, b. wavelet power spectrum and c. Global wavelet

spectrum of Meridional Wind Stress in Box 3
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is small, there seems to be spatial variations in the wind structure all along the
coast. These spatial and temporal variations of the along shore (Meridional) wind
stress do have implications on upwelling. It can also be stated that the availabil-
ity of quality, high resolution remote sensing data products on wind alone can
deduce these minor oscillation, that have great potential to affect the upwelling
intensity in the region for any given year. A similar wind pattern was noticed in
the northern region (box 3) also (Figure 4.9). Thus it can be summarised that
the differences in the wind stress structure along the southwest coast of India

implicitly modulate the upwelling pattern in the SEAS.

Zonal (Across Shore) Wind Stress Though the zonal wind stress does not
have influence on triggering of upwelling, it does have a certain role to modu-
late the after effects of upwelling, like cooling in SST and changes to primary
productivity of the region. In order to ascertain the role of zonal (across shore)
wind stress, the zonal component of wind stress for the above selected boxes was
subjected to continuous wavelet transform. From the figure 4.10, it can be ob-
served that the annual mode was significant and rest of the minor frequencies
were located between 8 - 16 days and less. A noticeable fact was the absence
of MJO in the zonal wind stress in this region. Zonal wind stress in box 2 was
analogous to that of box 1.

A similar pattern to that of box lwas observed in box 2 also (Figure 4.11).
But in the box 3, both semi annual and annual modes were significant. From the
time series graph (Figure 4.12), it was observed that there was a peak in each
SWM season and during rest of the year, zonal wind stress was minimal while
there many many number of minor to major oscillations in the meridional wind
stress.

To abridge, on the role of wind in triggering the upwelling in SEAS it can be
stated that the meridional (along shore) wind stress is the main contributing pa-
rameter. Meridional wind stress showed different periodicities within the region,
though the extent of SEAS being small. The dominant modes of variability are
observed to be MJO at 40 - 60 days, semi annual and annual modes. There are
other minor frequencies with a time period less than 15 days and these can mod-

ulate the upwelling related productivity within the upwelling regime of SEAS.
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Figure 4.10: a. Time Series, b. wavelet power spectrum and c. Global wavelet

spectrum of Zonal Wind Stress in Box 1
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Figure 4.11: a. Time Series, b. wavelet power spectrum and c. Global wavelet

spectrum of Zonal Wind Stress in Box 2
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Figure 4.12: a. Time Series, b. wavelet power spectrum and c. Global wavelet

spectrum of Zonal Wind Stress in Box 3

In the zonal (across shore) wind stress, the dominant mode of variability is the
annual mode. There are minor frequencies on the scales of less than one week.
In the zonal mode, the MJO are absent. The role of major and minor frequencies

on modulating the upwelling is to be investigated in chapter 5.

4.4 Remote Forcing

The Sea Level Anomaly (SLA) derived from altimeters characterises dynamic
topography pertaining to circulation and density field of the entire water col-
umn. Also, SLA reveals information on steric effects and the effects of stationary
and planetary waves [Fu et al., 1992]. Planetary waves like Kelvin, Rossby and
Yanai waves are manifested due to surface wind and buoyancy flux and these
will influence the near surface circulation through local and remote forcing, as
reported for the tropical Indian Ocean (McCreary et al., 1993, McCreary et al.,
1996, Bruce et al., 1994, Schott and McCreary, 2001, Schott et al., 2009, Rao
et al., 2010). Altimeter records have made possible the mapping of these plane-

tary waves propagation and their influence on coastal circulation. During SWM
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Figure 4.13: a. Time Series, b. wavelet power spectrum and c. Global wavelet
spectrum of SLA for Box 1

season, the westward propagating upwelling Rossby waves are triggered off the
southwest coast of India and are further strengthened by local wind stress forcing
and result in large negative SLA [Shankar et al., 2004]. Thus SLA can be used
to index the strength of upwelling and downwelling [Florenchie et al., 2004]. Fig-
ures 4.13, 4.14 and 4.15 show the temporal variability, wavelet power spectrum
and global wavelet spectrum of SLA along the southwest coast of India. The
data used here is the merged weekly SLA for the three boxes (following figure
3.8)selected along the southwest coast of India. The X-axis of these figures shows
the number of weeks starting from 1993 to 2009.

Kelvin waves reach the SEAS by early April / May after turning around
Sri Lanka. The signatures of Kelvin wave propagation can be observed from
altimeter data. In the present work, the periodicity of the SLA along the coast
was deduced using wavelet transforms. It is understood from the figures (Fig No:
4.13, 4.14 and 4.15), that the dominant mode of variability is annual. Minor
frequencies are observed in box 1 and 3 during 4 - 8 weeks. In order to establish
the spatial variability, Emperical Orthogonal Function (EOF) has been computed

and presented in Figure 4.16. The first principal component has a variance of
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Figure 4.14: a. Time Series, b. wavelet power spectrum and c. Global wavelet
spectrum of SLA for Box 2
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Figure 4.16: Empirical Orthogonal Function(First Mode) of SLA in SEAS

64%, and EOF shows maximum variability between 74° - 75°E and 7° - 8°N. This
is the same region of the Lakshadweep High and Low. Westward propagation of
the planetary waves is also observed from the EOF mode 1 of SLA in figure 4.16.
Thus it can be inferred that maximum variability of SLA in the region is due to
Rossby waves.

Long term weekly data plotted along the southwest coast of India as a Hov-
muller like diagram with latitude on y-axis and time on x-axis as per the boxes
chosen along the coast (Figure 4.17) aids the understanding of the spatial and
temporal propagation of Kelvin / Rossby waves. The locations along the coast
were selected such that they are parallel to the coast line and situated away by
0.5° from the coast as altimeter data are prone to errors near to the coast. The
figure (Figure 4.18) well captures the downwelling / upwelling Rossby waves in
this region. During January, positive anomalies were observed all along the coast
from 7° to 15°N. By February, the intensity of these positive anomalies had re-
duced to the north of 10°N whereas, intense positive anomalies were persisting
to the south of 10°N. A sort of balanced state prevailed by March with SLA ob-
served to be near zero. By late April, the sea level began to fall and was prevailed

completely by negative anomalies by the end of May; this, indicating the arrival
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Figure 4.17: Location map of SLA boxes considered along the southwest coast
of India

of upwelling Rossby waves in the region. Intense negative anomalies were ob-
served up to 14°N during July and August. Less intense negative anomalies were
observed between 8° and 12°N during September and this aspect was observed
to be intensifying for a brief period. The positive anomalies were noticed from
November which further intensified by December, completing an annual cycle of
SLA in the region.

4.4.1 Weekly Evolution of SLA in the northern Indian

Ocean

From the long term averages of SLA computed using altimeter data between 1993
and 2009, weekly SLA was plotted to map the propagation of Kelvin waves and
the resultant Rossby waves all along the coastal wave guide of the Bay of Bengal
and into SEAS (Figures are included in Appendix 1). From the weekly figures

the following inferences are derived:

1 1 - 12 weeks: Negative anomalies are prevalent all along the BoB coast
indicating the evolution of first upwelling Kelvin wave. During this period,
positive SLA was observed in SEAS indicating downwelling phenomenon in

the region.

79


4/figures/fig4-18.eps

4.4 Remote Forcing

T T 1“1‘

i !WIIM\WM’" _
:

j '||“ |
| |‘ : iwi

-
A||| “I!! ). \ - 14
““ it L w | 18

T T T
MAR APR MAY JUN JuL AUG SEP ocT NOV DEC

oON d O
(wo) V1S

|
> N

T I
oN > o

Figure 4.18: Sea Level Anomaly along the coast during a climatological year

2 13 - 24 weeks: During 13 - 18 week period, positive anomalies were observed
but with decreasing intensities indicating the gradual shoaling of thermo-
cline in the region. By 19th week, negative SLA was observed along the
coast up to 20°N and these negative SLA was found to be heading west-
ward, indicating the westward propagating upwelling Rossby waves. By
22nd week, two distinct eddies were observed, one at the southern tip of
India and the other centred on 74°E and located between 8° - 10°N. By this

time, upwelling was well established in the region.

3 25 - 36 weeks: The upwelling phase of westward propagating Rossby waves
stood enhanced by the wind induced upwelling in this region, thereby, shoal-
ing the thermocline. This is well resembled by the intense negative anoma-
lies. By the 29th and 30th weeks, the Rossby waves were spreading further
westward. The first downwelling wave signatures are observed in the BoB as
reflected by the positive anomalies. By 35th week, the negative anomalies
along the coast were observed to be nearing zero; however they persisted

away from the coast.
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4 37 - 48 weeks: The westward propagation of negative SLA was present till
the 41st week and was replaced by positive SLA by 42nd week indicating the
conclusion of the upwelling phase. The positive SLA indicated downwelling
in the region, as observed by 47th week. Apart from this, evolution of a
second upwelling Kelvin wave was observed in the coastal BoB during this

period.

5 49 - 52 weeks: The manifestation of Lakshadweep High can be clearly
identified during this period. A well developed high sea level is maintained
off the southwest coast of India centred between 74° - 75°E and 7° - 10°N,
and it was found to be moving westward. This completes the full cycle of
downwelling - upwelling - downwelling phase of sea level in SEAS during a

year.

To sum up, on the forcing factors of upwelling in SEAS, it is discerned that
the main contributing factors for the generation of upwelling are the along shore
wind stress and remote forcing. The present study concentrates on the modula-
tion of upwelling vis-a-vis these forces. The intra-seasonal variability of the wind
stresses and the strength of coastal Kelvin wave have the potential to modulate
the after affect of upwelling, say, the biological productivity. Thus it is on these
minor frequencies that one needs to concentrate upon - this aspect is dealt in
chapter 5. From the wavelet transforms of both the components of wind stress,
it is observed that the meridional (along shore) component of the wind stress
showed variability within the basin and has both significant semiannual and an-
nual modes of variability along with other minor frequencies like the MJO. The
zonal component of wind stress has only annual mode of variability and the MJO
are absent. Wind stress curl is positive near to the coast during the SWM season
indicating the presence of upwelling. Wavelet analysis of SLA along the coast
showed significant annual mode of variability. To discern the region of variabil-
ity, the SLA data was subjected to Empirical Orthogonal Function on spatial
scale. The resultant first mode was having 67% variance and has been located
between 74° and 75°E longitudes and 7° and 9°N latitudes, which is the region
of Lakshadweep High and Low. The propagation of these waves results in high

and low in winter and summer monsoon seasons, respectively. Since these offer
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maximum variability in this region, they are reflected in the first mode of EOF of
SLA. Hovmuller diagram of SLA along the coast indicated the northward limit of
these waves and also the strength of upwelling as obtained from SLA studies. The

response of ocean to these external forces will be discussed in the next chapter.
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5

SEAS Response to Forcing

Factors

5.1 Introduction

The impact of upwelling is often perceived as the presence of cooler SSTs and
heightened surface CHLA in its region of occurrence. Reversibly, satellite prod-
ucts such as SST and surface CHLA throws light on the extent of upwelling
region. In SEAS the forcing mechanisms that trigger upwelling are remote forc-
ing of planetary waves and atmospheric forcing due to the SWM winds; it has
been established in the previous chapters that these forces influence upwelling
on different time and space scales. In order to determine how the ocean has
responded through upwelling, induced by above mentioned forces, on different
space and time scales, a detailed analysis has been carried out with respect to

the signatures of responses.

5.1.1 Relation between Wind Stress, SLA and SST

The annual variation in the local SST near to the coast in the upwelling regions is
associated mainly with annual variations of local equatorward along shore wind
stress and solar radiation. Another process (say, remote forcing) on longer and
shorter time scales may also influence SST. Thus, SST can indirectly serve as a

measure of upwelling and its intensity. Also, coastal upwelling lifts the nearshore
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Figure 5.1: Time Series of Wind Stress, SLA and SST in box 1

thermocline and brings about a drop in sea level due to increased mean density
in the water column. These sea level fluctuation(s) are associated with poleward
propagating coastally trapped Kelvin waves in the ocean [Hormazabal et al.,
2001]. In order to ascertain the relationship between external forces and the
response of SST variation on time and space scales, an analysis involving, TMI
measured SST, wind stress derived from QuikScat measured winds and merged
altimetry data from AVISO was conducted. Daily and monthly climatological
means were computed from relevant satellite observations for the common period
of data availability which was between 2000 and 2009. SST, along shore wind
stress and sea level anomaly for the above ten years were plotted at three different
regions (Figure 3.8) along the southwest coast of India as followed in Chapters
3 and 4. The time series data was filtered using a triangle filter for smoothing.
This smoothing was done in order to eliminate the influence of extreme winds
and any other spikes so as to arrive at a conclusion for a normal upwelling event.
Figures 5.1, 5.2 and 5.3 show the time series of along shore wind stress, SLA
and SST in box 1, 2 and 3, respectively. From these figures, it was observed that
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Figure 5.2: Time Series of Wind Stress, SLA and SST in box 2
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Figure 5.3: Time Series of Wind Stress, SLA and SST in box 3
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wind stress was equatorward for most of the year except during the pre-and post
summer monsoon. Interannual and intraannual fluctuations too were observed at
all the locations. These fluctuations would then force variable Ekman transport
and that lead to SST variability. The interannual fluctuations of wind stress
and SST reflect the influence of changing monsoon intensity and the resultant
features in the Indian Ocean region. Maximum equatorward wind stress was
observed in box 1 during 2003 and was not present in other boxes. The pattern
of wind stress in boxes 2 and 3 was almost similar for all the years. Sea level
anomaly also showed distinct pattern in box 1 when compared to the other two
boxes; in box 1, intra annual fluctuations were more evidently dominant. It is
known from the literature (Bruce et al., 1994, Shankar and Shetye, 1997) that this
region is more volatile with respect to the surface circulation due to the impact
of westward moving Rossby waves that are being radiated from the coastally
trapped Kelvin waves. The seasonal and intra-annual variability was rather weak
in box 2 and box 3 regions. The sea level changes were showing more of annual
variability than intra-annual variability, inferred as a wave like structure, apart
from oscillations with minor frequencies. The magnitude of positive SLA was
greater in box 1 while negative anomalies were greater in boxes 2 and 3. The sea
level fluctuations found along the coast was a combined result of remote forcing
and wind induced upwelling. SST exhibited inter-annual as well as intra-annual
fluctuations at all the boxes, mostly in annual and synoptic scale.

To investigate possible links among along shore wind stress, SLA and SST
along the southwest coast of India, coherence spectra for these variables were
computed. Statistics showed vital results on time and space scales between forces
and the resultant SSTs. Figure 5.4 shows the coherence spectrum between along
shore wind stress and the SST in all the three boxes along the southwest coast
of India. From this figure, it was understood that in box1 (southern region), the
dominant peaks are at 4 - 7 days and again at 70 to 100 days. It is well known
fact that the 70 to 100 days oscillations are pertaining to seasonal variations. The
peak at 4 - 7 days is due to the influence of synoptic variations in wind on SST.
Therefore it is understood that in this region, the variability in SST is due to the
winds and thus can be inferred that cooling of SST takes place after 4 - 7 days

of wind action in the region depending on wind intensity. Other smaller peaks
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are not dominant and thus can only be summed up as synoptic variations on a
day-to-day scale. In box 2 also, a similar pattern to that of box 1 was noticed in
the 4 - 7 day scale followed by a notch higher intensity in the 20 - 60 day region
and again distinct seasonal signature (within 70 - 100 days). In third box, the
4-7 day period, signal was weak whereas there was a strong indication of another
signature at the 20 - 30 day band as well as the seasonal fluctuations occurring
in the 80 - 100 day periods. This indicates that the wind structure along the
coast is varying and thereby varying the influence on the local SST. Figure 5.4
shows the coherence between SLA and SST for all the three boxes along the coast.
From box 1, two prominent peaks, one at 20 days and the other at 45 days were
observed and the rest were mostly subdued. In the other two boxes, there were
no prominent peaks except randomly at 20 - 40 - 55 day periods; however, such
seasonal signatures were not observed in SLA.

Detailed analysis to deduce cause-effects between wind forces, remote forcing
(SLA) and SST leads to infer the following: for the southernmost and central
regions of the southwest coast of India, the region clearly defines impacts due
to wind forces in the order of 4 - 7 days leading due to a reduction in SST,
coincident with the upwelling season. Such impacts are not prominent towards
the northern sector. Referring to figure ( 5.1), the SST reduction occurs during
the SWM season or otherwise during the upwelling regime wherein the remote
forcing of planetary waves often fall in the period of 20 days, which stands out
most distinct in the box 1 region.

As previously discussed, associated with upwelling, the surface features indi-
cated cooling in SST, and concurrently, the analysis of the above figures indicates
the link to such cooling events, wherein the wind stresses can be attributed to
bring about a reduction in SST and such wind impacts do occurs in a 4-7 day
cycle. Thereafter, in the absence of such periodicities, except for seasonal signa-
tures, the resultant SLA has a peak around 20days which refers to the influence of
planetary waves (remote forcing), mainly prevalent in the southernmost regions.
To the contrary, box 3 located towards the northern sector; evidence a composite
impact on SST which is brought about probably by identical combination of wind
stresses and SLA of varying orders, falling within 20-60 days (multiple peaks).

Further, based on magnitude of coherence, the impact of planetary waves does
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not bring about good influence on upwelling, inferred through SST. Likewise, for
the central coastal regions, though remote forcing of variable periods less than
40days are inferred through SLA variation, the lower order 4-7days period wind
stress appear much dominant in bring about SST variability. Another important
conclusion that could be drawn from this analysis is that the peak in SLA in
40day band was due to remote forcing of planetary waves, generated elsewhere
and next, that in 20day band are due to the locally generated Kelvin and Rossby

waves.

5.2 Upwelling Index derived from SST

5.2.1 Latitudinal Temperature Gradient [LTG]

Direct measurement of upwelling is often difficult due to logistical reasons and
harsh ocean status during SWM. A method to quantify upwelling is by making use
of ‘upwelling indices’ as a proxy for the same. SST can be made use of to deduce
an index of upwelling. One of the characteristics of coastal upwelling is that
the coastal surface water is of lower temperature than that of the surrounding
offshore waters. The coastal upwelling index based on SST is defined as the
temperature difference between the coastal waters and of those waters which are
five meridians offshore, along the same latitude. In some of the previous studies of
similar kind, by [Naidu et al., 1999], Smitha et al. [2008] and Munikrishna [2009],
the offshore limit for computing temperature gradients were taken as three degrees
and mid ocean, respectively. In yet another study on the inter-annual variability
of upwelling along the North African coast by Nykaer and Camp [1994], the five
meridians distance was selected as the outer limit of offshore box and results were
found to be fruitful. A detailed account on the offshore limit of coastal process
along with upwelling was presented in Antony et al. [2002]; in-situ and altimetry
measurements had shown the offshore limit of coastal processes along the west
coast of India is approximately 350 to 400kms. The method of selection of three
degree meridian and mid-ocean difference, as applied to the present study region,
say, off 10°N and down south, cooler SSTs were observed as far as 72°E meridian

which is approximately four degrees offshore from the coastline — and this reflects
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on the drawbacks of these methods. Following Antony et al. [2002] observations
and also in order to have uniformity all over the study region, yet retaining similar
oceanographic conditions, five degree meridian distance was taken as a benchmark
for computing temperature gradients for coastal upwelling index for southwest
coast of India. This upwelling index is referred to as Latitudinal Temperature
Gradient (LTG), which is a function of temperature difference along given latitude
and time. The geographical positions (8° to 15°N) for which LTG have been
computed were selected on the middle of the shelf region, i.e., along the coast
at 200 m depth contour which was taken as the offshore limit of the coast line
[Shetye et al., 1985] as shown in figure 4.4. Spatial resolution of the data being
very fine and also different from that of wind products, it was cumbersome to
compute LTG for every grid point. In order to get a meaningful result, LTG has
been computed for a 1 x 1 degree box averaged SST along the coast and a box
of similar size, five degrees offshore.

With the onset of summer monsoon, upwelling starts from the southern tip
of India with cooler SST and propagates northward along the coast. From SST
climatology, progressive cooling of the ocean surface with each passing month
can be observed from June to August (Figure. 5.5). This cooling event began
dispersing by September and will be completely replaced by warm waters by
October. During all the four months [June - September],a patch of warmer waters
was observed between the coastal and mid ocean. The cooling of mid ocean to the
north of 10°N is because of the open ocean upwelling during the summer monsoon
[Muraleedharan and Kumar, 1996]. This justifies the selection of 5 degree spacing
between the coastal and open ocean waters to compute the LTGs.

The climatology of SST upwelling Index computed between 1988 to 2007 data
presents an insight into the spatial distribution of the temperature gradients along
the coast. From figure 5.5, the maximum postive gradient was observed from 8°
to 10°N during the period April to December, highrer positive gradients greater
than 0.5°C were observed from June to September up to 12°N latitude.

The same results are obtained from the World Ocean Atlas of 2001 with slight
variations in the northern latitudes of the region; confirming the indices computed
from satellite measurements to be correct. The correlation obtained between these

two climatologies is 0.85. The increase in temperature gradients during June to
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Figure 5.5: LTG along the southwest coast of India derived from World Ocean
Atlas 2001 and AVHRR Climatology

September coincides with the SWM winds and the intensification of upwelling.
We attribute the decrease in the temperature well before the onset of SWM winds
to the presence of remote forcing induced by the upwelling Kelvin wave that sets
in the actual process of upwelling in the region (Johannessen et al., 1987, Haugen
et al., 2002, Shenoi et al., 2005). North of 13°N, negative LTGs were observed
all throughout the year within the range of 0° to —0.5°C. A downwelling process
was observed between 13° and 16°N latitudes from January to February with
LTGs ranging from —1.0° to —1.5°C. The offshore cooling of the Arabian Sea
during the northeast monsoon to the north of 15°N is attributed to the impact
of convective cooling taking place in the northern Arabian Sea. Thus negative
LTGs were observed as offshore waters are cooler than the coastal waters. A mild

downwelling process was observed till 12°N latitude from November to the end
of March.
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5.3 Upwelling Induced Productivity

5.2.2 Correlation between Wind and SST based Upwelling

Indices

In the previous chapter (Chapter 4), an index of upwelling based on Ekman
transport, was presented for quantification of upwelling. The indices based on
SST follows a different set of parameters and platform; an intercomparison of
these is necessary to build up confidence on the index for this region, where
SWM (upwelling periods) and non-monsoon (non-upwelling periods) cycles recur.
Cross correlation was computed between the two indices for each month and in
each degree box and are represented spatially (Figure 5.6). Positive correlation
was observed in the winter months alone for the latitudes north of 12°N and
also between 8° and 9°N (February and March). Also, the entire coast line had
negative correlation values, mostly prevailing during March, April and May. This
period (non-upwelling) coincided with the event(s) when SST was very high and
SWM winds had not set in for initiating upwelling. Positive correlation was
observed between the two indices off 8 and 11°N during July only and from
14° to 15°N in the months of August and September, which is, of course, the
upwelling period. Another interesting observation was the negative correlation
during August and September between 8° and 10°N. The reason for this form of
correlation is due to the fact that wind speeds will be higher during the initial
stages of monsoon, till July and thereafter, will retreat, slowly towards the end
of monsoon phase (i.e., by end of September). But the memory of the ocean with
respect to SST cooling is retained for longer duration, which had been observed
during late monsoon months of August and September [Muraleedharan et al.,
1995]. Thus the study based on cross correlation between the climatologies of
both the indices enhances our present understanding on the upwelling along the

west coast of India [Jayaram et al., 2010a].

5.3 Upwelling Induced Productivity

A major impact of upwelling in the ocean is that the region turns out to be the
most productive compared to the neighbouring non - upwelling regions. Parts

of the Arabian Sea are some of the important productive zones in the Indian
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Figure 5.6: Correlation between indices based on Ekman Transport and LTG

Ocean. The state of productivity is often well inferred by satellite remote sensing
by making use of the visible spectrum, which inturn quantitatively accounts for
the presence of chlorophyll. In other words, CHLA measured by remote sensing
techniques helps us to delineate the upwelling regions from non-upwelling. In
this context, SEAS which is a productive zone exhibited prevalence of CHLA
predominantly during upwelling season. The seasonality and the spatial extent of
the chlorophyll blooms have been well demonstrated by both model simulations
and in-situ observations (Levy et al., 2007, Vimalkumar et al., 2008). Even
though the SEAS region is productive for a lesser part of the year compared to
the northern part of the west coast of India, it contributes to 52.9% of annual
fish yield while the northeast coast contributes to 47.1% [Sanjeevan et al., 2009].
These differences in productivity are influenced by diverse physical forcing(s).
Upwelling in the region starts in the subsurface well before the onset of SWM
but the resultant primary productivity signatures like heightened surface CHLA
starts to emerge only after the onset of SWM winds [Smitha et al., 2008]. These
winds churn the ocean and thereby increase the extent of mixing. Eventually, the

mixing paves way for the subsurface nutrients to upwell towards the surface and
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5.3 Upwelling Induced Productivity

thereby increase the surface productivity. A detailed analysis has been carried
to ascertain the relation between wind, mixed layer and productivity in terms of

CHLA, on both time and space scales.

5.3.1 Relationship between Wind and CHLA

Global climate change research is primarily successful only when one can iden-
tify and quantify the factors controlling the primary productivity and the related
responses [Falkowski et al., 2000]. Environmental forcing modulates the spatial
and temporal changes for the profusion of phytoplankton and their communities
by affecting the mixed layer light availability and other key determinants of the
photosynthesis [Milutinovic et al., 2009]. To study and understand the variability
and distribution of the upwelling in SEAS, the satellite measured surface wind
stress products along with ocean color and MLD, which are affected by the avail-
ability of light in the ocean and thereby productivity of the region, were analyzed
for their spatial cross-correlation, inter-annual variability for a period of 9 years
(2000 - 2008).

Temporal Variability Over the oceans, wind plays an important role in de-
termining stratification and de-stratification processes that could determine the
bloom timing in waters. The stirring of upper layers by convective overturn and
winds are the major mechanisms regulating the phytoplankton growth (Cushing,
1975, Kim et al., 2007). The timing of blooms is often related to wind speed,;
though there exists a relation between wind stress and the initiation of blooms,
the mechanisms that link them are not very clear [Kim et al., 2007]. In order to
understand these mechanisms, area averaged weekly wind stress; CHLA and MLD
are considered for the period between 2000 and 2008 to understand upwelling and
related processes in the region.

To obtain a clear understanding on the temporal relationship between wind
forcing, MLD and CHLA and thereby the upwelling system in SEAS during 2000
to 2008, further analysis has been carried out as penned in the following lines.
Wind data is filtered using an 8-day moving average to match the temporal res-
olution of CHLA. A hypothesis is put forward that, the CHLA begins to bloom
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as and when wind stress starts weakening. Kim et al. [2007] hypothesized sim-
ilar relation for Japan/East Sea. The rationale behind this hypothesis is that,
gradual decrease in wind stress stabilizes the water column, thereby upwelling
the nutrients, which are utilized by phytoplankton in the presence of sunlight
resulting in enhancement of productivity. In this whole chain of events, there
should be a time lag between the decrease in wind stress and increase in CHLA
which allows phytoplankton cells to grow up to a measurable density. To reveal
the functional time lag, 8day CHLA and wind stress were normalized with the
maximum value for that particular year and was plotted as a time series graph
for each year individually (Figure 5.7).

The picture depicts singular annual occurrence of strong wind stress and
CHLA during the SWM but generally with a time lag. A time lag of approxi-
mately 2 - 3 weeks is observed between the decrease from the peak wind stress
and enhancement of CHLA. Only exceptions being the years 2004 and 2006 where
there is a lengthy gap between the decrease of wind stress and the sighting of peak
CHLA concentration. Years 2007 and 2008 were observed to be abnormal years
with respect to chlorophyll concentration. It is observed from the data that the
average CHLA remained very low for the region but there were some unusual
spurt in the concentration for a week in both the years which resulted in vast de-
crease in the normalized values for the rest of the year. In-case if it was observed
for only one particular year, it could be treated as an error in the data and could
have been flagged, but this unusual spike was observed in the subsequent year of
2008 and therefore had to be considered not as an outlier. Extensive quality check
had been undertaken to confirm the values obtained using data from SeaWiF'S,
MODIS onboard both Terra and Aqua and it is confirmed that the increase in
chlorophyll concentration for a short period is indeed correct value and not an
outlier. Another noticeable fact in CHLA pattern in all the years is that there
existed two peaks resulting in bimodal variability during SWM, however during
2006 and 2008 primary peak is not prominently observed which need to be backed
up with continuous un-situ biological data sets.

A close scrutiny of results from these figures explicitly reveals the existence
of intra-seasonal oscillations within this small region (which is a subset of Ara-

bian Sea) and with in a short span of 4 month encompassing the SWM period.
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Figure 5.7: SeaWiFS mean chlorophyll (blue curve); QuikScat 8-day moving

average filtered daily mean wind stress (red Curve)
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5.3 Upwelling Induced Productivity

These limitations however do not hinder the SEAS influencing fisheries and local
climate. In order to further understand the processes that relate wind stress,
MLD and CHLS, especially during the upwelling, time series is plotted for the
SEAS during the SWM season in the following section (except 2008 for absence
of data pertaining to the mixed layer depth). Wind stress, CHLA and MLD are
normalized with the maximum value for that particular year and plotted for the
SWM season as shown in figure 5.8.

It can be noticed that during all the years, whenever the wind stress was high,
the subsequent CHLA was less. Similarly, whenever there is an increase in the
wind stress, then the MLD deepened during the subsequent weeks and shoaled
when a drop in the wind stress is observed. This proves our earlier hypothesis
that CHLA increase should be feasible with a drop in wind stress, following a
thorough mixing and upwelling of nutrients to the surface. In other words, it
can be stated that upwelling is pronounced when wind shows a decrease or lull
period of the monsoon which is an important observation of this study and could
influence the future of monsoon and upwelling based studies. From the figure
( 5.8), it is noticed that CHLA content was appreciable in the region during
2000, 2001 and 2005. 2007 was least productive among all the above years. The
interannual variability of the upwelling phenomenon will be discussed in chapter
7.

5.3.2 Spatial Distribution of CHLA

Figure 5.9 shows the mean and standard deviation of CHLA in the region between
1998 and 2007 obtained from SeaWiF'S measured CHLA records. From the figure,
it is observed that the offshore extent of CHLA is approximately 250 - 300kms
from the coast. The region of maximum variability is observed to be between 8°
- 10°N and 76° 77°E where the intensity of upwelling is utmost [Jayaram et al.,
2010a/, as read from the standard deviation plot. Empirical orthogonal function
(EOF) was computed for CHLA in SEAS. First mode of EOF (Figure 5.10),
showed 69% variance and the second mode showed 8%. It can be observed that
the maximum variable region of CHLA in SEAS is between 8° and 10°N, which

is marked in red colour.
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Figure 5.8: Wind Stress, CHLA and MLD in SEAS during SW monsoon

98



5/figures/fig5-11.eps

5.3 Upwelling Induced Productivity

Chlorophyll-a (mg/m?®)

140N 6
56
130N 52
48
12,0 44
4
1,0 36
32
1 28
0.0°N iy
2
90N B
12
80N 08
04

10°N

Mean Standard Deviation

Figure 5.9: Mean and standard deviation of CHLA between 1998 and 2007
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Figure 5.10: Empirical Orthogonal Function First Mode of CHLA
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5.4 Chlorophyll Extension Index [CEI]
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Figure 5.11: CEI for the months of January, February, March and April. The
black contour line indicates the extension of Chlorophyll along southwest coast of
India

5.4 Chlorophyll Extension Index [CEI]

To establish the offshore extent of CHLA during a year in different seasons, a
measure of its concentration is to be understood over a period of time. In order
to interpret biological variability within the upwelling region, surface CHLA data
from SeaWiF'S is used. An index is defined to estimate the spatial extent of CHLA
away from the coast during upwelling. From the climatological mean computed
with SeaWiFS CHLA data years 1998 to 2007, the mean CHLA in SEAS during
the upwelling period is observed to be 0.95 mgm 3.
is defined based on the spatial limit where the surface CHLA drops below 0.95

mgm 3 as chlorophyll extension index (CEI). A similar index was defined for the

In this context, an index

north African coast by [Lathuiliere et al.,, 2008] and found concurrent with the
in - situ observations. Figures 5.11, 5.12 and 5.13 shows the CEI for each
month of the climatological year constructed from the SeaWiF'S chlorophyll data
between 1998 and 2007.

CHLA extension during January, February, March and April is located very

near to the coast and the contours with concentrations up to 0.5 mgm 2 spreads
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5.4 Chlorophyll Extension Index [CEI]
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Figure 5.12: CEI for the months of May, June, July and August. The black

contour line indicates the extension of Chlorophyll along southwest coast of India
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Figure 5.13: CEI for the months of September, October, November and Decem-
ber. The black contour line indicates the extension of Chlorophyll along southwest

coast of India
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5.4 Chlorophyll Extension Index [CEI]

approximately up to 50 - 60 km from the coast. In the southern region, during the
months of JEMA, the southern region is practically devoid of any surface CHLA.
From May onwards, the CEI showed evident increase towards the southern tip
of India and narrowed down northwards. By June, the spatial extent of CHLA
increased all along the coast and further got enhanced offshore by July. In July,
the CEI extended nearly 300- 400 kms offshore between 8° and 9°N; between
9° and 10°N, this offshore extension subdued and gradually increased towards
north. CEI along the coast during August is uniformly spread throughout upto
300 - 350 km from the coast. During September the spatial extent is greater in
the northern region while it decreased mildly down south. By October, the CEI
is very much limited to the coast with an approximate extension upto 50kms.
In November, this index further decreased and by December, it cycled back to
prevailing conditions as in January.

From the foregoing based on the newly proposed scheme of indexing solely
based on CHLA, valued information as to the spatial extent in an upwelling re-
gion will abundantly serve the purpose of identifying and demarcating productive
zones. In the case of SEAS, all throughout the year, a narrow band of approx-
imately ~ 50km coastal space is decorated by CHLA exceeding the mean. In
the backdrop of prevailing upwelling conditions as expected during the months
of June to September, such an analysis has helped to identify the broad zone of
enriched CHLA which often exceeds 300kms from the coast.

Environmentally and biologically, significantly for these parts of the ocean a
CHLA of 4 - 5 mgm ™2 is critically regulated and serves the purpose of protecting
and maintaining parts of large marine ecosystems. Evolving a criterion in this
regard helps to regulate marine fishing activities as well as would serve as a
biological indicator in protecting coastal waters.

SEAS is a region of multitudinal features exemplifying multiple ocean re-
sponses to basically wind stress and remote forcing. These responses are captured
as signals in SST and CHLA. A detailed analysis on available remote sensing data
has paved the way to establish the linkages between wind stress, SLA and SST on
one hand whereas, the sub regional productivity in the upwelling zone is explored
by understanding the relation between wind and CHLA. The above analysis was

partially supported by data on mixed layer depth. By adopting this approach,
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by selectively locating three representative areas, it has been possible to deduce
the impact of wind stresses on SST followed by extracting time bands. In contin-
uation of the above, the upwelling index based on LTG divulges the intensity of
upwelling along the coast at more number of transects. An exercise on correlat-
ing the two upwelling indices also proved beneficial to unmask the memory of the
ocean with respect to SST, followed by a well quantified exercise to understand
the relationship between wind and CHLA. The work in this area provides infor-
mation on time lags in occurrence of peak activities and so also provides insight
into the stabilization features of the ocean responding to the drop in wind stress
and consequently the results on CHLA for SEAS. This enhanced knowledge has
prompted to prepare monthly maps on chlorophyll extension index which should
support ocean operations in the field of fishery activities and aid the demarcation

of potential fishery zones.
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6

Heat Budget of SEAS

6.1 Introduction

Heat is the amount of thermal energy transferred from one body to another be-
cause of the temperature differences between those bodies [Sears and Zemansky,
1970]. In the environmental context, about half the solar energy reaching the
earths surface is absorbed by oceans and land. Of the energy absorbed by the
ocean, most part of it is released locally to the atmosphere by evaporation and
infrared radiation [Stewart, 2005]. And heat lost by the tropical oceans is the
major source of energy needed for driving the atmospheric circulation. It is also
known that the solar energy retained in the ocean from summer to winter in-
fluences the earths climate to a large extent [Laing and Evans, 2010]. For these
reasons it is imperative to understand the heat budget even at a regional level, in
order to understand local climatic features and its variability on different space
and time scales.

Upper layers of the ocean are in constant interaction with the atmosphere
above, and undergoes incoherent input-output of heat energy at its surface and
over a time, this imbalance changes the energy stored in those upper layers; the
transfer of heat through the surface is named heat flux. The total flux of energy
into and out of the ocean must be balanced (zero), otherwise the ocean as a whole
would get heated up or cool down. This sum of heat fluxes into and out of the
ocean is termed as the heat budget of the ocean. The flux data used in this study

was obtained from Woods Hole Oceanographic Institute under the International
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Satellite Cloud Climatology project (ISCCP). The gridded temperature profile
data was obtained from CORIOLIS ITFREMER. The following are the important

parameters that influence the oceanic heat budget [Stewart, 2005]:
1 Incoming solar Radiation (Qgswg): the flux of sunlight into the sea,

2 Outgoing long wave radiation (Qorr): net flux of infrared radiation from

sea,
3 Sensible heat flux (Qsmr): flux of heat out of the sea due to conduction,
4 Latent heat flux (Qpyr): flux of heat carried by evaporated water,

5 Advection (Qapy): heat carried away by the ocean currents.

Therefore the total heat budget sums up, algebraically, as follows with its units
as Watts/m?.

NetHeatFluz(Qr) = Qswr + Qorr + Qsur + Qrur + Qapy (6.1)

6.1.1 Incoming Solar Radiation(Qgswr)

Incoming solar radiation is the amount of sunlight received by the earths sur-
face. Insolation (incoming solar radiation) on the earth surface is dependent on
latitude, season, time of the day and cloudiness [Ahrens, 2007]. Thus the Polar
Regions are heated less than the tropical regions; areas which are prevailed by
cool weather during winter are warmer during summer and also cloudy days have
less insolation transferred than a warm sunny day. Insolation also depends on the
height of the sun above the horizon, length of the day, cross—sectional area of the
surface absorbing the sunlight. Attenuation of insolation is due to the presence of
clouds in the path, gas molecules which absorb radiation, aerosols which scatter
and absorb radiation [Ahrens, 2007]. Reflectivity of the earths surface is depen-
dent on the solar elevation angle and roughness of the sea surface. As observed
from the figure ( 6.1), the net shortwave radiation was always positive in the study
region with maximum recorded during February to April and minimum during
June and July, along the coast owing to the presence of clouds during the SWM

season. During the rest of the year, Qgswgr did not show much variation, even
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spatially. The climatological net shortwave radiation in the region is observed to
be varying between 170 and 280 Wm 2.

6.1.2 Outgoing Longwave Radiation (Qorr)

Ocean surface radiates as a black body at temperature of 290° K at wavelength
near 10um which are strongly absorbed by cloud and water vapour. The long
wave radiation also is influenced by cloud thickness, cloud height, atmospheric
water vapour content, water temperature and ice / snow cover [Ahrens, 2007].
Water vapour and clouds determine the net loss through infrared radiation. The
hotter the water, more the heat that is radiated at a rate proportional to the
fourth power of temperature. Tropical regions loose less heat than cold Polar
Regions. If we assume that the temperature difference between poles and the
equator is approximately 25° K i.e., between 273°K and 298°K, then the ratio of
maximum to minimum is 298/273 = 1.092; when raised to the fourth power it is
1.42. This indicates 42% increase in the emitted radiation from poles to equator
and over the same distance; water vapour can change the net emitted radiance
by 200% [Stewart, 2005].

From the climatological monthly mean (Figure 6.2) of net long wave radiation
that is emitted from the earths surface, it was observed that except during the
SWM season, rest of the year has greater OLR. This is because of the presence
of clouds during monsoon period would trap long wave radiation from getting
released into the upper atmosphere. The climatological range of OLR over SEAS
was between 15 and 100 Wm 2. From insolation and OLR data, it was observed
that the months of June and July have less insolation as well as less OLR. Also,
February, March and April are the months when the region receives maximum

insolation and also releases maximum OLR.

6.1.3 Sensible Heat Flux (Qsgr)

Sensible heat flux is the process where heat energy is transferred from the earths
surface to the atmosphere by conduction and convection. Sensible heat flux can
be expressed by the amount of heat transmitted per unit of area per unit of

time (http://disc.nasa.gov/hydrology). In the oceans, it is primarily influenced
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Figure 6.1: Monthly variability of Net Shortwave radiation over SEAS
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Figure 6.2: Monthly variability of net long wave radiation over SEAS
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by wind speed and air-sea temperature difference. Heavy winds and large tem-
perature gradients often cause high outward fluxes. Compared to the other three
terms of the surface fluxes, sensible heat flux is very low and non variant over the
region all through the year ( 6.3). Only during June and July months, consid-
erable amount of heat was released into the atmosphere and again in December.
This is because of the high SWM winds prevalent during June and July and
the NEM winds during December. Also, during strong upwelling periods, the
sensible heat flux is directed downwards and this will stabilize the air, trapping
the evaporated water vapour in the lowest layer of the atmosphere and thereby
reducing the evaporative power of the air with increasing humidity [Hareesh Ku-
mar and Mathew, 1997]. For rest of the year, the region was prevailed by less
intense winds and also low air-sea temperature difference. The climatological

mean values ranged from —1.0 to 15.5Wm =2 in SEAS.

6.1.4 Latent Heat Flux (Qrgr)

Latent heat flux is the flux of heat from the earths surface towards the atmosphere
which is associated with the evaporation of water at the surface and subsequent
condensation of water vapour in the troposphere. It is influenced by wind speed
and relative humidity. High winds and dry air evaporate much more water than
weak winds with relative humidity near 100% [Stewart, 2005].

Compared to sensible heat flux, the contribution of latent heat flux is greater
towards the heat budget of the region. From figure 6.4, it is observed that the
latent heat flux was high during May, June and July and for the rest of the
year, it was relatively less. This indicates that the ocean looses heat during the
above period much more rapidly. The monthly mean values ranged from 60 to
180Wm 2.

6.1.5 Net Heat Flux (Q,)

The net heat flux over SEAS is shown in figure 6.5. From the figure, it is ob-
served that the region gains heat for most part of the year except during June,
November, December and up to some extent during January. Pre-monsoon heat-

ing is observed from February and the maximum gain in the heat at the surface
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6.2 Evaluating the Heat Budget Terms

was during March and April. This intense heat during the pre-summer monsoon
season was due to the prevailing weak winds and clear skies. With the onset
of SWM winds over the region, there is a net loss in the energy (~ —20Wm™2)
during that period. Reduced insolation and large latent heat flux are the reasons
for this loss of heat during June. In July, the coastal region continues to receive
heat though in lesser magnitude. During the season of coastal upwelling, the
evaporation drops to less than 3mm/day [Hastenrath and Lamb, 1979]. Also, the
flux of sensible heat is directed downward. This will stabilize the air, trapping
evaporated water vapour in the lowest layer and reducing the evaporative power
of the air with increasing relative humidity [Hareesh Kumar and Mathew, 1997].
Surprisingly, even during the monsoon months of August and September when
the region receives heavy rainfall and runoff, the ocean is seen to be gaining more
heat than compared to some of the relatively dry months like that of February
and November. The reason for such unconventional behaviour could be due to
the processes that are intrinsic to the ocean and not much dependent on the

atmosphere. This is explored in the following sections.

6.2 Evaluating the Heat Budget Terms

Southeastern Arabian Sea has been little studied especially beyond the monsoon
related parameters, Arabian Sea mini warm pool, to some extent seasonal up-
welling and the circulation pattern in the region. It is in this context that a
detailed heat budget study has been carried out for SEAS in order to gauge the
mechanisms in heat budget terms over a year, especially the role of coastal up-
welling in modulating the heat budget terms with available high quality data
sets. A preliminary heat budget over the Arabian Sea for the first time was com-
puted by Duing and Leetma [1980] and they concluded that the heat loss owing
to advection across the equator and due to upwelling exceeding the heat gained
from atmosphere during summer monsoon. Coastal upwelling was observed to be
having a profound influence on the heat budget during SWM. Later many studies
based on both observed and simulated, on the heat budget were carried out by
Hareesh Kumar and Mathew [1997], Loschnigg and Webster [2000], Shenoi et al.
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[2002], de Boyer Montegut et al. [2007] and Wilson-Diaz et al. [2009] over the Ara-
bian Sea. However, as all these studies were executed taking into consideration
the Arabian Sea as a whole, wherein the domination of Somalia coastal upwelling
and convective cooling in the Northern Arabian Sea were the dominant factors
that influenced the heat budget. Also, it is a region where there are heavy rainfall
events, over the ocean and river runoff during the SWM leading to stratification.
This brings about positive feedback that result in deep convection in the atmo-
sphere. For this reason and as rightly remarked by Shenoi et al. [2002], eastern
Arabian Sea requires a detailed heat budget of its own. Therefore, the aim of
this chapter is to develop an understanding on how the air-sea fluxes behave and
influence the ocean and up to what extent, especially during the upwelling season.

Thermodynamics of the upper ocean are influenced by the cooler subsurface
waters entraining towards the surface during upwelling [by changing the strati-
fication]. In order to estimate and understand the processes that influence the
upper ocean heat budget of SEAS, heat budget has been computed between 7°
- 15°N and 70° - 78°E up to a depth of 50m as followed by Shenoi et al. [2002].
The depth of the volume is considered as 50m because the mixed layer in this
region for all seasons was shallower than 50m. Area average of the flux data is
computed and averaged for a climatological year to generalize the phenomena
taking place in this region. The period covers the years 2000 to 2008 as it is the
common period over which all data was available.

The rate of change of heat in the region is balanced by the flux of heat through
its boundaries due to advective and non-advective processes. Assuming that the
fluid is incompressible and following Gauss theorem to express the conservation
of heat as follows:

%% (puCpT) dv = _71 /(prpT)u.n ds — %/F.nds (6.2)
Where T is the temperature, u is the velocity; F is non advective fluxes, n is
the unit vector normal to the surfaces bounding the control volume (directed
outwards). p, is the density of sea water 1026 kgm =3, Cp is the specific heat
capacity of sea water at constant temperature and pressure 4000 Jkg='K~!. The
temperature T is utilized from the temperature profiles of the region obtained

from CORIOLIS gridded product which is of high spatial (0.25° x 0.25°) and
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temporal (weekly) resolution than the available climatological datasets. The non-
advective term F consists of the surface fluxes and diffusion through the bottom of
the control volume; diffusion through the lateral boundaries is negligible as there
is an opening on both northern and southern boundaries of the region where one
can assume owing to the direction of currents in the region, the energy entering
the control volume is balanced by the energy leaving that control volume. All
the fluxes are divided by the area at surface A so that all the surface fluxes
are represented in Wm ™2 to bring uniformity in the notation. The terms are
classified as the surface fluxes which are resultant of the atmospheric processes
and the advective terms which are treated separately as they are intrinsic to the

ocean.

6.2.1 Surface Fluxes (Qgsr)

The net heat flux through the surface is:

Qsr = Qswr + QoLr + Qrur + Qsur (6.3)

Where Qswr is the net shortwave radiation,Qorr is net long wave radiation,
Qrur is latent heat flux and Qgpyp is sensible heat flux through the surface
respectively. Climatological monthly mean surface fluxes are shown in figure
6.6. Except Qspr and Qorr, rest of the fluxes show bi- modal distribution.
Qswr, increased from January to April and later, decreased later till June. From
June, it again showed increase, up to September followed by a drop to November;
this was followed by a slight raise towards December to match January values.

Overall, the Qg r was observed to be greater than 200 Wm 2

all throughout
the year except during June and July when it was hampered by the presence of
thick clouds during to the SWM. Qorr too increased from January to March
and later showed a decreasing trend up to July. Qorr increased from August till
December. Qorrwas greater than 50 Wm ™2 during all the year except during
the SWM season. Unlike Qgwr and Qorr,Qrrr showed decreasing trend from
January to April and later as the summer season approached the region, the
latent heat flux increased till June with heightened evaporation. Later from July,

the Qg r term showed a decline till October and again increased towards the end
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Figure 6.6: Climatological monthly mean fluxes at the surface of the Ocean: Net
surface Flux (Qsr), Net shortwave radiation (Qswgr), Net Longwave radiation
(Qorr), Net latent heat flux (Qrgr) and Net sensible heat flux (Qsmr)

of the year. The contribution of sensible heat flux is very feeble over the region as
it did not show any variation and its magnitude remained near to zero indicating
very minute contribution towards the heat budget of this region. As evidenced
from the above figure, the net surface flux peaks during NEM season. A fact
worth mentioning here are that all the fluxes showed positive values indicating
gaining of heat throughout the year from the surface. Therefore this gain in heat

from the surface has to be compensated by oceanic processes.

6.2.2 QOceanic Processes

Diffusion through the bottom and advection of heat together can be clubbed
as the oceanic processes. The advective processes are classified into two kinds
depending on the direction of flux. Firstly, flux on both north and southern
boundaries. Here, in this region, depending on the direction of the currents over
a year, it is assumed that the amount of flux entering from one end is leaving from
the other end thereby making it sufficient to compute the flux at one boundary to
know the total flux through the lateral boundaries. Second part of the advective

fluxes is the cross shore flow at the eastern boundary resulting in upwelling /
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6.2 Evaluating the Heat Budget Terms

downwelling along the eastern boundary. This vertical mass flux through the
bottom of the coastal region is balanced by a vertical mass flux through the
bottom of the rest of the control volume which is away from the coastal region.
Such a process is called the coastal pumping [Shenoi et al., 2002]. This causes
over turning and thereby removes heat from the control volume. Vertical mass
flux at the western, northern and southern boundaries are ignored in comparison
to the eastern boundary as it the region of coastal upwelling. Thus the net flux

due to the oceanic processes is:

QOP = Qmo + Qcp + Qd (64)

where Qyp, Qcp and Qg are the heat fluxes due to meridional over turning, coastal

pumping and diffusion respectively.

Meridional Overturning The transport along the lateral boundaries in the
north - south direction is balanced by a mass flux through the bottom of the
control volume. The difference between the vertical average of temperature at
the bottom of the control volume results in a net flux of heat due to this process.

This heat flux is estimated as:
1
Qmo == chpz /UATmo dx (65)

Where v is the transport per unit distance along the southern boundary (here
only southern boundary is considered to know the flux that is entering the control

volume from southern end and leaving from the northern boundary),
AT =To— < T > (6.6)

The integral is evaluated along the southern boundary. T}, is the vertically aver-
aged temperature (over the depth of the control volume) at the southern bound-
ary, and | T ; is the basin wide average of the temperature at the bottom of
the control volume. Both Ekman and geostrophic flows contribute to v; where
Qmo = Qmoe + Qmog and v = v, + v, and

T _gDon

=T o (6.7)

Ve

117



6.2 Evaluating the Heat Budget Terms

100 -
80

60 -
40 - L
20 L

i
-40 —— T N
N
\7/ /

-60 -

Watt m?

] ] ] ] ] ] ] ] ] ] ] ]
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 6.7: Flux of heat (Wm™2) due to Ekman and geostrophic components of

meridional overturning and coastal pumping

The subscripts e’ and g’ refers to Ekman and geostrophic flows respectively.
The geostrophic current is assumed to constant over the depth of the control
volume. is the zonal wind stress and is the sea surface height, fis the Coriolis

2 is the acceleration due to gravity and D is the depth

parameter, g = 9.81ms™
of the control volume considered to be 50m. Wind stress climatology computed
from the QuikScat measured winds was used to estimate the zonal wind stress
and the absolute dynamic topography obtained from AVISO was used to compute
climatological sea level of the region.

From the figure ( 6.7), it is observed that none of the fluxes show any vari-
ation till the onset of SWM which is coincident with coastal upwelling in the
region along the eastern boundary of the ocean. An exception is observed with
geostrophic component of meridional overturning (@y,.y), showing heat gain (~
10Wm~2) up to June, which can be attributed to oceanic flow into and out of
the control volume. The heat loss due to meridional overturning owing to the
geostrophic component is compensated by the heat gained through the Ekman
component during the SWM season. Q.4 contributed to bulk of the heat gained
in the region during October and November which started to decrease by De-

cember. From the above, it is be stated that Ekman is a major contributor to
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heat (~ 40Wm™2) gain during the SWM season while geostrophy is the major
contributor (~ 90Wm™2) during post SWM period. In short, heat gained due
to Ekman component is being compensated by the heat lost due to geostrophy
during the SWM. Thus it can be firmly stated that meridional overturning is not

a significant contributor to heat lost during the upwelling season.

Coastal Pumping Cross shore flux at the eastern boundary has to be com-
pensated by the vertical mass flux through the bottom of the control volume over
rest of the region. The difference in average temperature between the coastal
region and the rest of the control volume at the bottom results in a flux of heat.
This process is known as coastal pumping [Shenoi et al., 2002] and is derived as

follows:

1
Qc, = —prpATCpZ /un dl (6.8)
!

Where u is the cross- shore transport per unit distance along the coast, n is the
unit vector normal to the eastern boundary (positive out of the coast), [ is the
coordinate along the coast and the integral is evaluated along the coast. AT is the
average difference in temperature at the bottom of the control volume between

the coast and the rest of the basin, arrived at as:
AN, =<T,>—-<T; > (6.9)

Where < T, > is the average temperature along the coast and < T} > is the aver-
age temperature at the coast of the control volume. Like meridional overturning,
coastal pumping is also a combination of Ekman pumping and geostrophic com-

ponents, i.e., Q¢p = Qepe + Qepg and u = u, + u,, where

Kxnt gD
U = —— U, = —A 6.10
A (010

where 7 is the wind stress vector, k£ is the unit vector normal to the earths
surface, D is the depth of the control volume, and is the sea level. The dynamic
topography obtained from merged altimetry data has been used for computing
geostrophic component (u,), of coastal pumping.

As suggested by Duing and Leetma [1980] for the entire Arabian Sea basin,
herein, the SEAS also, coastal upwelling forced by Ekman pumping along the
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Figure 6.8: Heat Fluxes due to Oceanic Processes Meridional Overturning,

Coastal Pumping, Diffusion

eastern boundary of the ocean is the dominant term in the heat budget of the
region during SWM. The upwelling triggered by the monsoon winds along the
coast brings up the cooler subsurface waters towards the surface and thereby
cooling the region by ~ 2.5°C during the SWM (as observed in chapter 5). This
results in heat loss due to coastal Ekman pumping (60Wm=2) during the SWM.
For rest of the year, coastal Ekman pumping is non-existant as seen from figure
( 6.7). Geostrophic component of coastal pumping resulted in the heat gained
over the region up to 30Wm™2 during the summer monsoon. The region began
to lose heat from August and reached its peak by November due to geostrophic

component of coastal pumping.

Diffusion The flux of heat through bottom of the control volume due to diffu-

sion process is computed as:

1 [dT

where k = 2 x 107*m?s™! is the eddy diffusivity coefficient, 9L is evaluated at

50m depth, and the integral is over the surface area of the basins. The choice

of k has been considered to be constant over the region as followed by Shenoi
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6.3 Rate of Change of Heat

et al. [2002]. Diffusion results in loss of heat from the control volume as seen in
figure 6.8. The loss is minimum during February - March (~ 15Wm~2) and is
maximum during September - October (~ 60Wm™2).

In SEAS, the dominant oceanic processes are coastal Ekman Pumping, Merid-
ional overturning due to Ekman flow and diffusion during the summer monsoon.
Among these, the Ekman components are directly influenced by winds, while the
coastal pumping removes the heat, meridional over turning brings in heat to the
control volume which is a new finding of this study. The same is the case with
geostrophic components of coastal pumping and meridional overturning, when
the geostrophic component (Q),04) removes heat, ()., introduces heat during the
summer monsoon. Hence, we attribute this as the reason for overall weak up-
welling in the region when compared to the eastern boundary upwelling regions
elsewhere. Diffusion also results in loss of heat from the control volume through-
out the year and is the only component that is not influenced by winds. Here,
among the overall oceanic processes, meridional overturning results in gain of
heat flux into the region, while the coastal pumping and diffusion results in loss
of heat.

6.3 Rate of Change of Heat

The resultant heat flux owing to surface fluxes and oceanic processes result in
change of heat content in the control volume. The rate of change of heat is ob-
tained using the left hand side of the equation 6.1. Both Q and ); show bi-modal
distribution in the region (Figure 6.9) with minima during the SWM and the
coincident upwelling season of JJAS. From net heat flux curve, it can be under-
stood that all through the year, SEAS gain heat though with varying intensities.
Thus for this region, it can be concluded that the heat flux from the surface
is far greater than that can be compensated by oceanic process. The sources
of heating (primarily the fluxes with considerable contributions from Ekman and
geostrophic components of the flow) are found to be compensated by cooling from
vertical diffusion and coastal upwelling. However, it is evident that upwelling is

the major factor in regulating the heat budget of the region during the SWM. For
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Figure 6.9: The net heat flux @ = (Qsf+ Qop) into and out of the control volume
and the rate of change of heat Q;

the rest of the year, only the surface fluxes contribute towards the heat budget

while the oceanic processes are feeble.
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7

Interannual variability and
influence of Climate Change on

Upwelling

7.1 Introduction and Relevance

The postulation on enhancement in the coastal upwelling with global warming was
first put forward by Bakun [1990]. It has been stated that the global green house
warming will intensify the alongshore winds thereby increase the intensity of up-
welling. To support this concept, the increase of green house gases has resulted in
increase of day time heating of the oceans and decrease in night cooling [Bakun,
1990]. This results in building up of pressure gradients between the oceans and
the adjacent land, thereby intensifying the alongshore winds. A study apply-
ing ecosystem models for estimating coastal upwelling under the global warming
scenario, carried out by Mote and Mantua [2002] however, could not bring out
considerable inter-decadal changes in the intensity of coastal upwelling. A more
recent study on the impact of global warming on the productivity of the Arabian
Sea was by Goes et al. [2005], who attributed the increase to the warming of
Eurasian land mass. But it was found later that the reported increase in the
productivity was limited to western Arabian Sea and not to the eastern portions
[Prakash and Ramesh, 2007]. The present study is aimed at investigating the

characteristic roles of agencies that bring about variability in upwelling along the
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southwest coast of India, of the eastern Arabian Sea through its indices based
on SST and the Ekman transport from two decades of satellite measured high
resolution data products.

Oceanic heating has been attracting wide spread concern owing to its influence
on the bio-diversity of a region and its adjacent land mass. There have been
studies by Levitus et al. [2000] and Levitus et al. [2001] and the references therein
on the extent of warming of the oceans. It has been stated that there exists a
warming of ~ 0.1°C in the upper 1000m of the overall oceans and the rates were
different for each ocean basin. This warming, of course, was attributed to the
increase in anthropogenic gases in the earths atmosphere. The warming of Indian
Ocean was studied in detailed by Bijoy et al. [2008] using model simulations and
observational data and they concluded that there is an increase of 0.4°C rise in
SST. This warming trend was observed to be more dominant to the north of 12°N
in the eastern Arabian Sea but a cooling trend was observed along the Somalia
coast. The satellite measured SST (Figure 7.1) over SEAS shows a slight increase
over the past two decades, of which the warming was rapid during the period 1992
to 1998 and again from 2004 to 2007. The cooling episodes of 2 -3 years, observed
within the 20 years period, confirm the quasi decadal variability of the Arabian
Sea Bijoy et al. [2008]. This dynamical behaviour of SST over the study period
has its influence on the strength of upwelling which is explained in the following

sections.

7.2 SST Variability

The SST upwelling indices (Figure. 7.2), computed and compared between last
two decades indicate that the temperature gradients along the coast with respect
to their offshore components have increased in the later. It can be attributed to
two reasons, one of them, certainly is the increase in offshore temperatures and the
other, could be due to greater decrease in the coastal temperatures; of these two
reasons, based on figure 7.1, the increase in temperature gradients is related to the
rise in offshore temperatures with time in the global warming context [Jayaram
et al., 2009]. Next, upwelling signals were predominant from 8° to 12°N for all the

study years. Particularly, for the years 1988, positive temperature gradients, up
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Figure 7.1: Annual mean of SST over SEAS from 1988 to 2007

to 0.5°C were observed all along the coast during summer monsoon, while for the
remaining years, the gradients was limited up to 12°N with varying magnitudes.
As an exception, during 2002 and 2003, positive gradients were observed up to
15°N. For the later years, a continuous fall in the northward extent of upwelling
was observed up to 2007. Further, the temperature gradients were observed to
be high during 2003. For all the years, high upwelling index of SST was observed
between 8° and 9°N, but for the year 2003, a secondary peak was also observed
between 10° and 11°N. This phenomenon was repeated, though very mildly, in
2004 also.

To substantiate and clearly distinguish the positive temperature gradients
during all the years, SST upwelling index anomalies were computed by subtracting
the monthly climatological mean [computed from AVHRR data] from the actual
monthly latitudinal temperature gradient [Nykaer and Camp, 1994]. From the
SST upwelling index anomaly (Figure 7.3) it was observed that, the period
between 1998 and 2007 had higher upwelling conditions favouring development
of temperature gradients along the coast than the previous decade of 1988 - 1997;
this is due to greater increase of offshore temperatures in the recent decade. For
the year 1988, positive anomalies were observed from north of 11°N which was

not intense during the years, 1988 to 1997. Following are strong upwelling years
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7.3 Wind Stress Variability

as evident from the SST upwelling index (LTG and its anomaly): 1989, 1996,
2002, 2003 and 2005 and weak upwelling years are 1988, 1991, 1992, 1993, 1997,
1998 and 2007.

7.3 Wind Stress Variability

Ekman mass transport computed along the southwest coast of India is an indica-
tor for the intensity of upwelling of the region for the years 1992 to 2007 (Figure.
7.4). During the year 1992, intense onshore transport was observed during SWM
and also during 1999, though in lesser intensity. High Ekman offshore transports
were observed between 8° and 10°N from years 2000 to 2004 during summer mon-
soon. The mass transport values lies in the range of 500 - 2500 kg/m?/s. Later
from 2005 to 2007, the offshore Ekman transports have decreased. This was due
to the weak meridional winds prevailing along the coast during the upwelling
seasons of 2005 - 2007 [summer monsoon| (Table 7.1). As the wind direction is
always meridional [Shetye, 1984] along the coast, the Ekman transport is offshore
even in the non upwelling season; this would be of very less intensity.

To delineate high upwelling regions and periods, anomalies were computed by
subtracting the monthly climatological Ekman transport from the corresponding
monthly values. The regions where high upwelling was prevalent, these regions
would have higher values of Ekman transport [Nykaer and Camp, 1994]. The
anomaly (Figure. 7.5) shows a clear picture of the Ekman transport in the study
region for years 1992 to 2007. Greater positive anomalies were observed during
1992, 1996, 1997, 1998 and 1999, indicating less offshore Ekman transport. The
year 2000 was having higher values among all the years of study. During the
year 2004, both the monsoons had equal amount of offshore transport. For the
years 2005 to 2007, the picture was completely different from the previous years.
During that period, positive anomalies were observed all along the coast.

The year 2005 show positive anomaly during summer monsoon, indicating
very feeble offshore transport. A significant observation was the prevalence of
upwelling off 8N during October and November of 2005; this coincides with the
reported anomalous upwelling in the region during 2005 by Gopalakrishna et al.

[2008]. In 2006, the negative anomalies were punctuated by positive anomalies.
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7.4 SLA Variability

Dominant negative anomalies indicating offshore transport were observed dur-
ing the winter monsoon months. Offshore Ekman transport was found to be
very feeble in 2007. This drop in the offshore component of Ekman transport is
attributed to a drastic decrease in meridional wind speed in the region during
2005, 2006 and 2007 years. In order to confirm the speeds of the wind during
the upwelling season, the regional average wind speed, its zonal and meridional

components during the summer monsoon months (JJAS) is given in table 7.1

Table 7.1: Average of wind speed magnitude, zonal and meridional during SW

monsoon months of June, July, August and September

Year Wind Speed (W) in m/s u Wind in m/s v Wind in m/s

2000 7.384 7.191 -1.319
2001 7.436 7.226 -1.138
2002 7.251 7.014 -1.438
2003 7.278 7.102 -0.9141
2004 7.305 7.139 -0.9393
2005 7.730 7.629 -0.6205
2006 6.918 6.861 -0.2200
2007 7.663 7.597 -0.1984

From table. 7.1, it is observed that, even though the magnitude of total wind
and zonal component of the wind have maintained certain uniformity, merid-
ional wind speed during SWM along the coast for the years 2005, 2006 and 2007
has decreased significantly from the previous years. An interesting pattern from
wind observations for those three years was that the total wind speed and zonal
component were higher than the previous years, while the meridional component
showed a decline. This was also observed in LTG where the temperature gradient

between the offshore and coastal regions for those years was minimal.

7.4 SLA Variability

From the SLA (Figure 7.6) plotted from 2000 to 2009, the strength of upwelling
can be indexed in term of SLA. A consistency in high and low of SLA has been
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7.5 CHLA Variability
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Figure 7.6: Sea Level Anomaly along southwest coast of India from 2000 to 2009

observed between every January and July respectively with distinct interannual
variability. The intensity and spread of the coastal Kelvin wave in both its up-
welling and downwelling phases of a year can be observed all along the coast.
Strong negative anomalies which are the signatures of upwelling could be found
up to 13°N for all the years; however, the positive anomalies are observed to be
extending up to 15°N. Also a clear biennial oscillation signal in the strength of
upwelling / downwelling could also be noticed. Intensity of upwelling was ob-
served to be less for 2005, 2007, 2008 and 2009. This drop in upwelling intensity
corroborates with the decrease in upwelling intensity observed from QuikScat

derived Ekman transport and SST based upwelling index [Jayaram et al., 2010a].

7.5 CHLA Variability

The decrease in the intensity of upwelling and the resultant drop in productivity
of the region are evident from the results on chlorophyll-a concentration of the
study region (Figure. 7.7). This figure shows the mean chlorophyll-a concentra-
tion during the summer monsoon period from 1998 to 2007. The decrease in
productivity for 2005 to 2007 is attributed to the lack of sufficient amount of off-
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7.6 Upwelling during extreme climatic events
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Figure 7.7: Inter-annual variability of mean chlorophyll-a for summer monsoon
months (JJAS) from 1998 to 2007

shore transport of nutrient rich coastal waters due to weak meridional winds and
thence cooler, nutrient rich subsurface waters remained trapped below, inhibiting
the chlorophyll-a production in the surface waters. This also resulted in greater

coastal SSTs for those years.

7.6 Upwelling during extreme climatic events

The satellite derived proxies of upwelling like SST, SLA and Chlorophyll were
examined for their behaviour during the events of ENSO, IOD and precipitation
anomalies in SEAS. Figure 7.8 shows the time series of the climatic indices
considered for the present study obtained from various agencies. During the
past two decades considered for this study, in reference to the NOAA - Climate
Prediction Center, a total of six Fl-Nino events occurred out of which two were
designated as strong (1991 - 92 and 1997 - 98); four La - Ninas, where one was
strong (1988 - 89).

Influence of ENSO on upwelling along the southwest coast of India had been
studied by Munikrishna [2008] and the references therein. The modulation of

upwelling in the region has been attributed to the atmospheric tele-connection
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7.6 Upwelling during extreme climatic events
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7.6 Upwelling during extreme climatic events

between the Pacific and the Indian Oceans. The gradient of SST along the lati-
tudes and the offshore Ekman transport in the region had shown the influence of
ENSO on the coastal upwelling [Jayaram et al., 2010a]. From figures. 7.8 and
7.9 it is observed that except during 1991 - 92 Fl-Nino, the SST anomalies were in
tune with the Nino 3.4 SST for 1987 - 88, 1997 - 98, 2002 - 03, 2006 - 07. Chloro-
phyll anomaly was positive for 1998 - 99 La - Nina and was negative for 2002- 03
mild El- Nino. Since SeaWiFS data is available from 1997 September onwards
the impact of 1997- 98 strong FEl-Nino could not be captured but the chlorophyll
data for September 1997 can be perceived in figure. 7.8 where negative anomalies
were observed all over the region. During 1998 - 99 La - Nina, positive chlorophyll
anomalies were noticed for September 1998. Chlorophyll for September were con-
sidered in figure 7.10 due to the relatively cloud free images when compared to
the other months of SWM season. The SLA did not show much variation except
during the 1997 - 98 El - Nino when average anomalies were found to be hovering
around —7cm. Comparatively weak upwelling signatures that were observed for
the year 2005 and later, are attributed to abnormal decrease in the alongshore
winds as discussed by Jayaram et al. [2010a]. From figure 7.11, SST anomaly
during 1997 El - Nino showed higher positive anomalies of the magnitude greater
than 1°C during the upwelling period. Similarly for La - Nina year of 1998 -
99, the region showed relatively cooler SSTs as indicated by negative anomalies
very near to the coast. But considerable cooling was not observed because of the
intense warming from previous years El-Nino. SLA (Figure 7.12) showed paltry
negative anomaly during the El - Nino of 1997 than during normal years and
for mild events, there was no marked depreciation in the magnitude of negative
SLA which is a signature of upwelling. Thus it can be inferred that the ENSOs
impacts can be experienced in the upwelling regime of SEAS as observed from
the anomalies of SST, CHLA and SLA.

Indian Ocean Dipole (IOD) is the pattern with anomalously low sea surface
temperatures off Sumatra and high sea surface temperatures in the western In-
dian Ocean, with accompanying wind and precipitation anomalies [Saji et al.,
1999]. This causes severe rainfall events in east Africa and droughts in Indonesia.
This type of an 10D is called positive IOD and vice- versa. In the recent years,

Indian Ocean Dipole has captured the attention of many researchers around the
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7.6 Upwelling during extreme climatic events

Figure 7.10: Chlorophyll anomalies during a. FEl- Nino, b. La- Nina, c. Positive
10D, d. Negative IOD. in SEAS, these figures were plotted online using GIOVANNI

world starting from Saji et al. [1999] till the recent study on the IODs of 2003,
2006 and 2007 by Rao et al. [2009] and the references therein. Table 7.2 show the
positive and negative IOD events that occurred during the study period [Yuan
et al., 2008]. Major positive IOD events observed from figure 7.8 are 1990,
1993, 1997, 2003 and 2006. On inspection of SST anomalies from figure 7.9 it
was observed that the SST was warmer during all these years indicating weak
upwelling. The chlorophyll anomalies showed negative during positive 10D of
2003 and 2006. Positive anomalies of SST (Figure. 7.11) were observed dur-
ing the positive phase of IOD of 2006 indicating weak upwelling in the region.
Similarly, negative anomalies were observed during the negative phase of 10D of
2001. Weak upwelling signatures were also observed from SLA (Figure. 7.12)
during positive IOD of 2006 and opposite during the negative IOD of 2001. This
confirms that the upwelling in the SEAS is indeed influenced by these large scale
climatic events.

Rainfall is a complex phenomenon which is influenced by both FEl-Nino and
IOD as opined by Ashok et al. [2001] and Ashok et al. [2004] and Ashok and Saji

134


7/figures/fig7-10.eps

7.6 Upwelling during extreme climatic events

Table 7.2: Years of El-Nino and La-Nina during the period of study

El-Nino La-Nina

1987 - 88 1988 - 89(strong)
1991 - 92 (strong) 1998- 99

1994 - 95 2000 - 01
1997 - 98 (strong) 2007- 08

2002 - 03 -

2004 - 05 -

Jun——Sep 2006 . R Jun-—Sep 2002
| Scanty Rainfall Year

Jun——Sep 1997
El-Nino

Positive DMI

Jun - Sep 1999
Heavy Rainfall Year

Jun——Sep 2001
Negative DMI

Jun——Sep 1998
La-Nina

-15-1.3-1.1 09-0.7-05-03-0,1 0.1 0.3 05 0.7 09 1.1 1.3 15
Sea Surface Temperature Anomaly (deg C)

Figure 7.11: SST anomalies in the SEAS during the extreme climatic events
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Figure 7.12: SLA in the SEAS during the extreme climatic events

[2007]. Apart from these large scale global climatic phenomena, local forces also
do influence the rainfall in SEAS; so does rainfall influence SST by the amount
of fresh water introduced into the ocean. These signatures can be surmised on a
broad scale through SST maps of the region. From figures 7.8 and 7.11 it was
observed that during the years when rainfall was scanty, SST was warmer and
vice versa. SLA did not show any variation with respect to rainfall; chlorophyll is
not considered for rainfall influence though it can serve as an indicator of clouds
over the region of interest.

The impact of global warming and climate change vis-a-vis coastal upwelling
along the southwest coast of India was studied for the period 1988 to 2007. The
term upwelling is frequently applied to illustrate a variety of conditions involving
upward transport of waters in the ocean and often there arises a confusion in
describing the effect of process rather than the actual process itself [Sharma,
1973]. To circumvent this mystification, a driving force (alongshore winds) and
its influence as an after effect (low sea surface temperature) has been emphasized.
Ekman transport for the past two decades has shown hitherto unknown features

like the intra - regional variability along the coast on an annual time scale.
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7.6 Upwelling during extreme climatic events

The upwelling indices show an increase in temperature gradients with time,
which is an indication of rise in the open ocean temperatures than the corre-
sponding coastal region. The investigation has covered two decades of events
which reveal that during the later decade, especially upto 2004, a consistent en-
hancement in the strength of upwelling now stands reversed, notably for the last
three years. The Ekman transport for the years 1992 and 1997, which happens
to be ENSO years, evidenced strong onshore transports. Even though 2007 is
not an ENSO year, onshore transport was observed between 13° and 15°N. Off-
shore transport was greater off 8 and 15°N during winter monsoon. Though
wind direction was considered as the driving factor for the occurrence of coastal
upwelling, wind speed is also an important factor in determining the strength
of upwelling. This is evident from the indices of 2005, 2006 and 2007 when the
meridional component of wind speed was very less and thereby feeble upwelling
transpired. This decrease was also observed from the chlorophyll data for the
same region. Therefore it should be understood that the nutrients present in the
sub surface layers were not being transported to the surface owing to mild Ekman
transport. Further, even in a global warming scenario, for coastal upwelling to
increase or decrease, more conducive wind pattern is a necessary pre-condition.
A marked decrease in upwelling was also observed during ENSO years. During
the years where ENSO and IOD appeared together, the decrease in upwelling
was more evident. This can be further inferred for 1991 - 92 and also, 1997 -
1998. Thus we conclude that the global warming does play a role in determining
the strength of coastal upwelling and so are the conditions in wind speed and

direction prevailing in this region.
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8

Conclusions

Satellite remote sensing is being effectively used in monitoring the oceans and
their variability hitherto unknown, augmenting the in-situ measurement tech-
niques. Advancements in sensor physics as well as in retrieval algorithms have
made satellite oceanography an indispensible tool in oceanic research, today
[Saitoh et al., 2011]. The principal ocean components that could be measured with
reasonable accuracy are sea surface temperature, surface chlorophyll-a concentra-
tion, sea level anomaly, sea surface winds, significant wave height and geostrophic
currents; very recently, satellites have been launched on an experimental basis
even to measure gravity and sea surface salinity. Though remote sensing quan-
tifies mainly in the surface parameters, it can well depict the processes that are
occurring within the upper ocean too. One such oceanic phenomenon which has
both physical and biological implications with respect to a given region is in the
occurrence of Upwelling.

Upwelling is a physical process involving the entrainment of cool, nutrient
rich subsurface waters to the surface, as a result of concurrent movement of sur-
face waters to offshore regions. This process is mostly governed by the wind and
current pattern prevalent in the region and it is often a region of divergence.
Of greater importance is its profound impact on the local fisheries as well as
regional climate. Along the Indian coast, upwelling is observed along the south-
west [Kerala - Kanara| coast, Gujarat coast and central east coast. These regions
contribute immensely to the fisheries of India, as discussed earlier and thus it is

imperative to study and understand the process of upwelling, fully utilising the
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knowledge from satellite remote sensing. While the west coast of India accounts
for 70% fish yield of the total Arabian Sea production, the southwest coast alone
accounts for 53%; hence this region is of considerable importance in the Indian
context.

The signatures of upwelling facilitated through remote sensing are cooler sea
surface temperatures, high chlorophyll-a concentration, lower sea level and along
shore wind stress. The data products that were used for this study (mostly from
2000 to 2009; in specific cases, the period considered are more than that stated
above, depending on data availability) were obtained from the measurements
by Advanced Very High Resolution Radiometer (AVHRR) and Tropical Rainfall
Measuring Mission Microwave Imager (TMI) for SST and Sea viewing Wide
Field of View Sensor (SeaWiFS) and MODerate resolution Imaging Spectro-
radiometer (MODIS) on board Aqua for chlorophyll-a concentration. Merged
altimeter product of Topex / Poseidon, Jason 1 & 2, Envisat, GFO, ERS 1 & 2
obtained from AVISO provides sea level anomaly and geostrophic currents. Ad-
ditionally, QuikScat measured winds were made use of for deriving along shore
wind stress and the curl of wind stress.

Upwelling along the southwest coast of India is an annually recurring phe-
nomenon that occurs during the southwest monsoon (June to September). The
net heat change accounts for more than 65%, greater than the combined effects of
net radiation gain, heat loss through evaporation and sensible heat loss. Though
intensity wise, this upwelling, less when compared to the other thoroughly stud-
ied upwelling regimes of the Arabian Sea [like those off Somalia and Oman)], it
has profound impacts on the coastal fisheries of India. Upwelling in south eastern
Arabian Sea commences around May from near the southern tip of India. This
extends northward with time and by July, the whole of southwest coast of India
from 80N to 150N is an upwelled region. A fall of 4°C in sea surface temperature
is often observed in this region. Factually, the average chlorophyll-a concentration
in the region is approximately 4 - 5mgm 2 during the upwelling season (compared
to less than 0.5mgm ™3 during other seasons). Another peculiarity of this region
is that: though the signatures of upwelling from the altimeter data are observed

by late April, the biological productivity signatures like increase in the surface
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chlorophyll-a concentration(s) are observed only by the arrival of southwest mon-
soon winds into the region by June. This could be attributed to the fact that the
subsurface nutrients are churned by the heavy monsoon winds, thereby breaking
up the prevailing stratification; this paves way for nutrients to entrain to surface.
In order to understand this process in a better way, a relationship study between
chlorophyll-a concentration and the mixed layer depth was conducted and results
are presented in this thesis.

Generally, any study on upwelling is incomplete without ascertaining the forc-
ing factors and the resultant processes. To this extent, the atmospheric forcing in
terms of sea surface winds, their frequency of variability, climatological pattern
in the region are also evaluated and discussed in detail. An index was com-
puted based on the offshore Ekman transport derived from sea surface winds for
understanding the strength of upwelling for this region. Another factor that is
responsible for upwelling is the remote forcing and the divergent current pattern,
which was also discussed and dealt in detail.

The inter relationship between the forcing factors and responses were deduced
on different time and space scales. The inter-annual variability of these signatures
has also been studied, based on upwelling indices computed from sea surface
winds and sea surface temperature. It has come to our notice that there is a
noteworthy decrease in the strength of upwelling, post 2004, due to decrease in
the strength of meridional winds. The resultant picture points out to a decline
in surface chlorophyll content. Also an index was computed based on surface
chlorophyll extension along the southwest coast of India, by comparing the data
of upwelling and non upwelling months. It was observed and reported herein
that the maximum extent of upwelling in the south eastern Arabian Sea along
the southwest coast of India is approximately up to 300kms from the coast.

The signatures of upwelling such as low SST, equator ward wind stress, posi-
tive wind stress curl, negative SLA and high chlorophyll clearly demonstrate the
spatial and temporal evolution of upwelling in SEAS. The long term averages of
these analysed signatures show different spatial and temporal variability within
SEAS. SST and wind stress showed semi annual variability while the SLA and

chlorophyll showed annual variability.
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The term upwelling is frequently applied to illustrate a variety of conditions
involving upward transport of waters in the ocean and often there arises a gap
in understanding the effect of such process rather than the actual process itself.
Thus to further delve into the process of upwelling in SEAS, the signatures of
upwelling have been classified into its forcing factors and their resultant affects.
It has been suggested in literature and also observed through our results that
wind and remote forcing of planetary waves are the forces that trigger upwelling
while cooling of SST and increase in chlorophyll are the responses of upwelling.

Significant findings of this study are presented in bold in the following para-
graphs, apart from numerous other observations / results that are stated within
individual chapters, presented earlier.

To sum up on the forcing factors of upwelling in SEAS, it is discerned that the
main contributing factors for the generation of upwelling are the along shore
wind stress and remote forcing. The study was also aimed at understanding
the modulation of upwelling with respect to these forces. The intra - seasonal
and other minor frequencies of variability in the wind stresses and the strength of
coastal Kelvin wave will modulate upwelling and also its after affect(s). From the
wavelet transforms of both the components of wind stress, it was observed that the
meridional (along shore) component of the wind stress showed variability
within the basin and had both significant semi-annual and annual modes
of variability along with other frequencies like the Madden - Julian Oscillations.
The zonal component of wind stress had only annual mode of variability
and the Madden - Julian Oscillations were absent. Wind stress curl was
positive near to the coast during the summer monsoon season indicating
the presence of upwelling. Wavelet analysis of SLA along the coast showed
significant annual mode of variability. To discern the region of variability, the
SLA data was subjected to Empirical Orthogonal Function on spatial scale. The
resultant first mode was having 67% variance and was located between 74° and
75°E and 7° and 9°N. This region is where the sea level showed alternate high
and low during winter and summer monsoon seasons, respectively and is named
[Shankar and Shetye, 1997] as Lakshadweep High and Low. Since these offer
maximum variability in the region they are reflected in the first mode of EOF of

SLA. Hovmuller diagram of SLA along the coast showed the northward limit of
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the effect of remote forcing and also the strength of upwelling, as obtained from
SLA.

The detailed analysis to deduce cause-effects between wind forces, re-
mote forcing (SLA) and SST resulted in finding that the southernmost and
central regions of the south west coast of India, clearly defines the impacts due
to wind forces in the order of 4 - 7 days leading due to reduction in SST
coincident with the upwelling season. Such impacts are not prominent towards
the northern sector. SST reduction occurred during the south west monsoon
season or otherwise during the upwelling regime wherein the remote forcing of
planetary waves often fall in the period of 20 days which stands out most
distinct in the southern region.

Upwelling associated surface features indicated a cooling in SST, wherein the
wind stresses can play a role in reducing SST and such wind impacts do occur
in a 4-7 day cycle. Thereafter, in the absence of such periodicities, except for
seasonal signatures, the resultant SLA had a peak around 20days, which is
linked to the influence of planetary waves (remote forcing) mainly prevalent
in the southernmost regions. To the contrary, the northern sector, evidenced a
composite impact on SST brought about by the identical combination of wind
stresses and SLA of varying orders falling within 20-60 days (multiple peaks).
Further, based on magnitude of coherence, the impact of planetary waves does
not bring about good influence on upwelling inferred through SST. Likewise, for
the central coastal regions, though remote forcing of variable periods less than
40days were inferred through SLA variation, the lower order 4-7days period wind
stress often dominated SST variability. Another important conclusion that could
be drawn from this analysis is that the peak in SLA in 40 day band was due
to the remote forcing of planetary waves generated elsewhere and that
in 20day band were due to the locally generated Kelvin and Rossby
waves.

A detailed analysis on available remote sensing data has paved the way to
establish the linkages between wind stress, SLA and SST on one hand whereas,
the sub regional productivity in the upwelling zone was explored by understanding
the relation between wind and chlorophyll. The above analysis was partially

supported by data on mixed layer depth. By adopting this approach, selectively
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locating three representative areas, it has been possible to deduce the impact of
wind stresses on SST followed by extracting time bands too. In continuation of the
above, the upwelling index based on latitudinal temperature gradient divulges the
intensity of upwelling along the coast at more number of transects. An exercise
on correlating the two upwelling indices also proved beneficial to unmask the
memory of the ocean with respect to SST, followed by a well quantified exercise
to understand the relationship between wind and chlorophyll. The work in this
area provides information on time lags in occurrence of peak events and so also
provides insight into the stabilization features of the ocean responding to the drop
in wind stress and consequently influences chlorophyll concentration for SEAS, as
discussed in chapter 5. This enhanced knowledge has prompted to prepare
monthly maps on chlorophyll extension index which should support ocean
operations in the field of fishery activities and aid the demarcation of potential
fishery zones.

A comprehensive heat budget for the region involving the solar fluxes, ocean
processes such as advection was computed to understand the modulation of heat
budget terms with during upwelling. It was found from the study that the heat
gain at surface is far greater than that can be lost or compensated by
oceanic process. The sources of heating, (primarily the fluxes with considerable
contributions from Ekman and geostrophic components of the flow) exceeds the
cooling from vertical diffusion and coastal upwelling. However, it is evident that
upwelling is the major factor in regulating the heat budget of the region
during the SWM. For the rest of the year, only the surface fluxes contributed
towards the heat budget while the oceanic processes were feeble.

As the basic mechanism behind the coastal upwelling region has been de-
duced, it is thus essential to find out the interannual variability using the indices
of upwelling; next, the strength of upwelling during extreme climatic events such
as 10Ds and ENSOs also becomes of considerable interest. Such an exercise will
immensely help in monsoon and ecosystem studies. Based on the interannual
variability of upwelling indices from 1988 to 2007, applying both SST and wind,
it has been observed that there is a drop in the strength of upwelling after
2004. This decrease in the intensity of upwelling is attributed to the decrease

in the meridional component of wind speed which is one of the driving
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forces of upwelling in this region. The dwindling of Ekman transport, post
2004, could not transport enough nutrients towards the surface and therefore the
decline in surface chlorophyll concentration too for those years is noted. Interan-
nual variability of SLA also confirmed the reduction in upwelling intensity
post 2004. This is one of the significant findings of the study. Another result
that was observed is the presence of biennial oscillations, is in the strength of up-
welling Kelvin-Rossby waves of the region. A marked decrease in upwelling
was also observed during ENSO years. During the years where ENSO and
10D appeared together, the decrease in upwelling was more evident.
This can be further inferred for 1991 - 92 and also for 1997 - 1998. Thus we
conclude that the global warming does play a role in determining the
strength of coastal upwelling and so are the conditions in wind speed and
direction prevailing in this region.

The work carried out for thesis is an attempt to present an understanding of
upwelling in southeastern Arabian Sea as observed from various remote sensing
platforms. This analysis has brought out vital information on spatial and tem-
poral variability and relationship between the driving forces and resultant phe-
nomenon of upwelling. The study could also bring out the role of atmospheric
forcing such as heat in controlling the heat budget of the region. Additionally,
in future, very recent satellite data products can further augment the studies
under this topic. There is still scope for improvement in the form of incorpo-
rating continuous and systematic in-situ measurements, especially with regard
to chlorophyll and temperature profiles (Note: The forth coming publication by
Ravichandran et al. [2011]) which as of now are partially incoherent. Also, to
determine the contribution of wind forcing and remote forcing towards driving
and modulation of upwelling and the resultant productivity in this vital region

along the Indian coast, it is important to have a robust ecosystem model.
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Appendix-1

This appendix consists of the figures showing weekly evolution of SLA
which can be used to infer the propagation of planetary waves in the

Northern Indian Ocean as discussed in Chapter 4.
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Figure 8.1: SLA in the Northern Indian Ocean during 1 to 12 weeks
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Figure 8.2: SLA in the Northern Indian Ocean during 13 to 24 weeks
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Figure 8.3: SLA in the Northern Indian Ocean during 25 to 36 weeks
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Figure 8.4: SLA in the Northern Indian Ocean during 37 to 48 weeks
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Figure 8.5: SLA in the Northern Indian Ocean during 49 to 52 weeks
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Appendix-2

The following are the list of publications that form part of doctoral

work

1 Chiranjivi Jayaram, TVS Udaya Bhaskar, Ajith Joseph K and
Balchand A.N., (2011): “ Variability of Wind stress and its influ-
ence on upwelling, Chlorophyll-a and Mixed layer in southeastern

Arabian Sea as observed from satellite data”.(Communicated).

2 Chiranjivi Jayaram, Neethu Chacko, Ajith Joseph K and Balc-
hand A.N.; (2010): Interannual Variability of Upwelling Indices
in the Southeastern Arabian Sea: A Satellite Based Study. Ocean
Science Journal, Vol. 45, No. 1, pp. 27 - 40.

3 Chiranjivi Jayaram, Nandini Menon N, Ajith Joseph K and Balc-
hand A N (2010): Monitoring of Trichodesmium Spp. in the
Arabian Sea from in-situ and Satellite data products. Oral Pre-
sentation at SAFARI - International Symposium on “Remote
Sensing and Fisheries” held during February 2010 at Kochi, In-
dia.

4 Chiranjivi Jayaram, Ajith Joseph K and Balchand A.N.; (2009):
“Modulation of upwelling in the southeastern Arabian Sea dur-
ing extreme climatic conditions: A remote sensing perspective”.
Awarded as the best poster during the Indo-Russian workshop
on Regional Climate Change under the DST (Govt. Of India) -
RFBR (Russian Federation) Call — 2009, held at Cochin during
October 8 - 9, 2009.

5 Chiranjivi Jayaram, Ajith Joseph K and Balchand A.N., (2009):

“Decreasing trend of chlorophyll-a concentration in southeastern



Arabian Sea - Observed from the satellite data”. Presented at
National Conference of Ocean Society of India held at Visakha-
patnam during March 19 - 21, 2009.

Chiranjivi Jayaram (2009): “Differential response of the Arabian
Sea productivity trends”. Oral presentation at Indo- Norwegian
conference on operational ocean modeling held at INCOIS, Hy-
derabad, India during March 2009.

Chiranjivi Jayaram, Ajith Joseph K and Balchand A.N.; (2008):
“Applications of SARAL - AltiKa altimeter in the coastal up-
welling studies in synergy with Oceansat - I in the southeast-
ern Arabian Sea”. Oral presentation at SARAL - AltiKa meet-
ing held at Space Applications Centre - ISRO, Ahmedabad in
September 2008.

Chiranjivi Jayaram, Ajith Joseph K and Balchand A.N., (2008):
“Indications of upwelling in the Lakshadweep Sea derived from
ARGO and Satellite Observations”. Oral presentation at First
Indian ARGO users workshop held at INCOIS, Hyderabad in
July2008.
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