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Chapter 1

Introduction

All the coastal nations of the world depend on oceans for fishing, oil and gas,
minerals, rare earth metals, renewable energy and other living and non-living
resources for their economic development. The Indian subcontinent has been blessed
with enormous natural resources - both continental and marine - which have been
determining our course of development over the last many centuries. Amongst these,
a large portion of marine resources is believed to be unexplored or untapped in
different regions. Sustainable development of natural resources of the ocean is
imperative for high economic growth and development of the country. With a
coastline of over 8000 km involving 9 maritime states and two island territories and
an exclusive economic zone of about 2 million kmz, the Indian marine fisheries
sector alone contributes 1% to the country’s GDP with a gross value of about 7
billion USS$. Detailed studies of the physical, chemical and biological properties of
the Indian Ocean would be helpful to determine the future course of action towards
development of the nation. In this regard, the present investigation is a small but

definitive step in the study of some of the characteristics of the Bay of Bengal.

The North Indian Ocean is highly dynamic because of the seasonal reversal of the
wind patterns associated with the Indian monsoons. The Indian subcontinent divides
it into two basins, the Arabian Sea and the Bay of Bengal having distinct
oceanographic features. The Bay of Bengal is a tropical basin, lying south of 22°N
and its maximum zonal extent is about 1600 km with the eastern boundary
intersecting the equator. It is a highly stratified basin that undergoes seasonal reversal
of monsoon winds and ocean currents and is less productive compared to the Arabian
Sea. It is one of the large marine ecosystems in the world ocean. The upper ocean
physical processes have a large influence on its biological productivity. Oceanic

eddies and fronts, surface currents, turbulence and vertical mixing and upwelling are




Chapter 1 Introduction

some of the factors that play major roles in influencing the upper ocean dynamics.
Surface winds play a dominant role in the modification of ocean surface and drive
the upper ocean circulation. Strong wind stress and wind stress curl cause coastal and
open ocean upwelling under favourable conditions. It is established that most of the
fishing grounds of the world oceans are located in the regions where upwelling
occur. Coastal and open ocean upwelling can bring nutrients to the ocean surface
thus increasing the productivity of the ocean which in turn influences the marine
fisheries. Marine fishery resources are a significant component of the food security
of countries and a major source of income for the people of coastal regions of the
world. Changes in upwelling can result in large and significant changes in the
chlorophyll biomass and productivity. Chlorophyll-a is the most important pigment
involved in phytoplankton photosynthesis, and its concentration is used as a measure
of phytoplankton biomass. For this reason, the variability in the surface chlorophyll-a
concentration is a precursor to the changes in the primary production affecting the
fisheries. Being a low productive basin with high surface stratification,
understanding of the influence of wind forcing on upwelling and its effect on surface

chlorophyll distribution in the Bay of Bengal is important.

1.1. Wind forcing on the ocean surface

1.1.1. Wind

Stull (1994) defined the atmospheric boundary layer as the part of the troposphere
that is directly influenced by the presence of the earth’s surface, and responds to
surface forcings with a time scale of about an hour or less. The boundary layer
thickness varies from hundreds of meters to few kilometers depending on space and
time. The lowest part of the atmospheric boundary layer is the surface boundary
layer which is influenced by the turbulent drag of the wind on the sea surface. Wind
speed varies with height in the surface boundary layer, and hence the wind speed
usually referred to is the winds at 10 m height. Surface winds influence the sea
surface roughness, waves and the current systems. The wind driven circulation

occurs mainly in the upper few hundreds meters and therefore is primarily a

2



Chapter 1 Introduction

horizontal circulation in contrast to the thermohaline circulation (Pickard and Emery,
1990). Wind is the largest source of momentum for the ocean surface. It is an
important parameter in the determination of latent and sensible heat flux across

ocean-atmosphere interface, momentum flux and wind stress in the ocean surface.
1.1.2. Wind stress

The horizontal force of the wind or the shear stress exerted by the wind on the sea
surface is called the wind stress. Winds, through turbulent transfer of momentum
across the atmospheric boundary layer, exert a stress on the ocean’s surface which
drives ocean currents (Marshall and Plumb, 2013). Stress is approximately constant

with height near the surface.

Wind stress T (unit - N m™) given by the bulk formulation method is,
T=pCUf e (1.1)

where p = 1.225 kg m” is the density of air, U, is wind speed at 10 m, and Cp is

the drag coefficient.

For a neutrally stable boundary layer the drag coefficient is given by Large and Pond
(1981) as,

CD:1-2X10_3 for 4<U10<11rns'1 -------------- (1.2)
Cp=107(0.49 +0.065 Uyg) for 11<U;g<25ms " --cmmeeeeev (1.3)

Surface wind stress exerts a strong influence on the typical variation of wind through
the lowest kilometer of the atmosphere (Sanders and Charnock, 2014). Turbulent,
wind stirred motions confined to the near-surface layers of the ocean carry the wind
stress downward. The layer affected by the surface wind stress is called the Ekman

layer.
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1.1.3. Wind stress curl

Wind stress curl (WSC) is a fundamental quantity that influences the wind driven
ocean circulation. The curl of a field of vectors is a vector which measures the
tendency of the vectors to induce rotation. WSC gives an idea about the strength of

the rotation of the wind. WSC is calculated as the vertical component of the curl of

wind stress T.

WSC is given by,

or
curl(r)z ﬁxy —% (1.4)

where Ty and Ty are the x and y component of the wind stress. The unit of WSC is N

-3
m .

WSC is an important factor in the vorticity budget of the upper ocean. It is the
primary source of relative vorticity in the wind driven general circulation theories
(Milliff and Morzel, 2001). WSC influences the upper ocean circulation of mesoscale
and basin scale dimension. If the winds are cyclonic in the northern hemisphere then
the WSC is positive. Positive WSC causes divergence in the Ekman layer and
upward Ekman pumping leading to upwelling whereas negative WSC causes
convergence in the Ekman layer and downward Ekman pumping leading to
downwelling. The surface WSC is the forcing function in the equations of the
vertically integrated water transport of the wind driven ocean currents (Hantel,

1970).

1.2. The Ekman layer

Steady winds blowing over the ocean surface create a thin boundary layer known as
Ekman layer where the wind stress is communicated downward by turbulent, wind-
stirred motions. In the absence of friction, pressure gradient force is balanced by the

Coriolis force resulting in the geostrophic flow. On the ocean surface, frictional
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coupling between the wind and water causes the water to move in the direction of
wind. In the northern hemisphere, Coriolis force acts to the right of the direction of
motion which makes the flow at the ocean surface to turn to the right of the wind.
The balance of forces involves frictional force, which causes a departure from
geostrophic flow and water moves across isobars from high pressure to low pressure

areas (Fig. 1.1). Thus the flow in the Ekman layer is non-geostrophic.

L

Pressure Gradient Force
1000 mb Real Wind
Friction £ — — — —
1004 mb A Ceostrop hic Wind

1(_‘uri:hlis Force

H

Fig. 1.1 The balance between pressure gradient force, Coriolis force and friction
(Figure is taken from http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/fw/fric.rxml)

1008 mb

Stress exerted by the surface winds has the maximum effect at the ocean surface. The
lower layers of the ocean move by the friction between the layers of water above.
Consequently, the lower layer moves slower than the layer above and further turn to
the right due to Coriolis force. The direct influence of wind forcing decreases
gradually down the water column and stress reduces to zero at a depth called the
Ekman layer depth which is about 100-150 m. Thus, an Ekman spiral is formed
which rotates to the right and decays with depth in the Northern Hemisphere (Fig.
1.2). The Ekman spiral was first described mathematically by V Walfrid Ekman

(Ekman, 1905) after whom it is named.
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=~ surface current—>,

Fig. 1.2 Ekman spiral in the northern hemisphere where the mass transport is directed
to the right of the wind (Marshall and Plumb, 2013)

Ekman layer depth is the depth at which the current velocity is opposite to the
velocity at the surface and is about 4% of the surface current. The angle between the
wind and the flow at the surface depends on latitude, and is near 45° at mid latitudes.
Ekman mass transport is the net transport integrated over depth, and is at 90° to the
right of the wind in the northern hemisphere and to the left in the southern

hemisphere (Fig. 1.2).

The magnitude of Ekman mass transport M, is given by,

LA E—— (15)
where 7 is the wind stress, f =2 Q sin (¢) is the Coriolis force, Q is the angular speed
of the earth (7.292 x 107 rad s'l), ¢ is a latitude on the earth’s surface, and the unit of

M, iskgm” s (Smith, 1968).

1.3. Ekman pumping

The horizontal variations in surface wind stress can result in horizontal variations in
Ekman transport. This causes convergence or divergence in Ekman transport and
vertical flow develops at the base of the Ekman layer to conserve the water mass.

This process is known as Ekman pumping which results in a vertical upwelling or
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downwelling velocity called Ekman vertical velocity or Ekman pumping velocity

(hereafter VV).

The Ekman pumping velocity in m s is given by Smith (1968) as,

1 6 Ty 0 Tx)
w —( --------------- 1.6
€ po\ox f 8y f (1.6)
w, =k.V x =— (1.7
he e pof (1.7

where k is a unit vector in the z direction, 7, and 7,, are the wind stress components
inNm?, p,=1027 kg m™ is the density of sea water, f =2 Q sin (¢) is the Coriolis
force, Q is the angular speed of the earth (7.292x107 rad s™) and ¢ is a latitude on

the earth’s surface.

VV is proportional to the horizontal gradient of the wind stress. According to
Marshall and Plumb (2013), the flow within the Ekman layer is convergent in
anticyclonic flow (negative WSC) and divergent in cyclonic flow (positive WSC).
Convergence in the Ekman layer drives downward vertical motion and w, is negative
while divergence drives upward vertical motion and w, is positive in the ocean
surface. In the open ocean this convergence or divergence of water by Ekman
transport leads to downwelling and upwelling respectively. Redistribution of water
takes place to conserve the mass in the ocean and in the case of planetary scale flows,
it leads to wind driven geostrophic currents. It is the convergence and divergence of
Ekman transport induced by large scale wind patterns and the resulting flow that set
up the large scale ocean gyres (Marshall and Plumb, 2013). Also steady winds
blowing along the coastal regions on the sea surface produce an Ekman layer which
causes a net transport of water at right angles to the wind direction which lead to

coastal upwelling.
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1.4. Importance of upwelling

Upwelling is a process where the cooler subsurface waters from depths between 100
and 300 m move up towards the surface of the ocean, lower the sea surface
temperature (SST) and affect the biological productivity of the ocean which in turn
supports fisheries. Upwelling is important in ocean productivity as it brings the
subsurface nutrient rich waters to the oligotrophic surface waters which enhance
phytoplankton biomass and the surface chlorophyll concentration. Upwelling also
affects the current pattern and the local weather of the region. The reverse process of
surface waters sinking to subsurface depths is called downwelling. In the upwelling
process, winds blowing across the ocean surface push the water away and subsurface
water rise to replace the water that was pushed away. Surface wind cause divergence
and convergence of surface water under favorable conditions leading to upwelling
and downwelling respectively. Changes in upwelling can lead to considerable change
in the productivity of the ocean. Upwelling regions which form only 0.1% of the
oceanic water has high fish productivity compared to the extremely low fish
productivity of the open ocean which constitute about 90% of the oceanic waters
(Ryther, 1969). While open ocean produces 0.7% of the total fish production and
coastal zone which makes up the 9.9% of the oceanic waters produces 54% of the
fish, the upwelling regions produce 44% of the total fish production (Crisp, 1975).
The enhanced primary production (PP) in the upwelling regions lead to an increase in
secondary production of zooplankton and eventually fisheries thus contributing to the
marine food web. Sachoemar et al. (2010) observed that high surface chlorophyll-a
(chl-a) concentration occurred during the monsoon seasons in the Lampung Bay,
Indonesia and during this time the abundance of pelagic fish was very high within

this region.

The PP is high in upwelling regions as it depends on the availability of nutrients and
sunlight. West coast of continents, equatorial Atlantic and Pacific during La Nina
and western Indian Ocean are regions where nutrients are brought to the surface by

wind mixing or upwelling (Martin, 2004). Generally, coastal upwelling occurs along
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the western coasts of the continents. Some exceptions are along the northeastern
African coast, Somali coast, east coast of Arabia and to some extent in the east coast
of India (Madhu et al., 2002). In the North Indian Ocean (NIO), upwelling off the
coasts of Somalia and Arabia is strong. Lateral advection carries the nutrient-rich
upwelled water from the coasts of Somalia and Arabia to the central Arabian Sea and
increases the biological productivity in that region (Prasanna Kumar et al., 2001).
However, upwelling observed off the west and east coasts of India are relatively
weak. In the NIO, the Bay of Bengal (hereafter BoB) is a less productive basin
compared to the Arabian Sea (Prasanna Kumar et al., 2002; Gomes et al., 2000;
Madhupratap et al., 2003). Upwelling occurs in varying intensities along the west
and east coast of India during the southwest monsoon (SWM). Upwelling has been
reported at a few positions along the east coast of India during the SWM season

(Lafond, 1957; Murty and Varadachary, 1968; Rao and Chamarthi, 1997).

Upwelling systems can be classified into two major categories based on the driving
forces as wind driven and dynamic. Wind driven upwelling results from the
divergence in the Ekman layer of the ocean by the wind stress acting on the ocean
surface. Dynamic upwelling occurs when the flow of ocean currents causes surface
water to diverge in the open ocean. Where adjacent ocean surface waters flow away
from each other, deeper water rises to replace them (Conway and The Maryland
Space Grant Consortium, 1997). Upwelling/downwelling process is divided into
three categories based on the region of occurrence: (i) Coastal upwelling, (ii)

Equatorial upwelling and (iii) Offshore or open ocean upwelling.

1.4.1. Coastal upwelling

Coastal upwelling is a near shore phenomenon in which subsurface water from
depths is brought to the sea surface. When a spatially uniform along-shore wind
stress acts on the sea surface with the coast to its left in the northern hemisphere, an
Ekman mass transport develops which carries the water to the right of the wind

direction. The surface water gets diverged, moves offshore and cooler subsurface
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water rise to the surface near the coast (Fig. 1.3a). This process is called coastal

upwelling.

Fig. 1.3 Coastal Upwelling and downwelling when the wind blows parallel to the
coast in the northern hemisphere with a) the coast to the left and the Ekman transport
away from the coast causing upwelling, and b) the coast to the right and the Ekman
transport towards the coast which cause downwelling (figure is taken from
http://oceanmotion.org/html/background/upwelling-and-downwelling.htm).

But downwelling takes place if the wind blows in the opposite direction, i.e. when
the coast is to the right of the wind in the northern hemisphere (Fig. 1.3b). In the
Southern Hemisphere, coastal upwelling occurs when the wind blows with the coast
on its right. For a steady and uniform wind blowing on the surface of a uniform and
homogeneous ocean of infinite extent, Ekman (1905) showed that there exists a net
transport of water in the surface layer due to the effect of the earth’s rotation and
frictional forces. According to Hidaka (1958), the most intense upwelling occurs

when the wind makes an angle of 21.5° with the coastline in an offshore direction.

Coastal upwelling is common along the eastern boundaries of the oceans (Rao et al.,
2005; Rao et al., 2008) and it exists also along the western boundaries of the oceans
like BoB (Rao et al., 1986). Coastal upwelling is closely related to human activities

as it supports some of the most productive fisheries in the world.

1.4.2. Equatorial upwelling

Large scale equatorial upwelling takes place along the equator due to the divergence
in the Ekman layers. At the equator, the Coriolis parameter is zero but starts acting

away from the equator. Hence, the westward flowing wind driven surface currents
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near the equator turn northward on the north side of the equator and southward on the
south side due to the Ekman transport (http:// oceanmotion.org/ html/ background/
upwelling-and-downwelling.htm). This results in the movement of surface water
away from the equator and upwelling occurs along the equator to conserve the mass.
This is called Equatorial upwelling. Easterly winds blowing along the Inter Tropical
Convergence Zone (ITCZ) in both the Pacific and Atlantic Basins drive water to the
right (northwards) of the wind in the Northern Hemisphere and to the left
(southwards) in the Southern Hemisphere. This results in a divergence in the Ekman
layer by which the cooler nutrient-rich water gets upwelled from below. Equatorial
upwelling causes high chlorophyll concentration along the equator. In the tropical

Indian Ocean, equatorial upwelling is not prominent compared to other two basins.

1.4.3. Open ocean upwelling

Away from the equator the Coriolis force becomes important, and the offshore water
gets deflected to the right in the Northern Hemisphere and to the left in the Southern
Hemisphere. The WSC can be regarded as a forcing function for oceanic motion.
Positive WSC is favorable to upwelling in the Northern Hemisphere and
downwelling in the Southern Hemisphere. Negative WSC is favorable to upwelling
in the Southern Hemisphere and downwelling in the Northern Hemisphere (Rao and
Shree Ram, 2005). WSC rotate surface water either in the cyclonic (anti-clock wise),
or in the anti-cyclonic (clockwise) circulation (Hastenrath and Lamb, 1979).
Upwelling and downwelling occur in the open ocean where surface winds cause
ocean surface waters to diverge from a region leading to upwelling or converge
toward some region causing downwelling
(http://oceanmotion.org/html/background/upwelling-and-downwelling.htm). The
open ocean upwelling does not have bottom influence. It has weak lateral advection
and extends longitudinally. Areas of open ocean upwelling have high biodiversity

and occupy large areas (Angel et al., 1995).
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1.5. Chlorophyll in the upper ocean

Phytoplankton are microscopic plants that are the principal photosynthetic organisms
in the ocean and form the base of ocean food webs (Falkowski and Raven, 1997).
Phytoplankton use photosynthesis to fix inorganic carbon into organic forms of
carbon such as carbohydrates (Martin, 2004). Since phytoplankton can fix inorganic
carbon and convert solar to chemical energy, phytoplankton contributes to the global
carbon cycle. Their rate of growth and of carbon fixation is called PP (Martin, 2004).
It can be also defined as the total chemical energy contained within an ecosystem as
a direct result of photosynthesis (Bukata, 2005). Ocean primary productivity (OPP),
defined as the sum of all photosynthetic rates within an ecosystem (Bukata, 2005) or
the rate of carbon fixation as a direct result of photosynthesis in mg C m?*d’ plays

an essential role in the global carbon cycle.

Photosynthetic pigments present in phytoplankton cell are chl-a, the accessory
pigments chlorophyll-b and c, and the photosynthetic carotenoids (Martin, 2004).
Chl-a concentration provides a measure of phytoplankton abundance and biomass as
it is the only photosynthetic pigment present in all phytoplankton (Yoder and
Kennelly, 2003). So Chl-a concentration has been used as a proxy for phytoplankton
biomass (e.g. Ryther and Yentsch, 1957). The annual production of oceanic
chlorophyll is about 10'* kg (Jeffrey and Mantoura, 1997). According to Behrenfeld
et al. (2001), phytoplankton in ocean are accountable for approximately half of the
global biospheric net PP. Gregg et al. (2003a) point out that long term changes in
ocean PP can affect the global carbon cycle. Many factors affect the growth of
phytoplankton and hence they are a good indicator of change in their environment.
Study of the variation in Chl-a concentration is important since the changes in ocean
environment can affect growth and abundance of phytoplankton, which in turn

influence the PP of the ocean and eventually fisheries.
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1.6. Factors affecting surface chlorophyll concentration

Phytoplankton requires sunlight and nutrients for its growth and is present in the
upper ocean layer known as euphotic zone (up to 50-100 m depth) where there is
availability of sunlight to help in photosynthesis. In the tropical oceans where
sunlight is abundant, availability of nutrients control the phytoplankton biomass of
the upper layer. In warm stratified upper oceans, nutrients are used up by
phytoplankton; hence the increase of phytoplankton depends on nutrient availability.
Therefore, oceanic processes that bring nutrients into the euphotic zone influence the
phytoplankton biomass and chlorophyll concentration in the upper ocean. According
to Lin et al. (2003), nutrients can be brought to the surface by various processes that
pump nutrient-rich deep water to the euphotic zone. Vinayachandran et al. (2004)
listed coastal upwelling caused by alongshore winds, open ocean upwelling driven
by Ekman pumping, entrainment due to wind stirring at the base of the mixed layer
and horizontal advection due to ocean currents as the processes that bring nutrients to
the surface of the ocean. Seasonal changes in the physical forcing influence these
processes and in turn change the chlorophyll concentration at the surface depending

on the latitude and regional characteristics.

Ocean phytoplankton biomass and thus chlorophyll concentration is highly variable
in space and time (Yoder and Kennelly, 2003). Stratification, destratification and
incident solar irradiance which vary with the season and latitude are some of the
factors that influence the phytoplankton variability in the ocean (Longhurst, 1998;
Gregg, 2001). Wind mixing in the tropics and subtropics can destratify the water
column and bring nutrient-rich water to the sunlit ocean surface thus supporting the
phytoplankton photosynthesis and growth (Yoder and Kennelly, 2003). During
summer, strong stratification in these regions prevents the nutrients supply to upper
layers which reduce photosynthetic rate and biomass (Yoder et al., 1993). Warm
ocean temperatures increase the mixed layer stratification, inhibiting the entrainment
of nutrients from below to support ocean PP (Sarmiento et al., 1998). According to
Prasanna Kumar et a/l. (2002), apart from near-surface stratification caused by high

SST and large freshwater influx, weak winds also inhibit the vertical mixing to a
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shallow depth which prevent the upward transport of subsurface nutrients. The
available nutrients in the surface layer is utilised in photosynthesis which makes the
PP nutrient limited (Prasanna Kumar et al.,, 2000). There exists an inverse
relationship between temperature and nutrient concentration in the surface waters
which vary seasonally depending upon the geographical locations except at higher
latitudes (Kamykowski, 1987). Sathyendranath et al. (1991) has shown that the
abundance of phytoplankton increase the absorption of radiation and influence
seasonal evolution of SST. The nitrate transport into the open ocean by river inflow
is significantly low as most of the nitrate is consumed biologically within the
estuaries and coastal region (Prasanna Kumar et al., 2002). Also the suspended
sediments in the river inflow increases the turbidity of the water column and inhibits

the light available for photosynthesis (Prasanna Kumar et al., 2004).

Wind induced turbulence cause transport of nutrients into the euphotic zone and
influence nutrient availability for the PP (Dwivedi ef al., 2004). Wind-stirring causes
the vertically upward transport of nutrients from the upper thermocline into the
euphotic zone by convective entrainment (Lee et al., 2000). Vertical mixing by
strong winds increases the mixed layer thickness and enrichment of nutrients in the
upper layer, which in turn support high production (Prasanna Kumar et al., 2000).
Also seasonal cooling of surface waters and the cooling due to evaporation by strong
winds generates convection which causes vertical mixing of water mass (Dwivedi et
al., 2004). Upwelling can bring nutrients to the ocean surface thus increasing the
productivity of the ocean (Prasanna Kumar et al., 2002). Nutrients could be brought
to the surface by cyclones or high speed winds, in varying amounts that depends on
location, intensity and residence time (Kumar et al., 2004). Tropical cyclones can
change the oligotrophic (nutrient depleted) condition of an ocean surface into a
productive region by the associated intense wind stirring and surface divergence
(Subrahmanyam et al., 2002). Prasanna Kumar et al. (2004) proposed eddy pumping
as a possible mechanism of vertical transfer of nutrients across the halocline to the
oligotrophic euphotic zone during summer monsoon when the upper ocean is highly

stratified. Upwelling in the cold core eddies bring nutrients to the surface layer,
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which cause an increase in chlorophyll concentration and PP. When compared to the
coastal upwelling driven by winds, upwelling associated with cold core eddies might

start from greater depths (Ning et al., 2004).

1.7. Eddies in the ocean

Oceanic eddies are circulating water bodies and they are generally formed either by
separation of a meander or due to the force exerted by the WSC (Madhusoodanan
and James, 2003). It is a mesoscale feature of 10-100 km width and can last for
weeks to months. In highly stratified waters, enhancement of biomass and PP occurs
episodically when mesoscale physical phenomena increase the concentration of
nutrients in the euphotic zone (Ning et al., 2004). There are cold core eddies and
warm core eddies in the ocean. Cold core eddies in the northern hemisphere rotate
anti-clockwise causing the water to get diverged from the center which is replaced by
cooler deep water. Thus a cyclonic eddy has raised thermocline, low SST and low
sea level at the centre compared to the surrounding water. A cyclonic eddy occurs
when the negative sea level anomaly (SLA) becomes less than 10 cm
(Vinayachandran, 2009). Upwelling in the cold core eddy brings nutrients to the
upper water column, which in turn increases the chl-a concentration and PP. Unlike
the coastal upwelling due to winds, upwelling associated with cold eddies might start
from greater depths (Ning ef al., 2004). When the nutricline and thermocline are
coincident, enhanced phytoplankton production is expected in cyclonic eddies
(Williams and Follows, 2003). Warm core eddies rotate clockwise and water
converges at the center of the eddy in the northern hemisphere. These anti-cyclonic
eddies have depressed thermocline, high SST and raised sea level at the center of the

eddy compared to the surrounding water.

1.8. Bay of Bengal - the study area and its characteristics

The BoB is a tropical basin of intense atmosphere-ocean interaction, experiences
monsoon depressions and tropical cyclones, and receives large volume of fresh water

from both river run-off and rainfall. The BoB is located at 5°- 22°N and 80°-100°E,
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and bordered by Sri Lanka, India, Bangladesh and Myanmar (Fig. 1.4). On the west,
the Bay is bounded by east coast of India and Sri Lanka, on the north by the deltaic
region of the Ganges-Brahmaputra-Meghna river system, and on the east by the
Myanmar peninsula extending up to the Andaman-Nicobar ridges. The Andaman and
Nicobar Islands, separate it from the Andaman Sea to the southeast. The southern
boundary of the Bay is approximately along the line drawn from Dondra Head in the

south of Sri Lanka to the northern tip of Sumatra (Guo, 2006).
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Fig. 1.4 Bay of Bengal - study area

1.8.1. Winds

The BoB comes under the influence of seasonally reversing winds associated with
the Indian monsoon, i.e. SWM or summer monsoon (Jun-Sep) and Northeast
monsoon (NEM) or winter monsoon (Nov-Feb). In the NIO, winds generally blow
from the southwest during summer monsoon and are much stronger compared to the
winds that blow from northeast during winter monsoon. Southwesterlies have an
average wind speed of 15 m s™ (Bauer ez al., 1991) and the northeastlies are strongest
in December, with an average speed of about 5 m s'. (Hastenrath and Lamb, 1979).
Mar-Apr and October are months of transition between the monsoons and during this

time winds are weakest (Shetye and Gouveia, 1998). These seasonally reversing
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monsoon winds over the NIO force a seasonally reversing circulation in the upper
ocean. The eastern boundary intersects the equator and because of the proximity to
the equator the region can support rapidly propagating tropical planetary waves, and
the seasonal winds are the mechanism for generating such low-frequency waves

(Shetye et al., 1996).

1.8.2. Circulation

Fig. 1.5 is a schematic representation of the large-scale circulation during January
and July respectively in the NIO. The major seasonally reversing currents are the
Somali Current (SC), which flows poleward (equatorward) along the coast of
Somalia during the summer (winter) monsoon (Shetye and Gouveia, 1998; Schott
and McCreary, 2001; Shankar et al., 2002) and the current along the equator called
Equatorial Current (EC), where eastward surface flow is observed during the
transition periods between NEM and SWM during Apr—-May and Oct-Nov (Shankar
et al., 2002; Schott and McCreary, 2001). The coastal circulations near Indian coast
are East India Coastal Current (EICC) along the east coast of India (Shetye and
Gouveia, 1998; Schott and McCreary, 2001; Vinayachandran et al., 1996) and the
West India Coastal Current (WICC) along the west coast of India. EICC is
northeastward from February to September with the northward flow strong during
Mar-Apr and southwestward from October to January with the strongest flow in
November (McCreary et al., 1996; Shankar et al., 1996; Shetye et al., 1996). The
WICC flows southward from March to October with the peak strength in July and
flows northward during the winter monsoon and is most developed during January

(Schott and McCreary, 2001; Shenoi et al., 2005).

The large scale seasonally reversing monsoon currents are also significant in the NIO
and these currents transfer water masses between Arabian Sea and BoB. During
winter, the Winter Monsoon Current (WMC) flows westward from the eastern BoB
to the western Arabian Sea (Shankar et al., 2002). During summer monsoon, the

Summer Monsoon Current (SMC) flows eastward as a continuous current from the
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western Arabian Sea to the BoB, replacing the westward WMC (Shankar et al.,
2002).

Schematic of circulation in the Indian Ocean
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Fig. 1.5 Schematic representation of the circulation in the Indian Ocean during
January and July. The abbreviations are as follows - SMC-Summer Monsoon
Current; WMC-Winter Monsoon Current; EICC-East India Coastal Current; WICC-
West India Coastal Current; SC-Somali Current; EC-Equatorial Current; SECC-
South Equatorial Counter Current; EACC-East African Coastal Current; SEC-South
Equatorial Current; LH-Lakshadweep high; LL-Lakshadweep low; and GW-Great
Whirl. (The figure is taken from Shankar et al., 2002)

During the pre-monsoon months (Mar-May) there is a well developed anticyclonic
gyre in the Bay with a poleward EICC (Shetye et al., 1993). The EICC flows

equatorward all along the coast in Nov-Dec (Shetye et al., 1996). During the summer
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monsoon (Jun-Sep) the EICC flows poleward along the southern part of the Indian
coast and equatorward farther north (Shetye et al., 1991).

1.8.3. Kelvin waves and Rossby waves

Planetary waves such as Rossby waves and Kelvin waves can propagate over large
distances and affect the ocean circulation in remote regions far from their origin.
Coastal Kelvin Waves balance the Coriolis force against a topographic boundary
such as shoreline. They always propagate with the shoreline on the right in the
northern and on the left in the southern hemisphere. Equatorial Kelvin waves balance
the Coriolis force in the northern hemisphere against its southern hemisphere
counterpart. Thus, equatorial Kelvin waves are only possible for eastward motion.
Oceanic Rossby waves move along the thermocline, and have low amplitude of the
order of centimetres (at the surface) to meters (at the thermocline) when compared to
its long wavelength. The zonal phase speed of Rossby waves is always westward and

they may take months to cross an ocean basin.

Potemra et al. (1991) highlighted the role of these planetary waves in setting up of
the seasonal circulation in the BoB. They showed that coastal Kelvin waves
propagate along the entire perimeter of the BoB and these waves excite westward
propagating Rossby waves into the interior of the Bay. The prominent feature of the
annual cycle in the Bay are an anticyclonic gyre with a poleward EICC during Feb-
May and an equatorward EICC during Oct-Dec. During the summer monsoon, the
coastal current flow poleward in the south and equatorward in the north.
Vinayachandran et al. (1996) used a general circulation model to suggest that this
circulation can be linked to two coastal Kelvin wave pulses that originate along the
eastern boundary of the Bay during the summer and winter monsoons. These two
pulses contribute towards the circulation in the Bay by radiating Rossby waves.
McCreary et al. (1993) further showed that that the winds along the eastern rim of
the BoB also trigger Kelvin waves, which not only influence the EICC, but also turn
around the Sri Lanka to propagate poleward along the west coast of India,

influencing the WICC.
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1.8.4. Salinity

Salinity and temperature are two properties that affect the density of the sea water
and the stratification at the ocean surface. Salinity of the BoB is highly variable with
very low salinity due to fresh waters at the surface in the northern Bay and saltier
waters at the subsurface as well as to the south (Benshila et al., 2014). Salinity near
the surface in the northern BoB can be as low as 31 ppt because of the large
freshwater influx due to rain and river runoff
(http://www.nio.org/index/option/com_nomenu/task/show/tid/2/id/140). Prasanna
Kumar et al. (2010) has shown that during the pre-monsoon season, BoB
experienced warm surface temperature (>29°C) and high salinity (>33 psu) which
decreases the stability of the water column. The authors also showed that during
SWM and post-monsoon season, the salinity decreased by 4-6.5 psu especially in the
northern Bay due to the fresh water influx from rivers and high precipitation. EICC
which flows southward during Nov-Dec advects low salinity water along its path
(Shetye et al., 1996). The thin layer of fresh water that caps the northern half of the
BoB influence the hydrography of the upper ocean by the formation of a barrier layer
which affects the air-sea exchanges (Vinayachandran and Kurian, 2007). The
shallow halocline and enhanced stability in the upper ocean help to maintain high
heat content and SST throughout the year (Han and McCreary, 2001; Shenoi et al.,
2002). The stratification due to salinity prevents the cooling of ocean surface by
cyclones and hence favours intense cyclones (Sengupta et al., 2008). The salinity
also influences the amplitude of intra-seasonal variability of SST in the BoB

(Vinayachandran et al., 2012).
1.8.5. Sea surface temperature and surface stratification

Though located in the same latitudinal belt, Arabian Sea and the BoB exhibit distinct
oceanographic features (Rao and Shree Ram, 2005). SST in the BoB is typically
between 22°C and 31°C which is about 1-2°C less than the surface temperature in the
Arabian Sea (http://www.nio.org/index/option/com_nomenu/task/show/tid/2/id/140).
The BoB is distinguished by a strong stratified surface layer. The BoB receives a
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large volume of fresh water as river discharge and experiences more precipitation
than evaporation resulting in an upper layer of less saline water for a large part of the
year (Vinayachandran, 1992). On the other hand, Arabian Sea receives highly saline
waters from the Persian Gulf and the Red Sea, and evaporation exceeds precipitation
making an upper layer of high saline waters (Vinayachandran et al., 1996). Since the
surface salinity is very low in the BoB, the stratification in the upper layer is
dominated by salinity gradients rather than temperature gradients (Shetye et al,
1991). SST of the Bay remains above 28°C during most part of the year
(Vinayachandran and Shetye, 1991) which is the threshold SST for active generation
of large-scale convection/precipitation (Gadgil ef a/, 1984). During the SWM season,
the northern Bay is characterized by high SST, shallow surface layer of low salinity
and weak wind compared to the Arabian Sea (Rao et al., 2011). The weak winds
cannot overturn the stratified low-salinity surface layer and hence the mixed layer
becomes shallow. Once the strong stratification in the surface layer takes place, the
SST is mainly driven by surface net heat flux (Rao ef al., 2011). As a consequence,
though the Arabian Sea and BoB get almost same amount of net radiative heating,
the SST over BoB is much warmer than that over Arabian Sea (Shenoi et al., 2002).
The intraseasonal SST changes can be associated with changes in the surface winds
and atmospheric convection over BoB (Rao et al., 2011). At the same time these
atmospheric changes may be responsible for the observed SST variability over the

Bay (Rao et al., 2011).

Many major rivers of India flow into the BoB: in the north, the Ganges River (or
Ganga), Meghna and Brahmaputra rivers, and in the east Mahanadi, Godavari,
Krishna and Kaveri (or Cauvery) rivers. The Irrawaddy River of Myanmar also flows
into the bay. The four major rivers Irrawaddy, Brahmaputra, Ganga, and Godavari,
discharge annually approximately 1.5X10'* m® of fresh water into the Bay (Martin et
al., 1981). The Brahmaputra and Ganga rivers alone discharge approximately 10"
m’ yr' of fresh water into the Bay at its northern end (Martin et al., 1981). The fresh
water influx by Godavari in the middle of the east coast of India is about 8.5x10'* m’

yr'l (Martin et al., 1981). About three fourths of all riverine influx occurs during the
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SWM (Shetye et al, 1996). During Aug-Sep, the combined discharge of Ganga and
Brahmaputra has a peak of about 70x10° m® s (Emery and Aubrey, 1989). The
annual rainfall over the Bay varies between 1 m off the east coast of India to more
than 3 m in the Andaman Sea and the coastal region north of it (Baumgartner and
Reichel, 1975). The total runoff from the peninsular rivers, which peaks during
summer monsoon, amounts up to about 1.625x10” m’ yr' (Subramanian, 1993).
This large influx of fresh water through river runoff and precipitation results in a
layer of low saline water at the ocean surface and leads to a strong stratified surface
layer. The stability parameter in the BoB is 3-4 times greater than that in the Arabian
Sea (Prasanna Kumar et al., 2002) making it increasingly difficult to perturb the BoB

except during the cyclonic storm period.
1.8.6. Chlorophyll and productivity

Biological productivity of the BoB is low compared to the Arabian Sea (Gomes et
al., 2000; Madhupratap et al., 2003; Prasanna Kumar et al., 2002). In contrast, very
high biological production occurs in the western Arabian Sea in response to strong
upwelling and favourable summer monsoon winds (e.g., Banse and English, 2000).
During winter, convective mixing due to surface cooling leads to enhanced
productivity in the northern Arabian Sea (Madhupratap et al., 1996). Enhanced
production in the central Arabian Sea is due to open ocean upwelling through Ekman
pumping, wind driven vertical mixing and lateral advection, whereas high
productivity along the southwest coast of India in summer is mainly due to coastal
upwelling (Prasanna Kumar et al., 2001; 2002). Coastal upwelling regions in the Bay
tend to be rich in nutrients, whereas the extensive central regions are nutrient-
deficient. Prasanna Kumar ef al. (2002) attributed the relatively low production in the
BoB to strong stratification, high SST and relatively weak winds. The winds are
unable to erode the halocline, restricting turbulent vertical mixing and inhibiting the
injection of subsurface nutrients into the mixed layer. The presence of eddies lead to
high chlorophyll in the western BoB (Gomes et al., 2000). They showed that
physical processes such as ocean currents and eddies are able to erode the

stratification and upwell nutrients leading to high chlorophyll in the western BoB.
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Estimates by Prasanna Kumar et al. (2004) support the notion that eddies might be
important in bringing subsurface nutrients into the well-lit surface layer of the Bay.
Kumar et al. (1996) found that large regions in the Bay have pCO2 levels far below
the atmospheric value, which they attributed to high new production. Kumar et al.
(2004) used measurements based on Nitrogen isotopes to show that new production
in the Bay is high in both pre-monsoon and post-monsoon seasons. They estimated
that only 20% of the nitrogen required to support the observed production comes
from the rivers and atmosphere. The remaining 80% has to come from nitrate from
deeper waters. It is possible that a significant part is due to entrainment of subsurface

water by large disturbances such as cyclones.
1.9. Ocean response to tropical cyclones

Tropical cyclones with strong wind and heavy rainfall represent the extreme cases of
episodic disturbances that have profound influence on the abundance and production
of marine phytoplankton (Chang et al., 1996). Ramesh Kumar and Sankar (2010)
have shown that the relationship between SST and maximum wind speed of tropical
cyclones is complex over the BoB. One of the most striking effects of a tropical
cyclone on the upper ocean is the marked cooling of SST. SST cooling is mainly due
to the vertical mixing of cool subsurface water under the action of cyclonic winds.
Mature cyclones exert strong stress on the ocean surface, creating large vertical shear
of horizontal currents. The mixed layer deepens due to entrainment of cooler water
from below. About 20% of the observed SST cooling is due to surface fluxes of
latent and sensible heat to the atmosphere, and the remaining 80% due to vertical
mixing at the base of the oceanic mixed layer (Jacob and Shay, 1999). Black (1983)
reported upper ocean cooling of 1-6°C with mixed layer deepening by 20-50 m for
fast, moderate and slow moving tropical storms in the Atlantic Ocean. Lin et al.
(2003) reported SST cooling by as much as 6°C due to the slow moving tropical
cyclone Kai-Tak in Jul 2000 in the South China Sea, associated with mixed layer
deepening of 70m. Cooling of NIO SST by tropical cyclones has been studied by
several authors (e.g. O’Brien and Reid 1967; Rao et al., 2004). Premkumar et al.

(2000) observed a 3°C fall in SST in association with a tropical cyclone in the
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Arabian Sea. In the open ocean, tropical cyclones may deepen the mixed layer by 20-
30 m (Malone et al., 1993). Son et al. (2006) observed a decrease in SST by 2-4°C
associated with an increase in the chlorophyll concentration by about 70% due to a

typhoon in the Japan/East Sea.

Nutrients could be brought to the surface by the cyclones or high speed winds, in
varying amounts that depend on location, intensity and residence time (Kumar ef a!.,
2004). Strong winds associated with tropical cyclones cause entrainment and
upwelling in the tropical and subtropical oceans (Price, 1981; Emanuel, 1999).
Tropical cyclones alter the generally prevailing oligotrophic conditions by brining
deep layer nutrient-rich water in to the upper layer making it productive and lead to
localized intense blooms. This fuels the photosynthetic activities in the light-replete
euphotic zone and cause enhancement of PP (Lin et al., 2003). According to Kumar
et al. (2004), major part of the nitrogen required for the high new production during
pre-monsoon and post-monsoon seasons is made available by cyclones through the

entrainment of nutrient rich subsurface water.

The first study in the Indian Ocean about the influence of a tropical cyclone on
phytoplankton (Subrahmanyam et al., 2002) based on satellite chlorophyll
observations showed phytoplankton blooms in response to an Arabian Sea cyclone in
May 2001. Using Ocean Colour Monitor (OCM) on board Indian Remote Sensing
Satellite (IRS-P4) data and an ocean model, the authors suggested that increase of
mixed-layer depth (MLD) due to intense wind stirring leads to entrainment of
nutrients into the surface layer. The injection of nutrients into the surface layer with
near-zero nutrient concentration leads to strong phytoplankton blooms with 5-8 mg
m” of surface chl-a concentration. Vinayachandran and Mathew (2003) documented
the occurrence of enhanced phytoplankton in the BoB during the NEM using chl-a
from Ocean Color and Temperature Scanner (OCTS) and Sea-viewing Wide Field of
view Sensor (SeaWiFS). During Nov-Dec, the chl-a in the open Bay is very low
(<0.15 mg m™), but patches of high chlorophyll concentrations were seen off the east

coast of India during Nov-Dec 1996. The authors suggested that open ocean
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upwelling driven by Ekman pumping caused the bloom and also cyclones which are

common during this period helped to intensify the bloom in their region of influence.

1.10. Obijectives of the study

This work aims to achieve the following objectives

1. Analyse the temporal and spatial distributions of some of the physical properties
that are important to upwelling and surface chl-a concentration in the Bay of
Bengal.

2. Analyse the variations in the depth of 20°C isotherm (D20) in the BoB, and its
relation to Ekman pumping, sea level variations and surface chl-a concentration.

3. Study the seasonal to inter-annual variations in surface chl-a concentration and
its relation to Ekman pumping and sea level changes.

4. Examine the upper ocean response to the upwelling induced by tropical cyclones

in the BoB.

The thesis is divided into seven Chapters with further subdivisions. Chapter 1
explains the importance of wind induced upwelling in the distribution of surface
chlorophyll in the upper ocean. Physical and biological characteristics of the BoB
and the importance of upwelling in the productivity of this Bay are described in
detail in this Chapter. It also includes a detailed literature survey of the previous
studies carried out on the physical and biological properties of the BoB. Chapter 2
describes different data sets used in the study and the methodology adopted for
different analyses and computations. The satellite sensors and the retrieval methods

of parameters by the sensors are described in detail.

In Chapter 3, the spatial and temporal distributions of the important physical and
biological properties (WSC, SST, SLA and chl-a) in the BoB have been analysed
based on seasonal and monthly climatology of eight years from 2000 to 2007. In
Chapter 4, the variability of WSC in the BoB has been analysed using the Empirical
Orthogonal Function (EOF) analysis. The analysis gives spatial patterns of WSC and

associated time series. The spatial patterns of WSC associated with these modes
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present the major elements of BoB climatology. The spatial distribution of wind
stress in the BoB during the SWM has been analysed in Chapter 4. The inter-annual
variations in the extent of the cold pool of southcentral Bay have been studied and
the results are explained in this Chapter. VV has been computed from WSC and
analysed in the regions of high wind stress in the BoB along with SLA.

Chapter 5 deals with the upwelling and its significance in relation to surface
chlorophyll distribution in the BoB. In order to understand the sub-surface
oceanographic structure, the monthly variations of D20 has been analyzed using
NCAR reanalysis water temperature data. Based on prominent annual signatures of
D20, four areas were considered for further study. Comparison of monthly variations
of D20 indices have been carried out with VV, SLA, and chl-a indices and the results
explained in this Chapter. The seasonal and inter-annual variations in the chl-a
distribution have also been analysed and explained in this Chapter. The relationship
of surface chl-a concentration with VV and SLA has been examined for the selected

regions and the results explained.

In Chapter 6, the upper ocean response to the upwelling induced by tropical cyclones
in the BoB has been analysed. The effect of strong winds during the cyclones on
physical and biological processes has been examined by analyzing the changes in
SST, surface chl-a concentration and PP in the cyclone affected area in the ocean.
The analysis have been carried out for two intense tropical cyclones having wind
speed more than 64 kts, one during May 2003 (pre-monsoon) which moved
northward and another during Nov 2000 (post-monsoon) which moved westward.
Chapter 7 contains the summary and conclusions of the thesis. References in the text
and publications during research period are cited in the alphabetical order after

Chapter 7.
1.11. Significance of the study

The BoB is a highly stratified basin with low productivity compared to Arabian Sea

in the NIO. Generally, the availability of nutrients is low in the central open ocean
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of BoB leading to low PP whereas the coastal areas of BoB are nutrient rich with
high PP. The low productivity of the BoB has been attributed to the presence of
strong surface stratification and relatively weak winds which together prevent the
nutrients from reaching the ocean surface. Hence the studies of physical processes
that can break the stratification and bring nutrients to the ocean surface are of

importance in the BoB.

Winds over the BoB play a major role in the dynamics of ocean surface which also
cause divergence of surface waters and upwelling in the coastal and open ocean
under favorable conditions. Seasonal to inter-annual changes in phytoplankton
biomass and productivity are important components of the total variability associated
with ocean biological and biogeochemical processes (Yoder and Kennely, 2003).
Biomass turnover rates for plankton ecosystems are one hundred times faster than
those for terrestrial ecosystems, thus making the relation between upper ocean
ecology and physical forcing very important (Barnes et al., 2003). Temporal
variability of ocean chlorophyll provides information on PP and subsequent
assessment of secondary and higher order production processes such as zooplanktons
and marine fisheries (Dey and Singh, 2003). Phytoplankton patterns provide the basis

for mesoscale and global marine ecosystem studies (Barnes et al., 2003).

In this thesis, effect of wind on surface chlorophyll distribution in the BoB has been
analysed. The study helps to understand the spatial distribution and seasonal to inter-
annual variability of various physical properties of importance in upwelling in the
BoB. The study also helps to understand the temporal and spatial variability of
phytoplankton in the surface waters of BoB. Analysis of physical properties help to
identify the upwelling zones in the BoB, the knowledge of which is highly beneficial
in identifying the locations of biological importance and possible fishing grounds in

the ocean.
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Data and Methodology

2.1. Introduction

The study of the influence of wind on surface chlorophyll distribution in the BoB has
been carried out mostly using various remote sensing data from satellite
observations. Some of the physical and biological parameters of importance that
either influence or reflect the presence of upwelling in ocean are WSC, SST, SLA,
water temperature, MLD and chl-a concentration. The spatial and temporal
distributions of these parameters and their inter-relations in the BoB have been
analyzed using satellite data. WSC is obtained from QuikSCAT scatterometer wind,
SST from TRMM Microwave Imager (TMI) and Terra Moderate Resolution Imaging
Spectroradiometer (MODIS), chl-a concentration from SeaWiFS and Terra MODIS,
and SLA from merged altimeter observations. Modeled output of water temperature,

PP and MLD has also been used for various analyses in the thesis.
2.2. Remote sensing parameters and sensors

Remote sensing from space provides a vantage point from which we can measure
and map the ocean surface features on a global scale at different spatial resolution
and can study reasonably fine details of ocean surface. Some of the important
parameters related to upwelling such as sea surface winds, SST, surface chl-a
concentration, sea surface height (SSH) can be measured using satellite sensors.
Passive and active sensors like radiometer, scatterometer and altimeter and also
optical scanner provide information of the above parameters. As with any other
technique, remote sensing also has its limitations. It cannot provide the time series of
measurements over a given geographic location with fine sampling as available with

in-situ measurements. Also it can observe only the surface phenomenon; subsurface
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phenomena, which provide recognizable surface signatures, cannot be measured

using remote sensing data.

2.2.1. Sea surface winds

Sea surface winds have an important role in the energy exchange at the air-sea
interface since it influences the surface roughness and the wave climate. Sea surface
winds drive the circulation of the upper ocean. The wind driven circulation is
principally in the upper few hundred meters and therefore is primarily a horizontal
circulation in contrast to the thermohaline circulation. Surface wind is an important
parameter in the study of atmospheric forcing, ocean response and air-sea interaction
mechanisms on various spatial and temporal scales. Wind velocity measurements by
satellites are useful for studies on upwelling phenomena in the NIO, where large
scale steady monsoon winds occur. Near-surface wind speed and direction are
available from ship/buoys, atmospheric general circulation models, and satellite
measurements of both scatterometer and radiometer. Among the three, satellite

observations are more promising (Halpern ez al., 1998).

2.2.1.1. Scatterometer

Scatterometer is a side looking active microwave radar, but configured to measure
the radar cross section of the target accurately rather than mapping it. From space-
borne platforms, scatterometer is mainly used to measure the ocean surface wind
speed and direction. The measured radar cross section of the ocean surface is highly
correlated to the near-surface wind speed and direction. Because it measures the
backscattered pulses produced by reflection or scattering effect, it is called a

scatterometer.

Scatterometers transmit microwave pulses and receive backscattered energy from the
ocean surface. Microwaves are Bragg scattered by short water waves and the
backscattered energy is a function of wind speed and direction. Changes in wind
velocity cause changes in ocean surface roughness that modifies the radar cross

section of the ocean and the magnitude of backscattered power. Normalized radar
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cross section (o,) of the sea surface is estimated from this backscattered power
reaching the scatterometer. Since the surface roughness is highly correlated with
near-surface wind speed and direction, these parameters at a height of 10 m over the
ocean surface are retrieved from scatterometer’s backscattered power. Scatterometer
data has many applications that include weather forecasting, storm detection,
monitoring of El Nifio and sea ice studies in the Polar regions. Combined with data
from other scientific observations, scatterometer wind data is useful to understand

mechanisms of global climatic change and weather.
2.2.1.2. QuIikSCAT scatterometer

The SeaWinds scatterometer on QuikBird satellite is an active microwave radar
designed specifically to measure near-surface wind speed and direction under all
weather and cloud conditions over the earth’s oceans. They are also useful for some
land and sea ice applications. It was launched in June 1999 by National Aeronautical
and Space Administration (NASA) into a sun-synchronous orbit at an altitude of 803
km and 98.6° inclination with a 0600 ascending equator crossing time. This
instrument is referred to as QuikSCAT (or QSCAT) to distinguish it from the nearly
identical SeaWinds scatterometer on Midori-II (Advanced Earth Observing Satellite-
I, ADEOS-II), launched in December, 2002. This is a quick recovery mission to fill
the gap created by the loss of data from the NASA scatterometer (NSCAT) when the
ADEOS-I satellite lost power in June 1997 and came to an end in November 2009.
The QuikSCAT sensor used a 1 m rotating dish antenna with two spot beams that
swept in a circular pattern. The antenna radiated microwave pulses at a frequency of
13.4 GHz (Ku-band) across broad regions on Earth's surface. The instrument
collected data in a continuous 1,800 km wide swath and cover 90% of earth's ocean
in one day. QuikSCAT scatterometer provided wind speed measurements of 3 to 20

! with an accuracy of 2 m s™' and direction with an accuracy of 20° and had a

ms
spatial resolution of 25 km. Comparison with in-situ buoy data showed that
QuikSCAT winds are accurate in calibrations and falls within the mission
requirements of wind speed within 2ms™” Root Mean Square (RMS), and wind

direction within 20° RMS. But the mean difference between buoy and satellite wind
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speeds is about -0.35m s™', indicating an overestimation of scatterometer wind speed
estimates with respect to buoy measurements. The scatterometer winds
underestimate at low winds and overestimate at high winds (QuikSCAT Mean Wind

Field User Manual, 2002).

Other than surface wind speed and direction, rain information (i.e. the scatterometer
derived rain flag) was available from QuikSCAT. Over the ocean, brightness
temperature measurements are used to locate rain cells and flag the wind vector
values, which can be contaminated by rain effects. In Polar regions, they are mainly
useful to identify sea ice covered areas from open ocean since the surface emissivity
of sea ice is almost twice that of seawater at the operating frequency of QuikSCAT.
Scatterometer data is less accurate in rain; rain tends to result in erroneous cross
track vectors and/or unrealistically high speeds. When rain is present, measurements
of the ocean surface o, become contaminated for several reasons. Some of the
transmitted energy is scattered back towards the scatterometer by rain and never
reaches the ocean surface. Some of the transmitted energy is scattered and/or
absorbed by rain and is never measured by the scatterometer. These respectively
have the effect of increasing or attenuating the echo energy from ocean. Also the rain

roughens the ocean surface and changes its radar cross section.

The monthly and weekly mean wind stress and WSC data used for the study were
obtained from the Centre de Recherche et d'Exploitation Satellitaire (CERSAT), at
IFREMER, Plouzané (France), (http://www.ifremer.fr/cersat/en/). They compute
gridded mean wind fields from SeaWinds on QuikSCAT Level 2B data provided by
Jet Propulsion Laboratory (JPL)/Physical Oceanography Distributed Active Archive
Center (PO.DAAC). Wind vectors whose speed is not in the 0.5 - 30 m s range are
skipped. Main parameters are wind speed, wind stress, WSC and divergence.
QuikSCAT data cover global oceans from 80°N to 80°S, and 180°W to 180°E.
Daily, weekly and monthly wind data is available on a rectangular 0.5°x0.5°

resolution geographical grid (QuikSCat Mean Wind Field User Manual, 2002).
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IFREMER used bulk formulation method to estimate surface wind stress T.

T= (TxJTy) = p CrW (U, v) —---mmmmmmeeem 2.1)

where W, u and v are wind speed, zonal component and meridional component
respectively. The surface wind is assumed to be parallel to the stress vector. p=1.225

kg m™ is the density of surface air. Cp is the drag coefficient.

The magnitude of the stress is:

r|= pC oW 2 (2.2)

The 10 m neutral coefficient formulation over the ocean is:

Cp=a+bW (2.3)
The values of a and b are determined for each wind speed range. This Cp estimate is

given by Smith (1988).

Finite difference scheme is used by IFREMER for the computation of WSC, curl (1)

from the resultant wind fields.

curl (1)
@[+ 1) -1, = 1L,)] = (/)| +2,)) — 7,(i - 2,))]/2
B 2dy
@G+ D) -1 () = DI = (/31 (@) + 2) — (i) — 2)1/2
2dx
______________ (2.4)
where,

« u, v are the mean zonal and meridional components of the wind vector (as
estimated by kriging),

« 17,7, are the mean zonal and meridional components of the wind stress vector (as
estimated by kriging),

« i, j are the column and line index of the current grid cell,
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 dx, dy are the width and height of the current grid cell
(excerpt from QuikSCAT Mean Wind Field User Manual, 2002).

2.2.2. Sea surface temperature

SST is a measure of the energy due to the motion of molecules at the top layer of the
ocean. SST of the oceans has an important role in the exchange of energy,
momentum, and moisture between the ocean and the atmosphere (Wentz et al.,
2000). It is a vital parameter in air-sea interaction including El Nino—La Nina cycle
and climate variability. SST also influences the genesis and evolution of tropical
storms and hurricanes. SST is an important parameter in detecting the upwelling
regions in the world oceans which can be identified with the presence of low surface
temperature. SST observations from satellite contribute to an understanding of
regional variability and global climate change (Martin, 2004). It helps to delineate
the ocean surface currents, eddies, fronts and upwelling zones by means of gradient
patterns associated with these processes. Satellite observations of SST are useful for
climate studies, global warming, fisheries, tropical cyclone studies and weather
forecasting. Depending on the sensor, spaceborne measurements give us an

unprecedented global measurement of SSTs every few days to a week.

SST can be measured from satellites using both infrared and microwave radiation.
Radiometers are high sensitive receivers operating in different frequencies depending
on the applications. Radiometers receive the natural electromagnetic radiation
emitted by the target in the desired frequency and process it to provide the
geophysical information. However, infrared SST retrievals have two significant
limitations: 1) Retrievals cannot be done when clouds are present and 2) atmospheric
aerosols from volcanoes and large fires can cause a spurious cooling in the SST
retrieval (Reynolds, 1993). The aerosol problem is more when trying to construct
multiyear time series to infer climate change (Reynolds et al., 1989). The advantage
for passive microwave radiometers over infrared radiometers is that the microwaves
can penetrate clouds with little attenuation giving a clear view of the sea surface

under all weather conditions except rain when the frequency is below about 12 GHz.
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At these frequencies the surface radiance is proportional to SST and the microwave
retrievals are not affected by aerosols (Wentz ef al., 2000). Ocean surface emissivity
and atmospheric transmittivity depends on both frequency of microwave and
variables like atmospheric water vapour and liquid water, SST, salinity, rain rate,
wind speed and sea ice making microwave observations important in ocean remote
sensing (Martin, 2004). Instead of the lenses and mirrors used in the Visible and
Infrared (VIR), antennas are used with passive microwave radiometers to receive the
earth emitted radiances, and with radars to transmit and receive energy pulses.
Infrared radiometer operating at 11 um measures radiative temperature emitted from
the top 30 um of the water column whereas microwave radiometer operating at 10
GHz measures the same emitted from the top 1-2 mm of the water column (Martin,
2004). Microwave retrievals are very sensitive to sea surface roughness while
infrared retrievals are not. The radiation measured by passive microwave radiometers
is expressed in terms of the brightness temperature. The sea surface roughness
(which in turn depends on wind speed) and surface salinity are among the factors that
influence the sea surface emissivity which influence SST retrieval from the measured
radiance emitted by the sea surface (Bhat et al., 2004). SST measurements by
microwaves are useful in the study of marine boundary layer dynamics, tropical

instability waves, and the prediction of hurricane intensity (Wentz et al., 2000).
2.2.2.1. TRMM Microwave Imager (TMI)

The Tropical Rainfall Measuring Mission (TRMM) was launched in November
1997. It was a joint mission of the NASA and the National Space Development
Agency (NASDA) of Japan designed to monitor and study tropical rainfall and the
associated release of energy. TRMM was in a low inclination circular orbit at an
altitude of 350 km and an inclination angle of 35° and covered the tropics between 40
N to 40 S. The orbit is not sun-synchronous so that over a month it samples the
tropics at uniform intervals throughout the day (Martin, 2004). The TRMM satellite
carried five instruments: a 3-sensor rainfall suite - Precipitation Radar (PR), TMI,
Visible and Infrared Scanner (VIRS) and 2 related instruments (Lightning Imaging
Sensor (LIS) and Cloud and Earth’s Radiant Energy System (CERES). TMI was a
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multichannel, dual polarized, conical scanning passive microwave radiometer
designed for SST retrievals in the tropical regions of heavy precipitation. It also
measured rain rates, ocean surface wind speeds, columnar water vapor, and cloud
liquid water. TMI measured electromagnetic radiation emitted by the ocean-
atmosphere system at 10.7, 19.4, 21.3, 37, and 85 GHz (Halpern et al., 2001). TMI
had a resolution of about 50 km and a swath of 780 km and provided nighttime
global SST maps. It is the first satellite sensor to measure SST accurately through
clouds which are nearly transparent at 10.7 GHz. The TRMM satellite was shut down
on April 2015.

Influence of atmospheric attenuation and sea surface roughness should be removed
from the observations for the retrieval of SST from the microwave radiances. Wentz
(1997) used a physically based retrieval algorithm to remove these effects. In the
absence of rain, the attenuation is very small at 10.7 GHz and 97% of the sea surface
radiation reaches the top of the atmosphere. The algorithm precisely estimates the
3% attenuation due to oxygen, water vapor, and clouds using the higher frequency
channels (19.4 to 37 GHz). The horizontal to vertical polarization ratio of the
measurements is used to estimate sea surface roughness (Wentz et al., 2000).
Raindrops with larger diameter than cloud droplets can significantly attenuate and
scatter microwave radiation and hence SST retrievals are not reliable in the presence
of rain. The 37 GHz channels are very sensitive to rain and are used to determine

when rain is present in the radiometer’s field of view (Wentz et al., 2000).

Monthly and weekly mean (7-day average) TMI SST data provided by Remote
Sensing Systems (RSS), Santa Rosa, CA (http://www.remss.com/) has been used in
this study. The data are provided as daily maps (ascending and descending), 3-day,
weekly (7day) and monthly mean maps and is available from December 1997 to
March 2015. These data files contain SST, surface wind speeds, atmospheric water
vapor, cloud liquid water, and rain rates. It covers a global region extending from
40°S to 40°N and has a pixel resolution of 25 km. A robust radiative transfer model
was used by RSS to derive these ocean measurements from the instrument brightness

temperatures. Two surface wind speeds are derived from 11 and 37 GHz channels of
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TMI. Compared to infrared retrievals with high resolutions of 1 to 10 km, TMI SST
has coarse resolution. The data range for SST is -3 to 35°C. Comparisons of TMI
SST with the buoy measurements showed a root mean square difference of 0.5° to
0.7°C, which according to Wentz et al., (2000) is partly due to the difference
between ocean skin temperature and bulk temperature and the satellite-buoy spatial-
temporal sampling mismatch. In BoB the mean difference between the SST from
TMI and buoys is less than 0.1°C, and the RMS difference is about 0.6°C. Bhat ef al.
(2004) observed that TMI SST tends to be lower during periods with deep

convection or winds stronger than 10 m s, or both.
2.2.2.2. Terra Moderate Resolution Imaging Spectroradiometer (MODIS)

NASA launched the Terra satellite as the flagship mission of the Earth Observing
System in December 1999 into a near-polar sun-synchronous orbit at an altitude of
705 km. Terra passes from north to south across the equator in the morning at 10.30
am, while Aqua, the sister ship of Terra launched in May 2002 passes from south to
north over the equator in the afternoon at 13.30 pm. Terra carries five instruments: 1)
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), 2)
CERES, 3) Multi-angle Imaging Spectroradiometer (MISR), 4) Measurements of
Pollution in the Troposphere (MOPITT) and 5) MODIS. MODIS is a key instrument
aboard Terra (EOS AM) and Aqua (EOS PM) satellites for the observation of
oceanic and terrestrial phenomena. It is a hybrid cross-track scanning radiometer
having a rotating double-sided scan mirror with 36 spectral bands in the range of
visible to thermal infrared radiation at 0.4 - 14.4 um. MODIS has a spatial resolution
of 250 m to 1 km and a swath width of 2330 km and covers the Earth's surface every
1-2 days.

The MODIS use 3 bands (20, 22, and 23) between 3.6 — 4.1 um and two bands (31
and 32) between 10.7 — 12.3 um for SST retrievals. Because of the sensitivity to
solar reflectance, 4 um bands are used only for nighttime SST retrievals, whereas 11
pm bands are used all the time and their reflectances are an order larger than 4 pm

bands (Martin, 2004). Also 4 pm bands are less sensitive to water vapour than 11 pm
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bands and more sensitive to changes in surface temperature (Stewart, 1985). Apart
from sea surface, atmosphere, cloud and land temperatures, ocean color,
phytoplankton, aerosols, water vapor and cloud altitudes are obtained from MODIS.
MODIS data are useful to understand the global dynamics and processes that occur
on land, in oceans, and in the lower atmosphere. Application areas of MODIS
include El Nino studies, climate change, air quality, volcanic eruptions, wildfire

monitoring, weather forecast, agriculture, oil spills and floods.

The 8-day composite Terra MODIS SST data (11 um nighttime) at 4.0 km resolution
used for the cyclone studies are obtained from NASA Goddard Space Flight Center
(GSFC) Distributive Active Archive Center (GDAAC), http://daac.gsfc.nasa.gov/.
The basis for the MODIS SST algorithm is the Miami Pathfinder SST (mpfsst)
algorithm (Kilpatrick et al., 2001). Comparison between MODIS SSTs and
collocated skin SST measurements of the Marine-Atmospheric Emitted Radiance
Interferometer (M-AERI; Minnett et al., 2001) indicated that the SST values are
within the required accuracy — bias error of 0.2K, rms 0.26K, using the empirical,

Advanced Very High Resolution Radiometer (AVHRR) related coefficients.

2.2.3. Sea level anomaly

A sea level anomaly, as defined by National Oceanic and Atmospheric
Administration’s (NOAA) National Ocean Service, occurs when the 5-month
running average of the interannual variation is at least 0.1 meters (4 inches) greater
than or less than the long-term trend. SLA data is useful in tracking the movement of
oceanic eddies and in the studies of upwelling caused by strong winds including the
effect of tropical cyclones. SLA can be measured with satellite altimeters. Altimeter
measurements of SLA provide information about mesoscale ocean properties and
their variability (Martin, 2004). It can be used to study the seasonal variations in

SSH, Rossby wave propagation and in the computation of geostrophic currents.

37



Chapter 2 Data and Methodology

2.2.3.1. Altimeter

Radar altimeter is an active microwave sensor that transmits short pulses of energy
vertically downward towards the ocean surface and then receives the reflected signal.
It measures the travel time, the magnitude, and the shape of each return signal after
reflection from the ocean surface: time difference between transmitted and received
signal gives the distance between satellite and sea surface. The shape of the return
signal gives the significant wave height and the magnitude gives the scalar wind
speed (Martin, 2004). Satellite altimeters operate in Ku (13.8 GHz) and C (5.3 GHz)
bands. Combined with precise satellite location data, altimetry measurements yield
sea-surface heights. These measurements are used in the determination of changes in
SSH due to tides, geographic currents and other oceanic phenomena to an accuracy
of 2-3 cm. In altimeter measurements, SSH has to be measured relative to the geoid,
which is defined as the shape of the ocean surface in the absence of all external

forces and internal motion.

The merged SLA data generated by Ssalto multimission ground segment (SSALTO)
/ Data Unification and Altimeter Combination System (DUACS) has been used for
the study. Observations from Saral/AltiKa, Jason-1, Jason-2, Cryosat-2, Envisat,
European remote sensing satellite-1 (ERS-1), ERS-2, GFO, HY-2A are used for the
generation of merged SLA. The all-satellite merged SLA takes into account all the
satellites available (up to 4 satellites) making it the best possible sampling. These
merged SLA is available on daily and monthly scales. The merged monthly gridded
SLA data at 0.25° x 0.25° resolution is obtained from Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO,
http://www.aviso.altimetry.fr/). It is the multi-mission gridded SSH computed with
respect to a twenty-year mean profile (1993-2012), and includes the seasonal
variability (no annual cycle is removed). This data is available from January 1993
onwards. Excerpts are taken from SSALTO/DUACS User Handbook, 2015. Daily
and ten day averaged data has also been used to study the changes in SSH due the

tropical cyclone.
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2.2.4. Surface chlorophyll-a (chl-a) concentration

Amongst the different photosynthetic pigments within phytoplankton cell, chl-a is
the only pigment present in all phytoplankton and hence its concentration provides a
measure of phytoplankton abundance and biomass. The annual production of oceanic
chlorophyll is about 10'* kg (Jeffrey and Mantoura, 1997). Chlorophyll is a measure
of biomass while PP is a measure of phytoplankton growth (Martin, 2004). Oceanic
processes that bring nutrients to the surface are open ocean upwelling driven by
Ekman pumping, coastal upwelling driven by alongshore winds, entrainment due to
wind stirring at the base of mixed layer and horizontal advection due to ocean
currents (Vinayachandran et al., 2004). Availability of nutrients and sunlight affect
PP, hence growth occurs in regions of upwelling, or in regions with wind mixing that
bring nutrients to the surface. Such regions occur along the west coast of continents,
in the equatorial Atlantic and Pacific during La Nina and in the western Indian Ocean

(Martin, 2004).

Chl-a concentration can be measured using satellite observations in the visible and
near infrared region. Observations of ocean colour from satellite remote sensing can
be used in the in models for the estimation of PP. Platt and Sathyendranath (1988)
have shown that global productivity calculations are very sensitive to surface
chlorophyll inputs. Ocean colour data is useful in understanding and quantifying the
ocean carbon flux, studying the impact of El Nino, ocean biology and upper ocean
processes, scientific analysis and management of the coastal zone which includes
human-induced activities like fisheries and agriculture, occurrence of natural events

like toxic blooms, erosion/sediment transport (IOCCG, 1999).

In infrared observations of ocean colour, the radiation is emitted from the top 10-100
um of the sea surface whereas ocean colour radiances in the blue-green upwell from
depths of upto 50 m (Martin, 2004). Aerosol and molecular scattering dominate
atmospheric attenuation in the visible range, and hence the water-leaving radiances
comprise only about 10% of the total received radiance. Therefore, accurate

determination of all other radiances is needed for the determination of water-leaving
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radiances (Martin, 2004). Phytoplankton and its pigments, dissolved organic material
which is also known as colored dissolved organic material (CDOM) and suspended
particulate matter contribute to the colour change in the sea water. Oceanic waters
are divided into Case I and Case 2 waters by Morel and Prieur (1977). Case I waters
are those waters in which phytoplankton (with their accompanying and covarying
retinue of material of biological origin) are the principal agents responsible for
variations in optical properties of the water. On the other hand, Case 2 waters are
influenced not just by phytoplankton and related particles, but also by other
substances, that vary independently of phytoplankton, notably inorganic particles in
suspension and yellow substances (IOCCG, 2000). One of the limitations of satellite
remote sensing of ocean colour is that observations cannot be made under cloudy
conditions. Also data is not available in the vertical. The first ocean colour sensor is
Coastal Zone Colour Scanner (CZCS) instrument on the Nimbus-7 satellite was
launched in 1978. In the thesis, chl-a observations from SeaWiFS and Terra MODIS

have been used.

2.2.4.1. Sea-viewing Wide Field of View Sensor (SeaWiFS)

SeaWiFS onboard OrbView-2 spacecraft was launched in August 1997 into a sun-
synchronous orbit at an altitude of 705 km and a 1200 descending equator crossing
time. SeaWiFS is a cross-track scanner with a swath width of 2800 km and a revisit
time of 1 day. The spatial resolution is 1.1 at the nadir. SeaWiFS contains 8 spectral
bands in the visible and near infrared region. The central wavelengths are 412, 443,
490, 510, 555, 670, 765, and 865 nm. The 412 nm band is used for detection of
CDOM, the 443, 490, 510 and 555 nm bands are used to determine chlorophyll
concentrations, and the 670, 765 and 865 nm bands are used for atmospheric
correction., 765 and 865 nm bands are also used for aerosol irradiance. SeaWiFS
produced scientific data of two spatial resolutions: local area coverage (LAC) at 1.1

km resolution and global area coverage (GAC) at 4.5 km resolution.

There are two types of operational bio-optical algorithms for 400-550 nm bands

called empirical and semi-analytic (O’Reilly er al., 1998; Carder et al., 1999).
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Empirical algorithms are derived by statistical regression of radiance versus
chlorophyll. These use satellite observations of water leaving radiance L(A) or
equivalently remote sensing reflectance (R;s) at several wavelengths as input: the
output is chlorophyll concentration (Martin, 2004). Remote sensing reflectance R is
the ratio of Ly(A) to the solar irradiance at the surface of the ocean and is a linear
function of subsurface reflectance R(A). The use of empirical algorithms is restricted
to Case I waters since these give only chlorophyll. Semianalytic algorithms are
useful to retrieve chlorophyll in the presence of CDOM or from both Case [ and
Case 2 waters (Martin, 2004). These algorithms use analytical, optical, R,; models
that can be inverted to derive chlorophyll, absorption coefficients of other optically
active components in the water such as CDOM, or back scattering coefficient

(O’Reilly et al., 1998).

SeaWiFS maximum band ratio Ocean Chlorphyll-4 (OC4) empirical algorithm is
written in terms of remote sensing reflectance R(A) ratios. OC4 makes use of a
maximum band ratio that incorporates 443, 490, 510 and 555 nm bands. OC4 version
4 (OC4v4) relates band ratios to chl-a with a fourth order polynomial function given

by the equation:

C, = 10(0:366 — 3.067Ry5 + 1.930 Rs + 0.649 Ris — 1.532R4) __________ (2.5)

where Rys = logyo (RE22 > RE32 > R25? (2.6)

and C, is the chlorophyll concentration (O’Reilly et al., 2000).

When compared with in-situ chl-a concentration, the squared correlation coefficient
R? between in-situ and OC4v4 algorithm is 0.892 and the rms is 0.222 (O’Reilly et
al., 2000).

The monthly chl-a concentration at 9.0 km resolution used in the study is obtained
from the NASA GSFC’s Ocean Color Web, http://oceancolor.gsfc.nasa.gov. Global

Level 3 chl-a data in various temporal resolutions ranging from daily, 8-day
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composite, monthly, seasonal and annual composite at 4 km and 9 km spatial
resolution are available from Ocean Color Web. The data is available from

September 1997 till December 2010 when the SeaWiFS mission ended.
2.2.4.2. Terra MODIS

The MODIS chl-a data that is used to study the changes in chl-a concentration due to
the occurrence of tropical cyclones is based on the OC3M empirical algorithm
described in the SeaWiFS Post-launch Technical Memorandum series (O’ Reilly ef
al., 2000). This empirical algorithm is based on the remote sensing reflectance ratio
of 443 and 490 nm to 550 nm whichever is greater. The corresponding band numbers
are 9, 10 and 12. In OC3M algorithm, the chl-a concentration C, is given by the

fourth order polynomial equation:

C. = 10(0-283-2753R3y + 1.457R3y + 0.659 R3y — 1.403R3y) .7)
° :

where Rsm = logio (Rgss > R3so) e (2.8)

(O’Reilly et al., 2000)

The 8-day composite Terra MODIS chl-a data at 4.0 km resolution used for the
cyclone studies are obtained from NASA GDAAC (http://daac.gsfc.nasa.gov/).
Blondeau et al. (2004) has shown that the SeaWiFS OC4v4 and the MODIS chl-a
algorithms are less affected by CDOM. Comparison of MODIS chl-a concentration
with in-situ data shows an R” value of 0.754 and RMS error of 0.335
(http://seabass.gsfc.nasa.gov/seabasscgi/search.cgi?search type=val&id=146576426
76427006).
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2.3. Model outputs

2.3.1. Water temperature

Ishii et al. (2006) carried out an objective analysis to estimate the monthly
subsurface temperature and salinity with a horizontal resolution of 1° x 1° using
observational data bases and an SST analysis. The analysis covered the topmost 700
m of the global ocean from 1945 to 2003. It followed the historical objective analysis
of oceanic temperature carried out on a monthly basis for the period 1950 to 1998 by
Ishii et al. (2003). The new analysis scheme improved the previous one by better
representation of climate variations. The optimal interpolation based objective
analysis scheme used by them was applied to an SST analyses (Ishii et al., 2005)

previously and it was successful in reducing the observational noise in the SST data.

They used data from World Ocean Data 2001 edition (WODO1; Boyer et al., 2002)
and COBE SST (COBE: Centennial in-situ Observation Based Estimates of
variability of SST and marine meteorological variables; Ishii et al., 2005). Seven
steps were used in the quality control and data selection; location check, data
thinning in the vertical, comparison against SST analysis, gross error check,
comparison with nearby observations, erroneous profile check, and data merging in
space and time. Application of these procedures helped to maintain the homogeneity
of spatial and temporal data distribution and reduced the computational cost of
objective analysis. The objective analysis scheme was based on a variational
minimization with spatio-temporal covariance of background error. The major
differences from the previous analysis by Ishii et al. (2003) were the use of a 3-D
background error covariance, computation of isothermal layer depth and MLD prior
to the analysis of temperature. The analysis errors were estimated in a framework of
optimal interpolation. The analysis was able to present reasonable global mean
variations of steric sea level for a period of 59 years. The trends of steric sea level
estimated by the analysis were comparable to that of World Ocean Atlas 2005
(WOAO05); Boyer et al. (2005) and Antonov et al. (2005).
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2.3.2. Primary production

NASA GSFC used two models to calculate indices of ocean PP, denoted by P1 and
P2. The Pl index was calculated using the Vertically Generalized Productivity
Model (VGPM) by Behrenfeld and Falkowski (1997) and P2 index is given by a
MLD production model called Howard, Yoder, Ryan model (Howard and Yoder,
1997). VGPM model estimates daily production over the euphotic zone whereas the
P2 model estimates the production over the MLD. The main difference between
these algorithms is their calculation of the photosynthetic yield efficiency and the
depth of integration over the water column. Rao et al. (2002a) evaluated the
applicability of Modeled PP (VGPM) along Paradip Coast during March 2002 and
compared with measured values. These PP models were further evaluated along with

other classes of similar models by Campbell ef al. (2002).

The key model input data for the Ocean Net Primary Production (ONPP) models are
8-day composite averages of the MODIS chl-a concentration and daytime SST (11
um) at 4.0 km resolution. Both models also use Photosynthetically Available
Radiation (PAR) derived from surface incident short-wave surface flux estimates
provided by NASA’s Data Assimilation Office. For the P2 model, daily synoptic
MLD at 1° resolution was provided by US Navy’s Fleet Numerical Meteorology and
Oceanography Center (FNMOC). This MLD was generated using Optimum Thermal
Interpolation System/Thermodynamic Ocean Prediction System (OTIS/TOPS)
Ocean MLD Model and averaged to the MODIS weekly period of 8 days. The
accuracy of the PP models depends on the accuracy of the inputs data. MODIS chl-a
input fields were validated using in-situ data at the daily level by Gregg et al.
(2003b) who found an rms difference of 0.28. When compared with in-situ skin and
bulk SST measurements MODIS SST values showed a bias of 0.16 and -0.14 K
respectively with corresponding standard deviation of 0.42 and 0.51 K (Brown et al.,
2002). Also PAR fields were compared with SeaWiFS PAR and found an r* of 0.92
and a slope of 1.09. The 8-day composite P2 model data at 4.0 km resolution used in
the tropical cyclone study was obtained from NASA GDAAC, which they have

discontinued presently.
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2.3.3. Mixed layer depth

The surface mixed layer is a feature of the open oceans where the temperature,
salinity and density are almost vertically uniform. The mixed layer results from the
turbulent mixing processes active near the ocean surface such as wind-stirring, waves
and convective mixing. The MLD may be less than 20 m in the summer hemisphere
whereas it may reach 500 m in the winter hemisphere sub-polar latitudes (Monterey
and Levitus, 1997). The depth to which mixing takes place depends on the stability
of the sea water and the energy input from wind. When the surface water is stable,
the less mixing occurs and the mixed-layer will be shallow. MLD at 1° resolution by
FNMOC averaged to the MODIS weekly period of 8 days has been used to study the
changes in it due to tropical cyclone in the BoB. This weekly data at 4.0 km
resolution was also obtained from NASA GDAAC.

2.4. Methodology

2.4.1. Computation of monthly and seasonal climatology

In Chapter 3, the spatial and temporal distribution of some of the physical and
biological parameters in the BoB are analysed based on monthly and seasonal time
scales. The physical properties are WSC, SST, and SLA and the biological parameter
is the surface chl-a concentration. In this study, climatology is taken as the average
of monthly mean data of eight years from 2000 to 2007. The four seasons for which
the seasonal climatology is computed are 1) Dec-Feb (DJF), 2) Mar-May (MAM), 3)
Jun-Sep (JJAS), and 4) Oct-Nov (ON). These periods represent the NEM, pre-

monsoon, SWM and post-monsoon seasons respectively.

The monthly WSC at 0.5° x 0.5° spatial resolution from QuikSCAT scatterometer is
used to compute the seasonal and monthly climatology of WSC of the BoB for the
period 2000 to 2007. The spatial distribution and the temporal variations of WSC has
been analysed using both seasonal and monthly climatology. Analysis of WSC is
followed by the climatological analysis of seasonal and monthly SST of the BoB.
SST used here is the monthly data at 0.25° x 0.25° spatial resolution from TMI
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onboard TRMM satellite. The SLA analysed here is the merged altimeter data at
0.25° x 0.25° spatial resolution. Monthly and seasonal climatological analyses were

carried out with the SLA data in the BoB.

The level 3 monthly chl-a concentration from SeaWiFS at a spatial resolution of 9.0
km has been used for the seasonal and monthly climatology study in Chapter 3. First
the monthly data is regrided to 0.25° x 0.25° spatial resolution using a 2D regridding
function in GrADS that employs box averaging transform method. This regridding
function handles input grids which are cyclically continuous in longitude and
excludes undefined input grid values from participation in the transform. If a valid
transform cannot be made (i.e., insufficient defined data points), the output grid is set
to undefined. Box averaging is simply the area-weighted integral of all input grid
boxes which intersect an output grid box, divided by the area of the output grid box.
This approach is most appropriate: 1) for transforming from fine to coarse grids; and
2) when approximate conservation of an integral quantity (e.g., global average) is

desired.

Since chl-a observations cannot be made under cloud cover in the visible spectrum,
gaps are likely to appear in the data especially during the monsoon season over the
BoB. In order to reduce the data gap, a 3 point transformation which fills missing
values with the average value of the surrounding grid points has been applied to the
regrided data. The width of the averaging window is the number of points given as
an argument to the transformation. All of the surrounding points are weighted
equally, regardless of the sizes of the grid boxes, making this transformation best
suited to axes with equally spaced points. If any of the surrounding points are invalid
they are omitted from the calculation. If all of the surrounding points are invalid the
gap is not filled. The monthly data thus obtained is used for the computation of

seasonal and monthly climatology of chl-a concentration.
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2.4.2. Empirical Orthogonal Function (EOF) analysis

In Chapter 4, the variability of the WSC in the BoB has been analysed using the
Empirical Orthogonal Function (EOF) analysis. EOF analysis is an extensively used
statistical method to analyse large meteorological and oceanographic data (Hannachi
et al., 2007; Preisendorfer, 1988; Ehret and O'Brien, 1989; Ludwig et al., 2004).
EOFs are used for pattern extraction and image compression. It helps to identify
patterns in a dataset and to express the data in such a way as to highlight their
similarities and differences (Smith, 2002). EOF analysis finds a new set of variables
that capture most of the observed variance from the data through a linear
combination of the original variables (Hannachi et al., 2007). This analysis finds the
first few orthogonal components to account for most of the variation in a data set so
that the major characteristics of the data set can be more easily understood. A review
of Principal Component Analysis (PCA) / EOFs can be found in Kutzbach (1967).
EOF analysis (Lorenz, 1956, Hannachi, et al., 2007) is an extensively used method in
atmospheric science. This technique finds a set of orthogonal spatial patterns along
with a set of associated uncorrelated time series or principal components (PC) for a
space-time field (Hannachi et al., 2007). EOF analysis avoids the problem of

episodic events.

In the EOF analysis, eigen values and eigenvectors of the spatially weighted anomaly
covariance matrix of the data field is computed to find out the EOFs. The area weight
used here is sqrt(cos(latitude*3.141/180)). The eigen values give a measure of the
percent variance explained by each of the EOF modes. Most of the variance is
contained within the first few modes. The time series corresponding to each mode
called PCs are determined by projecting the derived eigenvectors onto the spatially
weighted anomalies. This will result in the determination of the amplitude of each
mode over the period of record (https://climatedataguide.ucar.edu/climate-data-tools-
and-analysis/empirical-orthogonal-function-eof-analysis-and-rotated-eof-analysis).

Singular Value Decomposition (SVD) technique (e.g. Linz and Wang 2003) is used
to find the covariance matrix and the eigen values and eigen vectors. GrADS

software is used to compute the EOF analysis (http://cola.gmu.edu/grads).
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The annual mean of the WSC is first calculated from the monthly data for the years
2000 to 2007. It is then subtracted from the monthly data to obtain the WSC
anomalies that have been used in the EOF analysis. EOF analysis of WSC data gives
spatial patterns of WSC and associated time series. First 12 EOFs are retained in the
analysis. EOF analysis identifies the significant patterns in large data sets and the
variance explained by them. It is useful to understand the prominent modes of

variability of WSC in terms of spatial and temporal patterns.

2.4.3. Computation of geostrophic currents

The spatial distribution of wind stress in the BoB during the SWM season has been
analysed in Chapter 4. The monthly climatology of wind stress has been computed
from May to October for the BoB to study about its spatial and temporal changes and
to find the regions of strong wind stress. SST climatology for the southcentral Bay
has been computed for the SWM season (JJAS) to illustrate the cold pool that
develops during this season. This region of cold pool experiences strong wind stress
during the SWM season. The geostrophic currents during JJAS have been computed
from the SLA and used to understand the circulation pattern. The mean SLA
superimposed with geostrophic currents shows the current flow into the southcentral
Bay. Also the cyclonic eddy to the east of Sri Lanka and the anticyclonic eddy

adjacent to it are observed in the SLA map.

In geostrophic current, the pressure gradient force is balanced by Coriolis force. The

u and v components of the geostrophic equation are:

1 0P
fu —_ o ay .......... (210)
1 0P
fv = podx T @11

where P is the pressure, u and v are the geostrophic velocities, py = 1027 kg m™ is
the density of water, f = 2Q sin (¢) is the Coriolis force, Q is the angular speed of
earth (7.292x10° rad s™') and Q is a latitude on the earth’s surface.
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At the surface P=pogn e (2.12)

where 7 is the sea surface height and g = 9.8 m s is the acceleration due to gravity

The u and v components of the surface geostrophic current are given by:
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where f = 2Qsin (¢) is the Coriolis force, Q is the angular speed of earth
(7.292x107 rad s'l) and Q is a latitude on the earth’s surface.

The inter-annual variations in the extent of cold pool during SWM season have been
studied with the help of monthly TMI SST and the results explained in Chapter 4.
The mean wind stress is strong in the central and southcentral BoB during SWM
season. The Ekman vertical velocity (VV) caused by the horizontal convergences
and divergences of the Ekman transport has been computed from monthly WSC
climatology for May to October and analysed in these two regions of strong stress in
the BoB. Monthly mean geostrophic currents have been computed from SLA from
May to October for these two regions which experience strong wind stress during
SWM season. Geostrophic currents have been superimposed on SLA and analysed in

the regions of strong wind stress.
2.4.4. Computation of Ekman vertical velocity

In Chapter 4, VV has been computed from the monthly WSC climatology in the
BoB. In Chapter 5, VV computations have been carried out using the monthly WSC
data.

The Ekman pumping velocity w, is calculated from Smith (1968) as,

1
w,=—Vxt 2.15
€ pof o @1
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(unit - m s™), where 7 is the wind stress in N m?, p, = 1027 kg m™ is the density of
sea water, and f is the Coriolis force given by 2 Q sin () where Q is the angular

speed of the earth (7.292 x 10 rad s'l) and Q is a latitude on the earth’s surface.
2.4.5. Analysis of depth of 20°C isotherm (D20) and surface chl-a concentration

Chapter 5 deals with the upwelling and its significance in relation to chl-a
distribution in the BoB. Since the 20°C isotherm is located near the center of the
main thermocline, it is used to represent the depth of thermocline in the ocean. In
order to understand the sub-surface oceanographic thermal structure, the monthly
variability of depth of 20°C isotherms (D20) is analyzed using water temperature
data by Ishii ef al. (2006). The upliftment of 20°C isotherms is considered to be the
subsurface signature of upwelling. Based on prominent annual signatures of D20,
four areas were considered for further study. Comparison of monthly variations of
D20 indices is carried out with VV, SLA, and chl-a indices and the correlation
coefficients have been computed. The seasonal and inter-annual variation in chl-a
distribution has also been analysed and explained in Chapter 5. The relationship of
chl-a concentration with VV and SLA has been examined for the selected regions

and the correlation coefficients computed.
2.4.6. Tropical cyclone studies

In Chapter 6, the effect of tropical cyclones on physical and biological processes in
the BoB has been studied. BoB has low biological productivity compared to the
Arabian Sea. Passage of intense tropical cyclones cause marked cooling of SST
together with an increase in chl-a concentrations in the upper ocean (Lin ef al.,
2003). Intense wind stress on the ocean surface leads to the deepening of mixed layer
(Black, 1983), and the entrainment of nutrient rich waters to the surface. The changes
in SST, chl-a concentration and PP caused by tropical cyclones have been analysed
for two cases of intense tropical cyclones in the BoB, one during November-
December 2000 (pre-monsoon season) and the other during May 2003 (post-

monsoon season). During November-December 2000 the very severe cyclonic storm
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(VSCS) with a maximum wind speed of 102 kts developed in the southeastern BoB,
moved westward and crossed the coast near Cuddalore. It emerged into the eastern
Arabian Sea and weakened later. During May 2003 the VSCS with a maximum wind
speed of 75 kts occurred in the central Bay. It moved northeastward and made the

landfall in Burma coast.

For the VSCS in November-December 2000, the study has been carried out using 8
day composite SST and chl-a concentration from Terra MODIS and modeled PP
(P2). Merged daily SLA from altimeter observations are also used to study about
SSH variation. The altimeter values are point observations along the altimeter sub
satellite tracks. For the 10 day composite SLA, the daily observations were
interpolated to 0.5° x 0.5° spatial resolution using the Cressman scheme (Cressman,
1959). For the May 2003 VSCS, 8 day composite SST (from Terra MODIS and
TMI), chl-a from Terra MODIS, modeled PP (P2) and MLD has been used.
Difference in SST and chl-a concentration after the tropical cyclone is also

calculated.

51



Chapter 3

Distribution of some physical and biological

properties in the Bay of Bengal

3.1. Introduction

The spatial and temporal distributions of some physical and biological parameters in
the BoB are analysed in this Chapter. The properties analysed are WSC, SST, SLA
and surface chl-a concentration. The WSC has an important role in the generation of
large scale oceanic currents or gyres and has large seasonal variability in the Indian
Ocean (Rao, 2002). WSC causes divergence or convergence of the surface water that
brings about vertical transport in the surface boundary layer of the ocean, known as
Ekman pumping. Positive (negative) WSC cause divergence (convergence) in the
Ekman layer and upward (downward) Ekman pumping leading to upwelling
(downwelling). SST plays a major role the in air-sea interaction processes over the
tropical oceans. A dipole mode exists in the Indian Ocean characterized by warm
SST anomalies in the western Indian Ocean and cold SST anomalies in the eastern
Indian Ocean in its positive phase (Saji et al., 1999). SST variability is associated
with large-scale climate patterns such as La Nina and EI Nino cycles in the equatorial
Pacific. Satellite measurement of SST is useful in the identification of upwelling
regions, delineation of ocean fronts, currents, and ocean eddies. SLA has applications
in the study of mesoscale ocean properties and their variability. These include
seasonal and long term variability of sea level, geostrophic flow, Rossby wave
propagation and identification of eddies. Cyclonic (anticyclonic) eddies cause a
decrease (increase) in sea level and elevations (depressions) in subsurface density
surfaces. Eddy pumping associated with cyclonic eddies upwell nutrients and cause
increased PP in the ocean surface (Falkowski et al., 1991). Identification of ocean
eddies in SLA data is feasible with these characteristics, where anticyclonic eddies

are evident in the form of closed-contour positive SLA, while cyclonic eddies are
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observed as closed-contour negative SLA (Faghmous et al., 2015). Seasonal to inter-
annual changes in phytoplankton biomass and productivity forms an important part
of the total variability associated with ocean biological and biogeochemical
processes (Yoder and Kennelly, 2003). Chl-a is the most important pigment involved
in phytoplankton photosynthesis, and its concentration has been used as a proxy for
phytoplankton biomass and photosynthetic potential for many decades (e.g. Ryther
and Yentsch, 1957). Since chl-a is the only photosynthetic pigment that occurs in all
phytoplankton, it provides a measure of phytoplankton abundance and biomass. The
analysis of these four variables carried out in this Chapter is based on both the
seasonal and monthly climatology of eight-year monthly mean data from 2000 to
2007. The four seasons taken into consideration are 1) Dec-Feb (DJF), 2) Mar-May
(MAM), 3) Jun-Sep (JJAS) and 4) Oct-Nov (ON) during which the wind structure

over the BoB undergoes considerable variations.
3.2. Spatial distribution of wind stress curl

3.2.1. Seasonal mean distribution of wind stress curl

The seasonal variations in the spatial distribution of WSC over the BoB are analysed
in this Section. Major seasonal features of WSC over the BoB, which undergoes
seasonal reversal of the wind patterns, are presented in Fig. 3.1. During DJF, BoB
comes under the influence of NEM and winds are northeasterly over the Bay
(Vinayachandran et al., 1996). At this time, weak negative (anticyclonic) WSC
prevails over the BoB except for regions south of 10°N over the western side to
nearly 7°N over the eastern side of the Bay. Over the northwestern Bay WSC is
around -1x10" N m™. The maximum value of positive (cyclonic) WSC of ~2.5x10”
N m™ is observed near Sumatra Islands. It weakens during pre-monsoon season
MAM and the positive maximum (1.5x107 N m™) shifts to the eastern side of Sri
Lanka. It is caused by the change in wind direction by the end of May when the
winds start shifting to southwesterly as the SWM approaches. Also, negative
(anticyclonic) WSC over the northern Bay increases to -1.5x107 N m™ during this

time.
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BoB is influenced by the SWM winds during JJAS. The positive (cyclonic) WSC
over the southwestern Bay increases to a maximum of 4x107 N m to the east of Sri
Lanka near 7.5°N which is favourable for upwelling. Positive (cyclonic) WSC causes
upward Ekman pumping and upwelling in the southwestern BoB (Vinayachandran
and Mathew, 2003). Negative (anticyclonic) WSC over the northern Bay is replaced
by comparatively high positive (cyclonic) WSC with a maximum of 2x107 N m?
over the northernmost region. Positive (cyclonic) WSC extends over the western Bay
southward to 11°N during this season. South of 16°N on the eastern side, the BoB is
under the influence of negative (anticyclonic) WSC and has a maximum (-3x10”" N

m™) near the Malacca strait.
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Fig. 3.1 Seasonal mean wind stress curl (x10” N m®) during a) Dec- Feb (DJF), b)
Mar-May (MAM), ¢) Jun-Sep (JJAS), and d) Oct-Nov (ON) over the Bay of Bengal.
Dashed lines indicate negative wind stress curl.

54



Chapter 3 Distribution of some physical and biological properties

During ON, positive (cyclonic) WSC dominates the Bay and the negative values
south of 15°N are replaced by positive (cyclonic) WSC. Over the eastern side of Sri
Lanka, positive (cyclonic) WSC weakens to nearly 2x107 N m™ and over the
northern Bay positive (cyclonic) WSC is replaced by weak negative (anticyclonic)
WSC. WSC is mostly positive (cyclonic) off the southern tip of India during all the

four seasons.
3.2.2. Monthly mean distribution of wind stress curl

The spatial distribution of WSC over the BoB has been analysed using the monthly
climatology of WSC illustrated in Fig. 3.2. In general from January to April and
during December, the WSC is observed to be weak negative (anticyclonic) over the
northern and central Bay and positive (cyclonic) over the southern Bay. The positive
(cyclonic) WSC in the southern Bay is high during December and January with a
maximum of 2.5x107 N m™ that decreases afterwards. In January and February, the
negative (anticyclonic) WSC prevails over the BoB north of 8°N. An increase to ~ -
1.5x10”" N m™ is observed over the head of the Bay in February, which extends over
a larger area by March. Also by March, positive (cyclonic) WSC over the southern
Bay extends northward up to 11°N on the eastern side. March and April are the
transition period between the monsoons, and winds are weakest at these times
(Shetye and Gouveia, 1998). During April, the negative (anticyclonic) WSC over the
northern BoB increases to nearly -2.5x107 N m™, together with an increase in the
positive values over the southwestern Bay. During May, positive (cyclonic) WSC
over the eastern side of Sri Lanka strengthens to 3.5x10° N m™ and extends in a
northeast direction caused by the shifting of wind to southwesterlies. Negative
(anticyclonic) WSC over the northern Bay weakens when positive (cyclonic) WSC
extends to the northern Bay from the south. At the same time negative (anticyclonic)
WSC appears over the southern Bay, extending from south of Sri Lanka to 12°N over

the eastern BoB with a maximum of -3x10” N m™ over Malacca strait.

55



Chapter 3 Distribution of some physical and biological properties

20N 1

15N 1

latitude

10H 1

20N

T3M 1

latitude

VR

15M 1

latitude

10M 1

90E 95E 10GE 75E a0t A3E 90E %5E 100
longitude lengitude

~35-3-25-2-15-1-0590 05 1 15 2 25 3 35
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Fig. 3.2 Monthly climatology of wind stress curl (x107 N m™) over the Bay of
Bengal. Dashed lines indicate negative wind stress curl.
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In the BoB the southwesterlies strengthen during June, reach their peak during Jul-
Aug, start decaying during September and vanish by October (Vinayachandran et al.,
1996). By the onset of SWM during June, the band of positive (cyclonic) WSC move
northwestwards and lie over the northern and western BoB with a magnitude of
approximately 1.5x10° N m™. During the SWM season, positive (cyclonic) WSC
prevails over the north and western Bay whereas negative (anticyclonic) WSC is
observed over the central and southern Bay. In June, negative (anticyclonic) WSC
over the south extends northward to 16°N over the central and eastern BoB. Positive
(cyclonic) WSC over the northern Bay increases as the monsoon advances and
reaches a high of ~3x107 N m™ in August and thereafter decreases. Similarly
negative values in the south increase to -3.5x107 N m™ over the Malacca strait and to
-2x10" N m™ to the north of Andaman Islands in July, remains during August and
thereafter decreases. The positive (cyclonic) WSC to the east of Sri Lanka increases
as the monsoon advances and attains the maximum value of 4.5x10" N m™ during
July and after that gradually decreases. This patch of positive (cyclonic) WSC
extends up to 10°N in August, supporting upwelling in this region. Vinayachandran
and Mathew (2003) have shown that positive (cyclonic) WSC cause upward Ekman
pumping and upwelling in the BoB. By September, positive (cyclonic) WSC over the
northern Bay decreases to 1.5x107 N m™ and over east of Sri Lanka to 3x10”' N m™
with the withdrawal of SWM.

October is also a transition period between the monsoons, and winds are weak during
this period (Shetye and Gouveia, 1998). During October, the BoB is dominated by
positive (cyclonic) WSC and the negative (anticyclonic) WSC almost disappears
from the BoB except for small patches near Sri Lanka, over Malacca strait and the
southern Bay. Weak negative (anticyclonic) WSC appear over north and
northwestern Bay replacing positive values of WSC and positive (cyclonic) WSC
decreases to the east of Sri Lanka to below 2.5x10" N m™. Positive (cyclonic) WSC
of nearly 2x107 N m™ is observed over the west-central Bay which is replaced by
weak negative (anticyclonic) WSC in November. Vinayachandran and Yamagata
(1998) have documented the formation of a cyclonic gyre in this region by

September which lasted till January. By the beginning of NEM in November, weak
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negative (anticyclonic) WSC replaces positive values of WSC over the north,
northwestern Bay and Andaman Sea. Over the central Bay positive (cyclonic) WSC
decreases and is replaced by negative values of WSC in December. Also over the
southern Bay an increase of positive (cyclonic) WSC is observed during November.
The northwesterlies over the BoB reach their peak during December
(Vinayachandran et al., 1996), and the negative (anticyclonic) WSC over the
northwestern Bay strengthens to -1.5x10" N m™. Positive (cyclonic) WSC reaches a
maximum of 3x107 N m™ to the west of Sumatra. Off the southern tip of India WSC

is positive (cyclonic) during all the months except in Jun-Aug.

3.3. Spatial distribution of sea surface temperature

3.3.1. Seasonal mean distribution of sea surface temperature

The seasonal features of SST of the BoB are analysed in this section based on the
seasonal mean of eight years from 2000 to 2007 (Fig. 3.3). During DJF, BoB
experiences the maximum latitudinal variation in SST. The mean SST of the northern
Bay (24°C) is the lowest amongst all the seasons. SST gradually increases towards
southern and southeastern Bay. Maximum SST of about 30°C is observed in the
Malacca strait. Off the southern tip of India, a cold pool is observed where the SST
varies from 27.5°to 28°C. Luis and Kawamura (2000, 2001 & 2002) inferred that the
wintertime SST cooling in the vicinity of the tip is a case of topography-monsoon-
ocean interaction. During MAM, when the wind is weak and variable (Shetye and
Gouveia, 1998), SST of the BoB increases abruptly and the latitudinal variation is
minimum. SST is within the range 29-30°C in most parts of the Bay and the lowest
SST (about 28.5-29°C) is observed in the northern Bay, away from the coast. During
this season, SST increases by 4-5°C in the northern Bay. The cooling off the southern
tip of India ceases; and the Malacca strait and the eastern Andaman Sea experience
the highest SST of more than 30°C.

During JJAS, the spatial distribution of SST undergoes considerable change. An
overall decrease in SST is observed with the occurrence of the mini cold pool off the

southern tip of India where SST is 26.5°C. The cooler water from this region extends
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to the south-central Bay up to 8°N, forming a cold pool where SST is in the range of
28-28.5°C. The mini cold pool has been well documented by Rao et al. (2006a), and
has been attributed to the upwelling caused by the divergence in the near-surface
circulation. Also the intrusion of this cooler upwelled water to the south-central Bay
has been associated with the SMC that flows eastward south of Sri Lanka and then
northeastward into the south-central BoB. The cold pool decays after September due
to the arrival of a long Rossby wave, associated with the reflection of the spring
Wyrtki jet at the eastern boundary of the ocean (Vinayachandran and Yamagata,
1998). In the western and northern Bay, and to the east of Sri Lanka, SST is about
29-30°C. In the central Bay and Andaman Sea SST is 28.5-29°C. High SST (30°C)
persists in Malacca strait during JJAS and ON.
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Fig. 3.3 Seasonal mean sea surface temperature (°C) during a) Dec-Feb (DJF), b)
Mar-May (MAM), c) Jun-Sep (JJAS), and d) Oct-Nov (ON) of the Bay of Bengal.
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The winds over the BoB weaken and the latitudinal variation in SST is less during
ON. SST off the southern tip of India increases to about 28°C during ON, while a
decrease is observed in the northern (28°C) and western Bay. In the central Bay
extending to the western Andaman Sea, a pool of high SST (29-29.5°C) is observed

during this time.
3.3.2. Monthly mean distribution of sea surface temperature

Variations in the spatial distribution of SST in the BoB have been studied using the
monthly climatology of SST, as illustrated in Fig. 3.4. During Dec-Feb, the spatial
distribution of SST of the BoB shows little variability. The lowest temperature is
observed in the head Bay, increasing gradually towards south and SST is highest in
the Malacca Strait. During January, the BoB experiences the lowest SST (~23°C) of
the year in the northern Bay: it gradually increases towards the south and southeast,
reaching 29.5°C in Malacca strait. Slight cooling (27°C) is observed off the southern
tip of India which diminishes by February. This cooling has been reported by Luis
and Kawamura (2000 & 2001). SST distribution is similar during February with a
slight increase in the entire Bay. By March when the winds over the Bay become
weak (Shetye and Gouveia, 1998), there is an overall warming and the SST increases
to 27°C in the north and northeastern Bay. In the southern Bay and Andaman Sea
SST is 29-30°C, and in the Malacca strait an SST high of 30.5°C is observed. During
April when the winds remain weak, SST of the BoB increases significantly to 29-
31.5°C. The SST is 29-29.5°C in the northern Bay, and south of 15°N it is 30-30.5°C
increasing further in the eastern Andaman Sea. In the Malacca strait, SST increases
to nearly 31.5°C and remains high till July. SST remains high during May in the BoB
with a latitudinal reversal in its spatial distribution. High SST (30.5-31°C) is
observed along the western Bay and the lowest SST (29-29.5°C) is observed off the
southern tip of India and in the south-central Bay, which develops into a cold pool
during the SWM season. This cold pool has been studied in detail by Joseph et al.
(2005). Vinayachandran and Yamagata (1998) suggested that the cold dome

develops during the SWM in response to cyclonic curl in the local wind field. The

61



Chapter 3 Distribution of some physical and biological properties

upward Ekman pumping induced by this cyclonic curl brings cooler water to the

near-surface layers.
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Fig. 3.4 Monthly climatology of sea surface temperature (°C) of the Bay of Bengal
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With the onset of SWM in June, SST of the BoB decreases. Off the southern tip of
India a mini cold pool forms where SST is about 27°C. The cooler water advect
eastward south of Sri Lanka and northward up to 9°N into the south-central Bay,
forming a cold pool where SST varies between 28.5°C and 29°C. According to Rao
et al. (2006a) the mini cold pool off the southern tip of India is driven by the
upwelling caused by the divergence in the near-surface circulation. A cold pool is
also observed in the Andaman Bay which seems to be an extension of the cold pool
in the south-central Bay. As the monsoon progresses SST of the Bay decreases.
During July, SST of the mini cold pool off the southern tip of India decreases to
26°C, which is the lowest temperature of the year in that region, while SST of the
cold pool in the south-central Bay decreases by 0.5°C. As the monsoon progresses,
intrusion of cooler water from the mini cold pool by the SMC causes a reduction in
SST of the south-central Bay (Rao et al., 2006a). SST is 29-30°C in the western and
northern Bay. Slight cooling is observed in the Malacca strait during July which
persists till December. During August, SST of the BoB further decreases by 0.5°C,
and it is about 27.5-28°C in the south-central Bay, while an increase of 0.5°C is
observed in the mini cold pool. SST of BoB increases during September as SWM
weakens and its spatial distribution is similar to that during July. Also SST in the
cold pool off the southern tip of India increases to 27°C. The decay of cold pool has
been attributed to the arrival of a long Rossby wave (Vinayachandran and Yamagata,
1998).

The SST of the BoB further increases after the SWM withdraws. Along the coasts
SST increase to 30.5°C and open ocean and Andaman sea experience an SST of
28.5-29.5°C during October. In November, SST shows a latitudinal variation in the
BoB with low SST in the north and high SST in the south. In the north, SST drops by
2°C and cooler water of 27.5-28°C is observed along the north and northwestern Bay.
SST increases to 29-29.5°C southwards and eastward in the BoB. The cold pool in
the south-central Bay and off the southern tip of India disappears during November.
During December, SST decreases significantly and its distribution is similar to that
during January. SST drops by 3°C to nearly 24.5°C in the northern Bay, and also a

slight decrease occurs in the Malacca strait. In the southern Bay SST is in the range
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of 28.5-29°C, and off the southern tip of India a slight cooling (~27.5°C) is observed.
According to Luis and Kawamura (2001) this SST cooling during the NEM is locally

influenced by surface forcing in and offshore of the Gulf of Mannar.

3.4. Spatial distribution of sea level anomaly

3.4.1. Seasonal mean distribution of sea level anomaly

The spatial distribution of SLA during different seasons in the BoB are analysed
based on eight year merged data from 2000 to 2007 (Fig. 3.5). During DJF, a
cyclonic eddy is observed in the western BoB indicating divergence and hence
upwelling; also negative SLA is observed along the northern, eastern and southern
BoB. Positive SLA is observed in the central and southwestern Bay. A strong
anticyclonic eddy is observed in the northern Bay while a weak anticyclonic eddy is
observed in the southwestern Bay during this season. During MAM, cyclonic eddy in
the western Bay is replaced by a large anticyclonic eddy which had been documented
by Shetye et al. (1993). In the regions near the Malacca strait, negative SLA is
replaced by positive SLA. Also the negative SLA near the north and northeastern

coasts weakens during this season.

During JJAS, negative SLA prevails to the west of 88°E while it is positive to the
east and north. The anticyclonic eddy in the western Bay during MAM becomes
weak during this period. Two cyclonic eddies are observed during the SWM season:
one in the northwestern Bay and the other in the southwestern Bay. Also SLA
becomes negative off the southern tip of India. The cyclonic eddy to the east of Sri
Lanka develops due to the open ocean Ekman pumping (Vinayachandran and
Yamagata, 1998). Sea level is high along the northern BoB and in Martaban Bay
during JJAS. During ON, the cyclonic eddy in the northwestern Bay intensifies
together with the formation of another cyclonic eddy in the western Bay. The
existence of the cyclonic eddy in the northwestern Bay forced by Ekman pumping
has been reported by Vinayachandran and Yamagata (1998). All along the coast,
positive SLA is observed during this time. Off the southern tip of India, SLA
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becomes positive again. In the Palk Strait high positive SLA is observed during ON
and DJF.
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Fig. 3.5 Seasonal mean sea level anomaly (cm) during a) Dec- Feb (DJF), b) Mar-
May (MAM), c) Jun-Sep (JJAS), and d) Oct-Nov (ON) in the Bay of Bengal.

3.4.2. Monthly mean distribution of sea level anomaly

SLA variations in the BoB have been analysed using monthly climatology data (Fig.
3.6). In January, the central BoB is dominated by positive SLA. Also SLA is positive
to the south of India. A large anticyclonic eddy is observed in the northern Bay
during January. SLA is negative in the north and also in the eastern and southern
Bay. A cyclonic eddy is observed in the western Bay near 12°N. During February,
the eastern Bay is dominated by negative SLA and western Bay by positive SLA.

The existing anticyclonic eddies in the northwestern and southwestern Bay develops
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further during this time. The negative SLA is high along the coast in the north and
northeastern BoB during February and March. The distribution pattern of SLA
remains the same during Feb-Mar. In April, there is an overall decrease in the
negative SLA in the BoB. The anticyclonic eddy in the southwestern Bay strengthens
during this time. The entire Bay is dominated by positive SLA during May except for
a cyclonic eddy in the northwestern Bay around 18°N. The anticyclonic eddy in the
western BoB which lies to the south of cyclonic eddy develops further during this
time.
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Fig. 3.6 Monthly climatology of sea level anomaly (cm) in the Bay of Bengal
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Fig. 3.6 Monthly climatology of sea level anomaly (cm) in the Bay of Bengal

In June, with the onset of SWM season the anticyclonic eddy in the western Bay
weakens while in the southern Bay, weak anticyclonic eddies develop. A cyclonic
eddy forms to the east of Sri Lanka during June which develops further during July
within which upwelling takes place. Negative SLA extends more in the western BoB
during July. The positive SLA along the northern Bay and Martaban Bay becomes
high during this time and persists in August while the anticyclonic eddies weaken in
the southern Bay and in the western Bay. At this time the western Bay is dominated
by negative SLA. The SLA distribution does not undergo much variation during
August and September. A decrease in positive SLA especially in the Martaban Bay is

observed during September.
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In October with the retreat of SWM, the cyclonic eddy in the northern BoB
intensifies and the negative SLA extends to central Bay. In November during the
NEM season, negative SLA decreases, but the cyclonic eddies in the western Bay
remains intense which support upwelling in this region. SLA becomes positive to the
south of India during November. In December the extent of negative SLA in the
western Bay decreases and the BoB is dominated by positive SLA. The cyclonic
eddies that are observed during the SWM and during Oct-Nov are documented by
Vinayachandran and Yamagata (1998). Eddies also form during the months Apr-May
and Oct-Nov in the vicinity of EICC during the tropical cyclone season in the BoB.
The importance of eddy pumping of nutrients and resultant enhanced biological
productivity in the BoB during fall and spring inter monsoons were reported by

Prasanna Kumar et al. (2007).

Han and Webster (2002) used a reduced gravity ocean model to show that SLA in the
BoB results largely from wind variability. The SLA in the northern and eastern
boundaries was predominantly caused by equatorial winds which generate coastal
Kelvin waves that propagate into the Bay along the eastern boundary. The SLA in
the western boundary is influenced by Bay winds and equatorial winds. In the central
Bay, SLAs are produced primarily from westward propagating Rossby waves
generated by equatorial wind variability. They also found minimal effect of

freshwater flux, heat fluxes and river discharges on SLA.

3.5. Spatial distribution of surface chl-a concentration
3.5.1. Seasonal mean distribution of surface chl-a concentration

The seasonal changes in the distribution of surface chl-a of the BoB are analysed
based on the seasonal mean of chl-a concentrations (mg m™) as illustrated in Fig. 3.7.
During DJF, chl-a concentration is very low (0.1-0.4 mg m™) in the central BoB. The
chl-a concentration increases in the coastal region. Chl-a concentration is about 4 mg
m™ in the northern Bay and in the Martaban Bay during this time. In the eastern BoB
near the coast, chl-a concentration is lesser (about 3 mg m®) and in the Malacca

strait and Gulf of Mannar it is about 2 mg m. Chl-a concentration is comparatively
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low along the western and northwestern Bay during this time. During MAM, the chl-
a concentration of the entire open ocean decreases becomes less than 0.2 mg m?. In
the Malacca Strait, chl-a decreases from 2 mg m™ to 1 mg m™ during this time. Near
the southern tip of India, chl-a increases to 3 mg m®, while to the south of Sri Lanka

and along the western and northwestern Bay, chl-a increases to about 1 mg m™.

During JJAS, the chl-a concentration is highest in the BoB. The extent of high chl-a
increases in the northern Bay, near the southern tip of India, and south of Sri Lanka.
To the south of Sri Lanka chl-a concentration increases to 3 mg m while in the
northern Bay and near the southern tip of India, chl-a increases to about 7 mg m*. In
the northwestern Bay near the coast above 15°N near the Godavari river mouth, chl-a
increases to about 3 mg m™ during this time. High chl-a is observed in the
southwestern Bay to the east of Sri Lanka where it increases to about 1.5 mg m>.
Coastal upwelling driven by monsoon winds causes the increase in chl-a
concentration in the southern coast of Sri Lanka. The SMC advect the upwelled
water into the southwestern BoB increasing the chl-a concentration in that region
(Vinayachandran et al., 2004). Open ocean upwelling by Ekman pumping also
contribute to the high chl-a concentration in the southwestern BoB. During ON, there
is an overall decrease in chl-a concentration in the BoB. Chl-a concentration in the
southwestern Bay decreases to about 0.4 mg m™ and near the southern tip of India
chl-a decreases to 3 mg m™. Also chl-a concentration along the northwestern and
northern BoB decreases during this season. At the same time an increase in chl-a

concentration up to 1.0 mg m2is observed in the Malacca strait.
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Fig. 3.7 Seasonal mean of surface chlorophyll-a concentration (mg m™) during a)
Dec-Feb (DJF), b) Mar-May (MAM), c¢) Jun-Sep (JJAS), and d) Oct-Nov (ON) in the
Bay of Bengal.

3.5.2. Monthly mean distribution of surface chl-a concentration

Spatial distribution of surface chl-a has been studied using the monthly climatology
of chl-a concentration (Fig. 3.8). During January, chl-a concentration in the central
BoB and Andaman Sea varies from 0.1 to 0.3 mg m™ and it gradually increase
towards the coastal regions. Highest chl-a concentration of about 3-4 mg m™ is
observed in the northern Bay and Martaban Bay. In the Malacca strait, eastern Bay
and in the Gulf of Mannar, chl-a concentration has a maximum of 3 mg m™. In the
Godavari basin near 16°N, chl-a concentration is about 2 mg m™. In February, chl-a
concentration reduces to less than 0.2 mg m™ in the open ocean while along the
coastal region it does not undergo considerable change. In March, chl-a
concentration increases to about 5 mg m? in the Martaban Bay. The chl-a

distribution does not vary much during April except for a decrease in the Malacca
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strait. Chl-a blooms appear to the south of Sri Lanka (~ 2 mg m™), and to the
southern tip of India (~ 5 mg m™) during May. There is an increase in chl-a
concentration in the northern Bay and in the Martaban Bay during this time. Also

scattered patches of high chl-a occur along the east coast below 15°N.

In June, high chl-a concentration is observed over a large area to the south of India
and Sri Lanka, with a maximum of nearly 7 mg m™ occurring close to the southern
tip of India. High chl-a from the bloom extends from the south of India and Sri
Lanka to the southwestern Bay by the advection of SMC in the ocean. According to
Rao et al. (2006a), upwelling off the southern tip of India results in both shoaling of
the thermocline and enhanced blooming of chl-a. During June, chl-a concentration in
the northern BoB is about 4-5 mg m™ and along the northeastern coast increase of
chl-a concentration upto 3 mg m™ is observed. There is an overall increase of chl-a
concentration in the BoB during July. Chl-a concentration increases in the
northwestern BoB near the Krishna-Godavari river mouth with small blooms (~ 2-3
mg m™) in July. This is due to the increased river runoff during the SWM season
which brings more nutrients into the ocean. In July, the bloom in the southwestern
Bay extends northward upto 10°N within which chl-a concentration increase to about
1- 1.5 mg m®, whereas it is about 0.2 mg m™in the surrounding waters. The bloom to
the south of India and Sri Lankan coast extends over a larger area and persists till
September. The bloom to the south of Sri Lanka is attributed to the coastal upwelling
driven by monsoon winds that cause enrichment of nutrients in the surface layer
(Vinayachandran et al., 2004). The SMC flowing eastward south of Sri Lanka, and
then into the BoB advect the upwelled waters eastward along its path. The
chlorophyll rich waters from the Indian coast also advect along with the monsoon
current towards Sri Lanka. East of Sri Lanka the open ocean upwelling associated
with the Sri Lanka Dome is also found to be an important process that upwell
nutrients (Vinayachandran et al., 2004). The chl-a concentration off the southern tip
of India reaches upto 9 mg m™ in August. Also during August, there is a further
increase in chl-a concentration in the northwestern Bay near Krishna-Godavari river
mouth. Chl-a concentration in the northern Bay increases to 5-6 mg m™ during this

time which sustain in September. After August, an overall decrease of chl-a
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concentration in the open ocean is observed in the BoB. The bloom in the

southwestern Bay and in the northern Bay diminishes in September.
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Fig. 3.8 Monthly climatology of surface chlorophyll-a concentration (mg m™) in the
Bay of Bengal

Continued...
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Fig. 3.8 Monthly climatology of surface chlorophyll-a concentration (mg m™) in the
Bay of Bengal

By October, when the SWM withdraws, the chlorophyll bloom in the southwestern
Bay disappears and the bloom off the Krishna-Godavari river mouth diminishes. Chl-
a concentration in the northern Bay and Martaban Bay decreases to 4-5 mg m™. Chl-
a concentration off the southern tip of India and to the south of Sri Lanka decreases
to about 2 mg m™® during this time. During November, a decrease in chl-a
concentration is observed in the northern BoB and to the south of India and Sri

Lanka. In the Malacca strait, chl-a concentration increases to about 2 mg m™, that
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extends westward during December. There is little difference in the spatial

distribution of chl-a concentration in December when compared to November.
3.6. Summary

The climatological variations of WSC, SST, SLA and surface chl-a concentration in
the BoB during the period 2000-2007 have been analysed in this Chapter. The spatial
distribution of WSC over the BoB changes in correspondence with the prevailing
surface winds which undergo seasonal reversals associated with changing seasons
over the BoB. Positive (cyclonic) WSC is observed over the southern Bay during the
NEM season (Dec-Feb) with the maximum (3x10”" N m®) over the west of Sumatra
Islands in December. During this season, weak negative (anticyclonic) WSC exist
over the north and central Bay. During pre-monsoon months (Mar-Apr), WSC over
the Bay is comparatively weak as the winds are weak and variable. During SWM
season from June to September, positive (cyclonic) WSC is observed over the north
and northwestern parts of the BoB, extending and increasing in intensity, to a
maximum of 3x10” N m™ during August and thereafter diminishing. Strong positive
(cyclonic) WSC is observed over the southwestern Bay from May to September
which increases as the monsoon advances. It attains maximum strength (~4.5x10” N
m™) to the east of Sri Lanka in July and then gradually decreases. High positive
(cyclonic) WSC induce divergence of the ocean surface and upwelling in the
southwestern Bay, north and northwestern Bay during SWM season. During this
season high negative (anticyclonic) WSC with a maximum of -2.5x10”" N m which
induce convergence of the surface waters and downwelling is observed over the
southeastern Bay. Positive (cyclonic) WSC dominates the Bay during the post-
monsoon months of October and November. Over the southwestern Bay positive
WSC is about 2x10”" N m™ during this season. High positive (cyclonic) WSC in the

west-central Bay during October supports upwelling in this region.

SST of the BoB undergoes large variations in its spatial distribution in a year. During
the NEM, SST reaches the lowest (~23°C) in January in the northern Bay and

increases southward. During the pre-monsoon months when the winds are weak, SST
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of the Bay increases abruptly and is greater than 29°C in April and May. With the
onset of the SWM in the BoB, SST decreases and its distribution pattern changes.
The Bay experiences low SST in the southern part which gradually increases towards
the north and northwestern Bay. A cold pool forms in the south-central Bay during
May and intensifies as the SWM progresses. The cold pool reach the maximum
extent with a temperature of 27.5°C during the peak of monsoon in Jul-Aug and
disappear by October. The upward Ekman pumping induced by high positive
(cyclonic) WSC brings the cooler subsurface water to the ocean surface thus
reducing the SST of the cold pool (Vinayachandran and Yamagata, 1998). Also the
decay of the cold pool is attributed to the arrival of a long Rossby wave. A mini cold
pool forms off the southern tip of India in June reaches the minimum SST of 26°C in
July and diminishes by October as the SWM withdraws. The mini cold pool develops
due to the upwelling caused by the divergence in the near-surface circulation (Rao et
al., 2006a). In October the SST of the Bay increases, and in November the latitudinal
distribution changes again with low SST to the north and high SST to the southern
Bay. SST distribution of December resembles that during January with slightly less

cooling in the northern Bay.

In general, the mean SLA of the BoB undergoes considerable change during the year.
The variations in SLA are mainly caused by Rossby and Kelvin waves in the BoB
which are generated by equatorial winds (Han and Webster, 2002). From February to
April, negative SLA dominates the eastern Bay while anticyclonic eddies are
observed in the western Bay. These anticyclonic eddies are replaced by cyclonic
eddies during the SWM season. Also the negative SLA in the eastern Bay is replaced
by positive SLA during SWM season. Strong cyclonic eddies that cause upwelling
are observed during the SWM and post-monsoon season in the western and
southwestern Bay. The cyclonic eddy in the southwestern Bay develops as a result of
the open ocean Ekman pumping by the positive WSC (Vinayachandran and
Yamagata, 1998). During NEM, positive SLA dominates the Bay and a strong
anticyclonic eddy is observed in the northwestern Bay, which cause downwelling in

this region.
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Seasonal and monthly variability is minimum in the Bay except at certain locations
such as southwestern Bay, east coast of India, northern BoB and Malacca strait. The
spatial variation of surface chl-a is low in the BoB especially in the open ocean
where it is in the range of 0.1 to 0.4 mg m™ during all the seasons. Generally chl-a
concentration increases towards the coasts up to 3-5 mg m™ and especially during
SWM it reaches as high as 8-9 mg m™. During NEM season, chl-a concentration
increases to about 4 mg m™ in the northern Bay and in the Martaban Bay. Chl-a
concentration is lowest (<0.2 mg m™) in the entire central Bay during the pre-
monsoon season. High chl-a concentration is observed during the SWM season in the
BoB. During the SWM season, a chlorophyll bloom develops off the southern tip of
India and in the southwestern Bay. As the SWM intensifies, spatial extent of the
bloom increases and by October the bloom disappears completely. The chl-a
concentration within the bloom is about 1-1.5 mg m™ which is high compared to the
surrounding waters. During the entire SWM season, chl-a concentration south of
Indian and Sri Lankan coast remain very high, reaching up to 7-9 mg m*. This
increase is caused by the coastal upwelling driven by monsoon winds along the
coasts of Sri Lanka. The occurrence of bloom during SWM in southwestern Bay is
caused by the open ocean upwelling driven by Ekman pumping together with the
advection of upwelled waters from the southern coasts of Sri Lanka by the SMC
(Vinayachandran et al., 2004). East coast of India experiences changing current
patterns and river inputs from Krishna and Godavari, which cause increased chl-a
concentration in that region especially during SWM season. Northern and
northwestern Bay also experience high chl-a concentrations during the summer

monsoon months.
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Chapter 4

Variability of wind stress curl and the Ekman

pumping in the Bay of Bengal
4.1. Introduction

The WSC is a measure of the sense and strength of rotation in the wind. WSC is
positive if the winds are cyclonic in the northern hemisphere. In Ekman pumping,
WSC generates ocean-surface divergence or convergence, which forces water
upward or downward. In the open ocean, this results in large-scale upwelling at the
centre of low-pressure areas, and downwelling in high-pressure areas (Pickett and
Paduan, 2003). Horizontal convergences and divergences of the Ekman transport are
compensated for by a vertical upwelling or downwelling velocity at the base of the
Ekman layer, known as Ekman vertical velocity (VV). Based on WSC studies,
Chelton (1982) suggested that Ekman pumping is important in bringing nutrients to
the surface waters. Upwelling has importance well beyond its physical significance,
because it brings the subsurface nutrient rich waters to the surface where
phytoplankton blooms. Changes in upwelling can result in large and significant

changes in the productivity of the ocean.

In the first section of this Chapter, monthly data on WSC for a period of eight years
(2000-2007) has been used to study the spatial and temporal variability of WSC over
the BoB. EOF analysis has been performed on WSC field, resulting in spatial
patterns of WSC and associated time series. EOF analyses identify the significant
patterns in large data sets and the variance explained by them. These help us to
understand the prominent modes of variability of WSC in terms of spatial and

temporal patterns.
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The spatial distribution of wind stress in the BoB during the SWM season has been
analysed in second section of the Chapter. The cold pool of the BoB lies in a region
of intense wind stress: the interannual variations in the extent of the cold pool have
been studied with the help of TMI SST and the results have been explained. VV has
been computed from WSC and analysed in the regions of strong wind stress during
SWM season in the BoB. Positive VV denote upward Ekman pumping while
negative VV denote downward Ekman pumping in the Ekman layer. SLA has also
been analysed in the regions of intense wind stress. High positive VV and intense

negative SLA (cyclonic eddies) indicate the occurrence of upwelling in the ocean.
4.2. Empirical Orthogonal Function analysis of wind stress curl

EOF analysis has been applied to WSC over the BoB to quantify the major seasonal
and inter-annual patterns in the WSC during the period 2000 to 2007. The analysis
gives a set of orthogonal spatial patterns and associated uncorrelated time series
called principal components (PCs). Fig. 4.1 represents the annual mean distribution
of WSC during the study period.
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Fig. 4.1 Annual mean of wind stress curl pattern (x10” N m™) over the Bay of Bengal
from January 2000 to December 2007. Dashed lines indicate negative wind stress
curl.
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Annual mean of WSC depict the most pronounced features in the spatial distribution
of WSC over the BoB during the years 2000 to 2007. It is observed that in the BoB
annual WSC varies between -1.4x107 N m® and 2x107 N m™®. Weak negative
(anticyclonic) WSC is observed over most part of the BoB except over the
southwestern Bay. Comparatively high negative (anticyclonic) WSC of about -
1.4x107 N m™ is observed near the Malacca strait. Positive (cyclonic) WSC of high
magnitude is observed over the southwestern Bay with a maximum of 2x107 N m™
centered at 7.5°N which is favourable to upwelling events. This high WSC is caused
by the prevailing southwesterlies in the BoB during the SWM season. Also weak
positive (cyclonic) WSC is observed over the western side of the Bay between 11°N

and 15°N and over the head Bay in the north.

First twelve EOFs have been retained in the EOF analysis of WSC. Fig. 4.2a shows
the variance associated with the first 12 EOF modes. First EOF mode contributes to
36% and the second mode 15.1% of the total variance. WSC fields vary mainly
according to the first modes of variance and hence the associated patterns are most
typical. The rest of the EOF modes are of minor significance corresponding to very
small eigen values, and contribute very little to the total variance. The cumulative
variance in percentage (Fig. 4.2b) shows that the 12 EOF modes represent 83% of
the total variance and the first four EOFs alone represent 64% of the total variance of

the WSC field. The spatial patterns of the WSC associated with these modes depict
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Fig. 4.2 (a) Variance in percentage associated with first 12 EOFs, and (b) cumulative
variance in percentage of EOF modes
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Spatial patterns of the WSC and a non-dimensional time series are associated with
each EOF mode. The first EOF accounts for 36% of the total variance of the WSC
field. EOF1 (Fig. 4.3a) shows high positive values in the northwestern Bay and in the
southwestern Bay to the east of Sri Lanka. Negative high values are observed in the
southeastern Bay. This pattern is similar to the JJAS climatology of WSC (Fig.3.1c).

EQF1-36.0%

(b)

langitud

Fig. 4.3 (a) Spatial pattern of wind stress curl (x10” N m™®) for the first EOF, and (b)
the corresponding non-dimensional time series PC1

The first EOF is dominated by annual periodicity associated with summer monsoon
which is clearly revealed in the time series coefficient PC1 (Fig. 4.3b). The positive
peaks in the time series graph are more pronounced than the negative peaks. From
2000 to 2003 and during 2007 the positive peak occurred during August while during
2005 and 2006 the peak occurred in July. The interannual variations in WSC are
brought out in the graph. Negative peaks occur during December and January which
also shows interannual variations. From the analysis of EOF1 and corresponding
PC1 it has been observed that a positive high occurs in the northwestern and
southwestern Bay during Jul-Aug which becomes negative during Dec-Jan months.
Also another annual variation observed is the negative high in the southeastern Bay

during Jul-Aug which turns to a positive high during Dec-Jan.

The second EOF accounts for 15.1% of the total variance which is associated
primarily with northeast monsoon having annual periodicity. In EOF2 (Fig. 4.4a),
negative high values are observed in the central Bay and positive high in the northern

and southern Bay. Annual periodicity is observed in the associated time series plot of
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PC2 (Fig. 4.4b) which also shows the inter-annual variability. The negative peaks are
prominent compared to positive peaks in the time series plot. Seasonal variability is
less during 2003, 2004 and 2006. Primary negative peaks occur generally during
October and November while positive high occur mostly during summer monsoon
months. Comparison between EOF2 and PC2 reveals that the negative high in the

central Bay is associated with the variance during northeast monsoon.
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Fig. 4.4 (a) Spatial pattern of wind stress curl (x10" N m™) for the second EOF and
(b) the corresponding non-dimensional time series PC2

EOF analysis of curl field shows that most of the variance of WSC in the BoB is
contained in annual frequencies associated with the monsoon. The possible processes
contributing to the remaining 36% of the total variance could be attributed to factors
such as intraseasonal variability of summer monsoon (active and break phases),
monsoon depressions and intra-seasonal variability of the equatorial (zonal) wind

stress.

4.3. Wind stress during the southwest monsoon

The spatial distribution of wind stress in the BoB during the SWM has been analysed
for the study period 2000 — 2007 (Fig. 4.5). The wind stress is high in the
southeastern side of Sri Lanka and also in the west-central Bay away from coast
between 12 to 20°N during the SWM season. A tongue of high wind stress (0.2 N m°
?) is observed to the southeastern side of Sri Lanka in May which increased to 0.22 N
m during Jun-Jul and later weakened. In the west-central Bay, strong wind stress of

~0.2 N m? is observed during June over a large area. In August, the wind stress
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increases to 0.21 N m™ along 88°E, 15-16°N and by September wind stress in the
west-central Bay becomes weak (less than 0.15 N m™). The strong wind stress
observed in the BoB is due to the strong wind flow during the SWM season in these
regions. Wind stress is very weak in the southeastern Bay (0.04-0.05 N m™) during
the SWM followed by the east coast of India south of 16°N and in the southwestern
Bay at around 8°N to the east of Sri Lanka (0.06-0.07 N m?). The wind stress
minimum in the southwestern Bay is situated above the region of maximum wind
stress. The cold pool of the BoB (Vinayachandran and Yamagata, 1998) develops in
the south-central Bay where the stress of the wind is high during the SWM season.
The inter-annual variations of the cold pool have been analysed using SST data. The
VV has been computed and analysed along with SLA in the southwestern and west-
central Bay where high wind stress is experienced during the SWM season in the

BoB to understand the upwelling in these regions.
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Fig. 4.5 Spatial distribution of wind stress (N m™) climatology for the years 2000 to
2007 superimposed with wind vectors from May to October covering the southwest
monsoon season in the Bay of Bengal
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4.4. Cold pool of the south-central Bay of Bengal and its inter-annual variation

The SST climatology for JJAS (Fig. 4.6) in the south-central BoB depicts the cold
pool that is observed during the SWM season. This cold pool has been well
documented by Vinayachandran and Yamagata (1998) and Joseph et al. (2005). The
cold pool lies between 3-10°N and extends to about 90°E in the south-central BoB.
Within the cold pool, the lowest temperature observed is about 28°C to the
southeastern side of Sri Lanka, which is the area that experiences high wind stress
(Fig. 4.5) during this season. The strong positive (cyclonic) WSC in the southwestern
BoB (Fig. 3.1c and Fig. 3.2) causes open ocean upwelling by Ekman pumping,
which contributes to the reduction in SST. Vinayachandran and Yamagata (1998)
related the development of this cold pool to the cyclonic curl in the local wind field
and the decay to the arrival of a long Rossby wave, associated with the reflection of

the spring Wyrtki jet at the eastern boundary of the ocean.
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Fig. 4.6 Averaged sea surface temperature (°C) during Jun-Sep in the south-central
Bay depicting the cold pool for the period of 2000 to 2007

The summer monsoon winds cause coastal upwelling in the southern coast of Sri
Lanka (Vinayachandran et al., 2004) and the upwelled cooler waters get advected
into the BoB by the SMC which flow eastward south of Sri Lanka. This contributes
to the cooling in the south-central Bay apart from the open ocean upwelling in that
region. Cooler water from the mini cold pool off the southern tip of India also gets
advected into the south-central BoB by the SMC (Rao et al., 2006a).
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Fig. 4.7 (a) Average sea level anomaly (cm) superimposed with geostrophic currents
in cm s (Jun-Sep) in the south-central Bay depicting the cold core eddy to the east
of Sri Lanka and the intrusion of currents into the Bay of Bengal and (b) the mean
wind pattern (m s™) for the same period showing the region of maximum wind speed
during summer monsoon period of 2000 to 2007

The mean SLA and the estimated geostrophic currents (Fig. 4.7a) during JJAS
illustrate the cyclonic eddy to the east of Sri Lanka and the anticyclonic eddy
adjacent to it. The geostrophic currents clearly show the intrusion of SMC
northeastward into the south-central BoB, the northern edge of which forms part of
the cyclonic eddy to the east of Sri Lanka. The cyclonic eddy is centered at 9°N,
84°E and the SLA is about -8 cm in the core of the eddy. The anticyclonic eddy is
centered at 6°N, 87°E. Though the lowest temperature in the cold pool is observed to
the southeast of Sri Lanka (Fig. 4.6), the cyclonic eddy lies further north around 9°N.
The evolution of the cyclonic eddy during SWM can be observed in Fig. 3.6. Though
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the eddy is located to the east of Sri Lanka during June, by September it moves
northward and lay centered at 10°N. The decay of the cold pool begins in September
when a strong northward flow east of Sri Lanka, which is separated from the coast by
a southward current, replaces the cyclonic eddy (Vinayachandran and Yamagata,
1998). As a result, warm water advected from the east occupies the south-central Bay
whereas the cold water patch moves northeast forming an eastward tongue. The
EICC flows northeastward north of 10°N from February until September, with a
strong peak in Mar-Apr and weaker flow from June to September (McCreary et al.,
1996). South of 10°N, along Sri Lanka the EICC flows northward only during March
and April. The absence of flow during the rest of the year is due to the interior
Ekman pumping which drives a strong southward current. During NEM, the EICC
flows equatorward all along the coast driven by winds along the east coast of India
and Ekman pumping in the interior Bay (Shetye et al., 1996). The mean surface wind
speed during JJAS illustrated in Fig. 4.7b is high to the southeastern side of Sri
Lanka (~ 10 m s™) which is observed to be the region of low SST (Fig. 4.6) during
this season.

The interannual variations in the strength and extend of the cold pool in the south-
central BoB during the SWM season have been explained using Hovmoller plots
(Fig. 4.8 and Fig. 4.9). In Fig. 4.8, the SST averaged over 3-10°N between 82-90°E
for the months from May to October have been plotted. The longitudinal extent of
the cold pool and its intraseasonal and interannual variations are observed in these
plots. In general, the temperature within the cold pool is lowest during August, with
2005, 2006 being exceptions during which the lowest SST occurred in September.
During 2007, apart from August and September, the cooling extends to October. The
cold pool is most developed during 2000 and has the lowest SST (~27.6°C) in
August followed by 2001, 2004 and 2006. The cold pool is weakest during 2007
followed by 2003. Depending on how prominent and well defined is the cold pool,
the longitudinal extent varies with each year. When the cold pool is most developed,
the cooling extends eastward upto 88-89°E: during 2000, the lowest SST is observed
between 83-87°E.
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Fig. 4.8 Sea surface temperature (°C) cooling in the south-central Bay of Bengal

averaged over 3-10°N depicting the cold pool that develops during the southwest
monsoon season
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Fig. 4.9 Sea surface temperature (°C) cooling in the south-central Bay of Bengal
averaged over 82-90°E depicting the cold pool that develop during the southwest
monsoon season

The intraseasonal and interannual variations in the cold pool of the south-central
BoB are also observed in the Hovmoller plots of SST (Fig. 4.9) averaged over 82-
90°E between 3-10°N for May to October. From these plots, it is observed that the
cold pool is most developed during 2000, followed by 2001, 2004 and 2006, while
during 2007 and 2003 it is least developed. The lowest SST of the cold pool occurs

during August in most of the years, except for 2005 and 2006 when it occurred in
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September. In general, the lowest SSTs are observed between 4-7°N. The latitudinal
extent varies each year depending on the strength of the cold pool.
4.5. Wind induced Ekman pumping and sea level variations

The monthly mean VV for the period May to October of the years 2000-2007 has
been computed for two regions: a) southwestern Bay, and 2) north-central Bay,
where the wind stress during the SWM (Fig. 4.5) is highest in BoB. The
corresponding SLA together with the computed geostrophic currents has also been

used to analyse the response of sea level to high wind stress in these regions.

4.5.1. Southwestern Bay of Bengal

10°N 4

BN

LATMUDE

E°N A

47N

10°N 4

BN A

LATMIDE

E7N 1

47N

BC°E BZ°E B4°E B&"E BE®E 90°E 80°E 8Z°E 84°E 86°E 88°E 90°E 80°E BI°E 84°E BB°E 8B°E 90°E
LONGTUIDE LONGITUDE LENGITUDE

—= 60 ms-1

-2 -1868 -1.2 -0.8 -0.4 O 04 08 12 1.8 Z 2.4

Fig. 4.10 Monthly mean Ekman vertical velocity (x10° m s) from May to October
in the southwestern Bay of Bengal

The monthly mean of VVV for the southwestern Bay are plotted in Fig. 4.10 depicting
the intra-seasonal variations during the summer monsoon season. The VV is about

1.6x10° m s™ to the east of Sri Lanka during May which increases and extends

89



Chapter 4 Variability of wind stress curl and the ERman pumping

eastwards into the Bay as the SWM advances. The VV is strongest during July and it
is about 2.4x10™ m s™ around 84°E, 7°N to the east of Sri Lanka and the tongue of
strong VV extends eastward upto 86°E. Positive VV is an indication of the upwelling
in that region. The strong cyclonic curl in the southwestern Bay (Fig. 3.2) during
SWM season causes divergence in the surface layer and upward Ekman pumping
causing upwelling. By August, the strength of the VV slightly decreases and the
direction of the tongue of strong VV shifts northeastward into the Bay. During
September, the VV reduces to 1.6x10™° ms™ to the east of Sri Lanka and thereafter

decreases.

10°N

BN

LATMUDE

FLIV

BN A

LATMUDRE

57N
T g

N
]

L= e it
E: o
CTAEN N“’F?A/// E el
FN g | 4
e PR N R
BO°E HBZ°E B4°C BG°C BESE 90°E G0°C H2°E 84°C 8G6°C 88°E 90°E B0°E B2°E B4°C BEE 8B°E 90°C

LOMGMLIDE LONGTUDE LONGITUDE
(T T T T T - -0 om s
—14 —-10 —& -2 2 =3 10 14

Fig. 4.11 Monthly mean sea level anomaly (cm) superimposed with geostrophic
currents (cm s™) in the southwestern Bay depicting evolution of the cold core eddy to
the east of Sri Lanka and the intrusion of currents into the Bay of Bengal

The monthly mean SLA in the southwestern BoB illustrated in Fig. 4.11 shows the
cyclonic eddy that develops during the SWM season. During June, with the onset of
SWM, a cyclonic eddy develops to the east of Sri Lanka centered at 84°E between 7-
9°N and is flanked by an anticyclonic eddy centered at 86°E just to the south of it.
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The western flank of the cyclonic eddy is a southward coastal current that flows
against local winds. The geostrophic currents during this time show the intrusion of
SMC into the southwestern BoB which forms the southern flank of the cyclonic
eddy. Currents are very strong (about 25-40 cm s™ in this region. The eastern flank
of the cyclonic eddy is a northward flow, that moves westward with the progress of
SWM (Vinayachandran and Yamagata, 1998). The cyclonic eddy is most developed
during July and within the eddy the SLA is about -14 cm. The cyclonic eddy is
pushed northward by the anticyclonic eddy as the monsoon progresses and in August
cyclonic eddy is centered at 9°N, 83°E to the east of Sri Lanka. During September,
the cyclonic eddy is located to the northeast of Sri Lanka, while the anticyclonic
eddy shifts to the east of Sri Lanka replacing the cyclonic eddy. By October, the
anticyclonic eddy to the east of Sri Lanka also becomes weak.

4.5.2. West-central Bay of Bengal
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Fig. 4.12 Monthly mean Ekman vertical velocity (x10° m s™) from May to October
in the west-central Bay of Bengal

The monthly mean VV of the west-central Bay are plotted in Fig. 4.12 depicting the
intraseasonal variations during the SWM season. West-central Bay is an area of
intense wind stress during this season. During May, the VV is negative on the

western side and by the onset of SWM in June, the VV becomes positive and is about
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0.35x10™° m st at 17°N. By July the area of strong positive VV moves northward and
during August, positive V'V becomes very prominent (0.55x10° m s™). Strong
positive VV lies north of 18°N which indicate the upwelling in this region. In
September, there is an overall decrease and the V'V becomes less than 0.25x10™ m s°
! During October, VV in the northern side further decreases while to the south
between 82-88°E, an increase (~0.55x10° m s™) is observed which favours

upwelling.
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Fig. 4.13 Monthly mean sea level anomaly (cm) superimposed with geostrophic
currents (cm s™) in the west-central Bay depicting evolution of the cold core eddy
and associated currents in the Bay of Bengal

A strong anticyclonic eddy flanked by a cyclonic eddy is observed during May in the
west-central Bay (Fig. 4.13). During June, the anticyclonic eddy weakens and moves
southwards. The cyclonic eddy extends along the western side in July, within which
the SLA is about -14 cm. By September, the cyclonic eddy becomes large and
extends into the central Bay. The eddy appear to have two cold cores lying between
16-18°N in the central Bay. During October, the cyclonic eddy becomes well defined
with an SLA of -16 cm at 87°E, 18°N within the eddy. During the entire SWM
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season the western side of the cold core eddy is flanked by EICC which flows

southwards along the coast in the northern Bay.

4.6. Summary

The variability of WSC over the BoB has been investigated using EOF analysis of
monthly data of eight years (2000-2007) in this Chapter. EOF analysis technique is
utilized to extract the patterns in the WSC data. The analysis gives spatial patterns of
WSC and associated time series. The first four EOF modes represent more than 64%
of the total curl variance with the first mode contributing to 36% of the total variance
of the WSC field. The second EOF represents 15.1% of the total variance in curl
data. The spatial patterns of WSC associated with these modes describe the major
elements of BoB climatology. EOF 1 and EOF 2 represent the dominant features
associated with monsoon seasons. From the associated time series, it has been
observed that most of the variance is contained in annual frequencies and the first
mode EOF1 and the second mode EOF2 have annual periodicity associated with

southwest and northeast monsoon respectively.

The spatial distribution of wind stress in the BoB during the SWM has been analysed
in this Chapter. The wind stress is found to be maximum to the southeastern side of
Sri Lanka in the southwestern BoB (0.22 N m™) in July and in the west-central Bay
during August (0.21 N m™). During this time, the lowest wind stress is observed in
the southeastern Bay (0.04-0.05 N m™) followed by the east coast of India south of
16°N and in the southwestern Bay at around 8°N to the east of Sri Lanka (0.06-0.07
N m?).

The cold pool of the BoB lies between 3-10°N in the south-central BoB and extends
to about 90°E to the east of Sri Lanka. The SST average for JJAS shows that lowest
temperature is about 28°C to the southeastern side of Sri Lanka, which is the area
that experiences high wind stress. The high wind stress along the southern coast of
Sri Lanka leads to coastal upwelling and contributes to the SST reduction in this
region. The cooler water is advected into the south-central Bay by the SMC which

flow eastward south of Sri Lanka. The development of the cold pool is also due to
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the cyclonic curl in the local wind field which causes open ocean upwelling
(Vinayachandran and Yamagata, 1998). The mean geostrophic currents during JJAS
show a cyclonic eddy with high negative SLA centered at 9°N, 84°E to the east of Sri
Lanka in the southwestern Bay and an anticyclonic eddy with high positive SLA
(centered at 6°N, 87°E) to the southeast of it. The geostrophic currents show the
intrusion of SMC into the south-central BoB; the cyclonic eddy to the north being
flanked by this current. Cold pool starts decaying in September, when a strong
northward flow east of Sri Lanka replaces the cyclonic eddy (Vinayachandran and
Yamagata, 1998). In the southwestern Bay, a wind speed maximum of about 10 m s™

during JJAS is observed over the southeastern side of Sri Lanka.

From the analysis of the interannual variations of cold pool in the south-central Bay
(3-10°N, 82-90°E), it is observed that the lowest SST within the cold pool occurs
generally during August: however, the years 2005 and 2006 were exceptions with the
SST reaching the lowest values in September. The cold pool was most developed in
2000 and the SST reached the lowest of ~27.6°C within the cold pool during August,
while in 2007 it was least developed followed by 2003. During 2007, the low SST of
the cold pool was about 28.4°C which was observed during Aug-Oct. Also it has
been observed that, in general, the lowest SST occurs between 4-7°N and extend

eastward depending on the strength of the cold pool.

VV has been computed from WSC and analysed in the southwestern and west-
central Bay where the intensity of wind stress is high. SLA has also been analysed in
these regions of intense wind stress. Strong positive VV and high negative SLA
indicate the occurrence of upwelling in a region. The VV to the eastern side of Sri
Lanka increases in strength and extends eastward into the Bay as the SWM advances.
A cyclonic eddy also develops during this time to the east of Sri Lanka which is
flanked by an anticyclonic eddy to the south of it. VV attains the maximum intensity
of about 2.4x10° m s in July at around 84°E, 7°N and extends upto 86°E, and
thereafter weakens. The cyclonic eddy is most developed during July and the
geostrophic currents are very strong about 25-40 cm s™ in this region. Geostrophic

currents show the intrusion of SMC northeastward into the Bay which flanks the
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eastern side of the cyclonic eddy. Ocean surface divergence and upward Ekman
pumping by high positive WSC cause upwelling in the southwestern BoB. With the
progress of SWM, anticyclonic eddy moves the cyclonic eddy northward and by

September cyclonic eddy is located to the northeast of Sri Lanka.

In the west-central Bay, in May before the onset of SWM, the VV is mainly
negative. During this time, a strong anticyclonic eddy flanked in the north by a
cyclonic eddy is observed in the west-central Bay and this anticyclonic eddy
weakens during June. During the SWM season, VV becomes positive with its
intensity increasing as the monsoon advances. The area of high positive VV shifted
gradually northward and reaches a high (0.55x10”°> m s™) during August near 20°N.
Strong positive VV north of 18°N indicate the presence of upwelling in this region.
The cyclonic eddy further develops as the SWM advances and has two cold cores -
one to the west and the other to the east during September. The strength of positive
VV decreases considerably in September, and during October towards the southern
side of this region between 82-88°E, positive V'V increases to about 0.55x10° m s™.
During this time, the cold eddy develops more and is centered about 87°E, 18°N with
a depressed sea level anomaly of -16 cm. The southward flowing EICC along the

coast during SWM season forms the western side of the cold-core eddy.
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Chapter 5

Upwelling and its significance in relation to surface
chlorophyll distribution

5.1. Introduction

Thermocline is a distinct layer in the ocean where temperature decreases more
sharply with depth than it does in the layers above and below it. It is the transition
layer that separates the surface mixed layer from the calm cooler water below. The
depth and strength of the thermocline shows considerable seasonal and annual
variations. The change in depth of the 20°C isotherm (D20) is often taken as a proxy
for thermocline anomalies (McPhaden, 1993; Harrison and Vecchi, 2001). Apart
from being an appropriate index for the thermocline variability, D20 is also a good
proxy for the pycnocline variability (Yu, 2003) and has been generally used as the
thermocline in many studies (Kessler, 1990; Meinen and McPhaden, 2000) since
D20 is located near the centre of the main thermocline. Schott et al. (2009) used D20
to represent the thermocline depth in the NIO and showed that it is shallow in regions
of upwelling. Variations in D20 are important as they indicate upwelling in the ocean

by means of the shoaling of thermocline.

Several studies have looked into the variability of thermocline on seasonal, inter-
annual, and longer time scales (Rao et al., 1993; Rao et al., 2002b; Vinayachandran
and Saji, 2008; Yu, 2003). Yu (2003) used XBT observations along 6°N to
investigate the variability of the 20°C isotherm on seasonal and inter-annual
timescales. They found that local Ekman pumping and remote Kelvin/Rossby wave
propagation are the two leading forcing mechanisms responsible for thermocline
variability. On seasonal timescales, the phase of the semi-annual variations are
determined by a remote forcing signal, whereas on inter-annual timescales, the 20°C

isotherm is sensitive to the remote equatorial wind variability, with local forcing
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variability being the secondary contributor. Girishkumar et al. (2013) investigated
the characteristics and possible causes of the intraseasonal thermocline variability in
the BoB. They showed that in the thermocline region a persistent intra-seasonal
variability on 30-120 day time scale having three distinct periods (30-70 day, near
90 day, and near 120 day) existed. They argued that the 90 day and 120 day
thermocline variability is driven primarily by the variability of equatorial zonal wind
stress; whereas the 30-70 day variability is influenced by the interior Ekman
pumping in the Bay and also by the zonal wind stress in the equatorial Indian Ocean

and alongshore wind stress in the eastern BoB.

In order to understand the subsurface thermal structure of the BoB, monthly
variability of D20 has been analysed based on the subsurface temperature data by
Ishii et al. (2005, 2006). The annual mean of D20 has been computed for the period
2000-2007 to bring out its salient features. Based on the prominent signatures of D20
observed in the annual mean, four areas have been selected for further study.
Comparison of monthly variations of D20 indices were carried out with Ekman
vertical velocity (VV), SLA and surface chl-a concentration indices in these boxes.
The seasonal to inter-annual variations and the relation of D20 with these three

variables have been studied in this Chapter.

Further, the seasonal to inter-annual variations of surface chl-a concentration in the
four selected regions in BoB have been analysed and explained. The relationship of
surface chl-a concentration with VV and SLA has been examined for these regions
and the results explained.

5.2. Variability of D20 in the Bay of Bengal

Monthly mean of D20 in the BoB has been plotted in Fig. 5.1 to understand the
spatial and temporal variability of thermocline. It is observed that D20 is deep (~135
m) in the central Bay extending from the western Bay to the south of Andaman
Islands in a southeastward direction. Shallow D20 of 95-100 m is observed in the

eastern Bay and north of Sri Lanka in the western BoB. In February, D20 increases
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in the western Bay and is deepest (~145 m) at around 86°E, 17°N. D20 becomes
shallow in the rest of the BoB and decreases to about 80 m in the eastern Bay.
During March, D20 increases further along the western Bay with the deepest D20
observed between 12-17°N (~ 145-150 m). During April, a similar pattern is
observed in the spatial distribution of D20 except for the deepening of isotherms in
the eastern Bay. Also the area of deeper isotherms in the western Bay reduces
considerably. By May, there is an overall increase in D20 in the BoB. D20 is deepest
(~150 m) in the western Bay between 12-18°N. During the same time, D20 increases
to 140 m in the eastern and southeastern BoB. In the central Bay and extending from

southwest to north, a comparatively shallow D20 (110-120 m) exists.

In June, with the onset of SWM, D20 in the western Bay decreases slightly whereas
in the northern and eastern Bay it increases. Shoaling of D20 up to 90 m off the
southern tip of India and southwestern Bay to the east of Sri Lanka occurs during this
time. The spatial distribution of D20 undergoes considerable change in July, and
lasts till October. A large decrease in D20 is observed in the entire BoB at this time.
Shoaling of D20 is maximum (75 m) east and north of Sri Lanka in the southwestern
Bay during July which indicates occurrence of upwelling. D20 decreases by about 60
m in the northern Bay and the depth is ~90 m around 18-20°N, indicating strong
upwelling in this region. A slight increase of D20 (140 m) is observed in a small area
near 87°E in the southern Bay during this time while on the eastern Bay it decreases
to 130 m. D20 distribution remains almost the same during August except for the
shoaling of D20 in the eastern and southern Bay. The D20 gets deeper east and
northeast of Sri Lanka towards the central Bay forming a tongue like feature. During
September, the extent of shallow D20 in the western Bay decreases as the SWM

withdraws. Also a slight decrease in D20 is observed in the eastern Bay.

During October, shoaling of D20 intensifies in the western Bay while D20 increases
in the eastern Bay. Around 9°N in the southwestern Bay, D20 decreases to 80 m

signifying the shoaling of thermocline and occurrence of upwelling. Upwelling also
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occurs in the northwestern Bay where D20 is shallow. In November a strong positive
gradient of D20 from west to east is clearly discernible along the entire length of the
Bay. There is deepening of D20 to 145 m in the northeastern BoB whereas D20 in
the western Bay is about 100 m during this time. Deepening of D20 also occurs off
the southern tip of India. In December, D20 decreases along the eastern and western
periphery of the Bay, where as it continues to increase in the northern and southern
Bay. D20 decreases to ~80 m in the eastern Bay while it increases to ~140 m in the
northern Bay. A slight decrease of D20 (to ~90 m) is observed in the western Bay
which is carried over from November indicative of the winter upwelling in this

region.
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Fig. 5.1 Monthly mean of depth of 20°C isotherm (m) in the Bay of Bengal

It has been observed that D20 is deep during Jan-Apr in the BoB especially in the
western Bay. In May, D20 becomes shallow across the Bay from southwest to
northeast. It remains shallow in the southwestern and northern BoB during SWM
season. D20 is shallow to the north and east of Sri Lanka in the southwestern Bay in
July, indicative of the shoaling of thermocline and upwelling during this season.
During post-monsoon season, there is a westward decrease in D20 and it is deep in
the eastern Bay and shallow in the western Bay. Shallow thermocline exists in the

western Bay during this reason which is associated with upwelling.
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5.3. Annual mean distribution of D20

Fig. 5.2 depicts the annual mean pattern of D20 in the BoB: the prominent spatial
signatures of D20 are evident from the figure. D20 is generally deep in the Bay
especially in the central Bay where it is ~130 m in and around 87°E, 15°N. D20 is
very shallow in the northern Bay (~103 m) and to the east and northeast of Sri Lanka
(~107 m) in the southwestern Bay. D20 is also shallow in the eastern Bay. In the
western Bay near 13°N, D20 reaches a maximum depth of ~130 m. Based on these
significant features, four different areas have been selected for the study of monthly

variations of D20 and its relation to VV, SLA and surface chl-a concentration.

The selected areas are:
1. Box A :86-90°E, 18-21°N - Northern Bay
2. Box B : 84-88°E, 13-17°N - West-central Bay
3. Box C: 81-85°E, 7-11°N - Southwestern Bay
4, Box D :95-98°E, 7-11°N - Andaman Sea
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Fig. 5.2 Annual mean of the 20°C isotherm depth (m) in the Bay of Bengal
(Boxed regions represent the four areas where further studies have been carried out)
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Box A in the northern Bay is influenced by precipitation and large fresh water influx
from Ganga and Brahmaputra rivers which result in low salinity and highly stratified
surface layer. These two rivers discharge ~ 7.2 x 10** m® during Jun-Oct into the
northern Bay which contributes to ~ 70% of the total river discharge into the BoB
(Martin et al., 1981; Shetye et al., 1993). Box B in the west-central Bay comes under
the influence of seasonally reversing EICC (Shetye and Gouveia, 1998; Schott and
McCreary, 2001). EICC is northeastward from February to September which is
strong during Mar-Apr and southwestward from October to January with the
strongest flow in November (Shankar et al., 1996). Box C in the southwestern Bay is
influenced by the seasonally reversing monsoon currents (Shankar et al., 2002) and
EICC. Vinayachandran et al. (2004) have shown that the SMC which flows eastward
south of Sri Lanka and into the BoB advects the upwelled water from the southern
coast of Sri Lanka along its path. East of Sri Lanka, the open ocean upwelling by
cyclonic winds is associated with the cold pool formation during SWM and the
intensification of chl-a concentration. During NEM, open ocean upwelling caused by
Ekman pumping leads to high chl-a concentration in the southwestern Bay
(Vinayachandran and Mathew, 2003). Box D lies in the Andaman Sea and is
influenced by the eastern boundary currents. This region is influenced by Kelvin
waves which efficiently transmit the wind input energy to the eastern boundary of the
BoB (Yu et al.,, 1991). McCreary et al. (1996) have shown that there exists a
southward flow from October to January driven by interior Ekman pumping and

local alongshore winds along the eastern and western coasts of BoB.
5.4. Relationship of D20 with physical and biological properties
5.4.1. Relation between D20 and Ekman vertical velocity

The monthly variability of D20 and VV indices (standardised anomaly) for the four
selected areas are shown in Fig. 5.3(a-d). Positive anomalies of VV and negative
D20 anomalies are indicative of upwelling. The inverse relation between VV and

D20 has been brought out in these figures. The seasonal to inter-annual variations in
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the VV and D20 are clearly seen in each box. Fig. 3.1 and Fig. 3.2 which show the
WSC variations in BoB support the changes in VV observed in Fig. 5.3(a-d).

In box A in the northern BoB, VV anomaly is positive during the SWM season (Jun-
Sep) which denotes upwelling (Fig. 5.3a). Positive VV anomalies sometimes extend
to May and October. Annual maximum of positive VV anomaly occurs during Jul-
Aug. During other months, VV anomalies are negative and its maximum is observed
mostly during April. During Aug 2006 and 2007, very high VV anomaly is observed
in this region. D20 is negative in March and from July to October with the maximum
in July indicating the upwelling which is in agreement with VV anomalies. During
other months, D20 anomalies are positive, the highest positive anomalies indicating
downwelling in this region. In 2006, D20 anomaly is negative during Feb-May when
VV anomaly is negative. D20 anomaly is negative in Nov 2007, reflecting the effect
of a VSCS SIDR (11-16 Nov 2007) with the wind speed more than 64 kts in the
shoaling of thermocline. VV does not reflect the effect of strong winds, which is due
to the averaging of coarse temporal resolution data to produce the monthly mean
data. The linear correlation coefficient between VV and D20 is -0.291 in the northern

Bay.

In box B (Fig. 5.3b) in the west-central Bay, VV anomaly is positive from May to
October, sometimes extending to November. In most of the years highest positive
VV anomaly occurs during October indicating upwelling. During other months, VV
anomalies are generally negative with its maximum observed mostly in April that
denotes downwelling. A gradual decrease in the positive VV anomaly is observed
from 2000 to 2006 which increases in 2007. High positive VV anomaly during Oct
2000 could be partially attributed to the strong winds associated with the cyclonic
storm during 15-19 Oct 2000. The corresponding high negative D20 anomaly
indicating the shoaling of thermocline supports the same. D20 anomaly is generally
negative from July to December with its maximum in November or December
indicating the shoaling of thermocline. During the rest of the period, D20 anomaly
remains positive. The high positive VV anomaly in Nov 2002 could be due to the

severe cyclonic storm during 10-12 Nov 2002 and the cyclonic storm during 23-28
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Nov 2002 which affected this region. High positive anomaly of VV in May 2003 is
attributed to the passage of a VSCS (10-19 May 2003) with a wind speed of more
than 64 kts. D20 anomaly however remains positive during this time. During the
occurrence of a cyclonic storm Baaz, (28 Nov-2 Dec 2005) with a wind speed of 45
kts, the D20 anomaly decreased and VV anomaly was positive. From 2002 to 2004
the variations in positive VV anomaly during Jun-Oct are erratic. The correlation
between VV and D20 is -0.303 in the west-central region.
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Fig. 5.3 Monthly variations of depth of 20°C isotherm and Ekman vertical velocity
indices for Box A (86-90°E, 18-21°N), Box B (84-88°E, 13-17°N), Box C (81-85°E,
7-11°N), and Box D (95-98°E, 7-11°N) in the Bay of Bengal

In Box C in the southwestern Bay, VV anomaly is positive from May-Jun to Nov-
Dec in general while for the rest of the year it is negative (Fig. 5.3c). The years 2000,
2006 and 2007 are exceptions when V'V anomalies are variable during Jun-Nov. Also
in 2000, VV anomalies are positive during Mar-Apr as opposed to other years. The
positive maximum of VV anomaly occurs during November or December in general,
with 2003, 2004 and 2007 being exceptions. D20 anomalies are positive during Jan-
May and negative during the rest of the year. During high positive VV anomaly, the
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corresponding D20 anomaly is negative. The negative maximum of VV anomaly
occurs during Jan-Mar and is usually associated with high positive anomaly of D20.
The effect of a VSCS with a maximum wind speed of 77 kts during 23-28 Dec 2000
in the southwestern Bay has been observed in the figure as high positive VV
anomaly. Also the effects of cyclonic storms Baaz (28 Nov-2 Dec 2005) and Fanoos
(6-10 Dec 2005) have been observed as very high positive VV anomaly during Nov-
Dec 2005. D20 anomaly is negative during the same period. The correlation between
VV and D20 is -0.432 in the southwestern Bay.

In box D region in the Andaman Sea in Fig. 5.3d, VV anomaly pattern is well
defined with negative anomaly occurring mostly during May-Sep. In 2005, the
negative VV anomaly occurs from June to September. During other months, VV
anomaly is positive. D20 anomalies are positive during May-Nov in most years,
while they last only till August in 2003, 2006 and 2007. Negative D20 anomalies are
observed generally during Dec-Apr which is in an inverse relation with the positive
anomalies of VV. Positive maximum of VV anomaly occur mostly during March
when the D20 anomalies are negative and high indicating shoaling of thermocline.
Maximum of negative VV anomaly occurs mostly in Jul-Aug during which D20
anomaly is positive. The correlation between VV and D20 in the Andaman Sea is
found to be -0.548.

It has been observed from the analysis that D20 and VV undergo considerable
seasonal variations in all the four selected regions in the BoB. Except for the
Andaman Sea, D20 anomaly is generally negative and VV anomaly positive during
the SWM and post-monsoon seasons. Negative D20 anomaly extends till December
in west-central and southwestern Bay. Negative anomaly signifies shallow D20 and
thermocline which could signify upwelling while high positive VV cause divergence
of surface water and upwelling in the BoB. The maximum of negative D20 anomaly
occurs generally during July in northern Bay, Nov/Dec in west-central Bay, whereas
in the southwestern Bay it is variable. The maximum of positive VV anomaly occurs

normally during Jul/Aug in northern Bay, October in west-central Bay and Nov/Dec
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in southwestern Bay. In these three regions, D20 anomaly is positive and VV
anomaly negative during NEM and pre-monsoon season. The maximum of positive
D20 anomaly occurs generally during June in northern Bay, May in west-central
Bay, and February in southwestern Bay. Negative maximum of VV occurs during
April in northern and west-central Bay, while in southwestern Bay it is either January
or February. In the Andaman Sea, D20 anomaly is negative during NEM and pre-
monsoon season (Dec-Apr) whereas VV anomaly is positive during Oct-Apr with the
maximum occurring in February or March. During other months D20 anomaly is
positive (maximum in June) and VV anomaly negative with maximum in Jul/Aug.
High positive VV induced by the strong cyclonic winds of severe tropical cyclones
that cause upwelling, and the associated shoaling of thermocline depicted by the

increase in negative D20 anomaly is also observed.

The low correlation between D20 and VV in northern Bay could be attributed to the
low salinity caused by large river run-off and precipitation especially during SWM
and the subsequent stratified layer which prevents the divergence of surface water
and shoaling of thermocline. Ganga and Brahmaputra together discharge about 7.2 x
10* m?® of fresh water in to the northern Bay during Jun-Oct (Martin et al., 1981;
Shetye, 1993). Strong winds even during the SWM are unable to erode the intense
stratification (Shenoi et al., 2002) in the BoB. The equatorward EICC during NEM
force coastal downwelling and advect the river discharge as a coastally trapped low-
salinity plume (Shetye et al., 1996) that can influence D20 variation in the west-
central BoB. The correlation is better for the southern BoB. By November, the
equatorward EICC that transports low saline fresh water is present all along the east
coast causing a sharp decrease in salinity along the coast (Shetye et al., 1996). When
the EICC flows poleward in February it forces coastal upwelling and raise the
salinity along the east coast (Shetye et al., 1993). Though strong positive VV is
observed in the southwestern Bay, the response of D20 is influenced by the EICC.
Also the SMC that flows eastward advects the upwelled water from the Arabian Sea
into the BoB. Open ocean upwelling by positive WSC which shoals the D20 occurs

during NEM in the southwestern Bay. To the east of Sri Lanka, open ocean
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upwelling associated with the Sri Lanka dome results in the shoaling of D20. During
summer and winter monsoons, two coastal Kelvin waves originate along the eastern
boundary of the BoB (Vinayachandran et al., 1996). McCreary et al. (1993)
suggested that remote alongshore winds excite coastal Kelvin waves that propagate
anticlockwise round the perimeter of the Bay as well as Rossby waves that radiate

westward from the eastern boundary.

5.4.2. Relation between D20 and sea level anomaly

The monthly variability of D20 and SLA indices (standardised anomaly) for the
selected regions are shown in Fig. 5.4(a-d). Negative anomalies of SLA and D20
indicate shoaling of thermocline. The direct relation between SLA and D20 has been
clearly brought out in these figures. Also the seasonal and inter-annual variations in

the SLA and D20 are seen in each region.

In box A in the northern BoB (Fig. 5.4a), SLA is generally positive from May/Jun till
the end of the year. During other months, SLA is negative with years 2002 and 2006
dominated by negative SLA. D20 anomaly is generally negative in March and Jul-
Oct indicating the shoaling of thermocline. Except for Mar 2007 when D20 is
positive, for all other years SLA and D20 show a positive correlation in March. But
during SWM season, SLA is generally positive showing a negative correlation with
D20. The negative SLA in Nov 2002 could be related to the severe cyclonic storm
that developed during 10-12 Nov 2002, but D20 anomaly was positive and failed to
show the shoaling of thermocline. The negative D20 anomaly of Nov 2007 reflects
the effect of the VSCS SIDR during 11-16 Nov 2007 in the shoaling of thermocline.
The SLA however does not show the reduction in sea level. It has been observed that

there is no significant correlation between D20 and SLA in the northern Bay.
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Fig. 5.4 Monthly variations of depth of 20°C isotherm and sea level anomaly indices
for Box A (86-90°E, 18-21°N), Box B (84-88°E, 13-17°N), Box C (81-85°E, 7-11°N),
and Box D (95-98°E, 7-11°N) in the Bay of Bengal

The seasonal and inter-annual variations in SLA of box B in the west-central BoB is
clearly seen in Fig. 5.4b. SLA is generally positive during Jan-Jun and negative for
the rest of the year. Negative SLA indicates divergence of water and upwelling
during SWM season till the end of the year. D20 anomaly is also negative from July
to December mostly, depicting the shoaling of thermocline and is positive during
other months which indicate the deepening of thermocline. SLA is highly variable
during Jan-Aug 2003. The lowest values of SLA are observed during Oct/Nov during
which D20 anomaly also remains negative and high. The lowest SLA could be
related to the occurrence of a severe cyclonic storm (10-12 Nov 2002) and two
cyclonic storms (15-19 Oct 2000 and 23-28 Nov 2002) in this region. Positive high
of SLA occurs during Apr-May and except for 2002, D20 high is observed during
April, showing a positive correlation with SLA. Thus D20 and SLA are highly
correlated and have a positive correlation of 0.742 in west-central Bay.
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The seasonal to inter-annual variations in SLA and D20 in box C in the southwestern
Bay are clearly seen in Fig. 5.4c. D20 anomalies are generally positive from January
to May/Jun and negative from Jun/Jul to December. The corresponding SLA follows
a similar pattern except in 2005 (negative SLA during Jun-Oct) and 2006 (negative
SLA during Jun-Sep). Also during Jul-Dec 2007, SLA is variable in southwestern
Bay. It has been observed from the figure that D20 and SLA are positively correlated
in the southwestern BoB with a high correlation of 0.743. The maximum positive
D20 anomaly is observed during Feb/Mar during which SLA is also maximum.
During the occurrence of a VSCS in the southwestern Bay (23-28 Dec 2000) with a
maximum wind speed of 77 kts, D20 and SLA decreased. D20 also decreased due to
the passage of cyclonic storms Baaz (28 Nov-2 Dec 2005), and Fanoos (6-10 Dec
2005), but SLA remained positive during this time.

In box D region in the Andaman Sea (Fig. 5.4d), there is a positive correlation
between D20 and SLA. In general, D20 anomalies are positive during May-Nov and
negative during Dec-Apr. In 2003, 2006 and 2007 positive D20 anomalies are
observed only from during May-Aug and remain negative for the rest of the year
indicating a shallow thermocline. SLA is generally negative during Jan-Apr that
shows a positive correlation with D20 anomaly. In 2002 and 2006, negative SLA is
observed also during Sep-Dec and the corresponding D20 anomaly is negative.
Negative maximum of SLA occurs during Feb/Mar during which D20 anomaly is
lowest indicating a shallow thermocline. Also the occurrence of positive maximum
of D20 (deep thermocline) in June is associated with positive SLA. Thus Andaman
Sea has a high correlation of 0.757 between D20 and SLA.

Low sea level could be associated with divergence of surface water and shoaling of
thermocline by upwelling. SLA in the northern Bay is in general positive during
SWM till December and negative during other months. During NEM and pre-
monsoon season, SLA is positive in boxes B and C, and negative in box D. SLA is
negative during the SWM and post-monsoon season in west-central and

southwestern Bay indicating shoaling of thermocline, whereas it is positive in the

109



Chapter 5 Upwelling and its significance in relation to surface chlorophyll
distribution

Andaman Sea. Positive maximum of SLA occurs during Apr/May in west-central
Bay, Feb/Mar in southwestern Bay and Jun/Jul in Andaman Sea. Negative maximum
of SLA occurs during Oct/Nov in west-central Bay, whereas it is variable in
southwestern Bay. In Andaman Sea, negative maximum occurs during Feb/Mar.
Strong winds during tropical cyclones cause divergence at the ocean surface and

upwelling which decreases sea level, and is associated with the shoaling of D20.

Yu (2003) suggested that SLA and D20 relation in the BoB is not linear because
large variation in salinity also contributes to the sea level variability. The low
correlation between D20 and SLA in the northern Bay when compared to the other
three regions can be attributed to the large influx of fresh water from river discharge
which affects the SLA (Girishkumar et al., 2013). The freshening of the northern
BoB where box A is located follows the precipitation maximum in June and the river
discharge in August (Aknhil et al., 2014). Girishkumar et al. (2011) used buoy data to
show that there is significant high correlation between SLA and 23°C isotherm in the
southern BoB and suggested that SLA can be used as a good proxy to study the
intraseasonal thermocline variability. The zonal winds along the eastern equatorial
Indian Ocean play a dominant role in modulating the thermocline depth, SLA and
MLD variability in the southern BoB (Girishkumar et al., 2011, Sengupta et al.,
2007). Southern BoB and west-central Bay show high correlation between SLA and
D20. The first and second baroclinic mode Kelvin waves and Rossby waves
generated remotely by winds from the equatorial Indian Ocean and alongshore wind
stress in the eastern BoB contribute significantly to the thermocline variability in
BoB (Girishkumar et al., 2013). The SLA anomalies also exhibit semi-annual
variability similar to that of D20 due to the dominant baroclinic response of the BoB
to the surface wind forcing. Coastal Kelvin waves that propagate into the Bay along
the eastern boundary generated by equatorial wind variability are the main cause for
the SLA near the eastern and northern boundaries (Han and Webster, 2002). The
SLA in the west-central Bay, is influenced by the EICC which flows polewards

during summer and equatorward during winter. In this region the sea level is mainly
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determined by remote forcing through Rossby waves propagating from the interior of
the bay (Eigenheer and Quadfasel, 2000).

5.4.3. Relation between D20 and surface chl-a concentration

The relation between D20 and surface chl-a concentration has been analysed for the
four selected regions in the BoB. Fig. 5.5(a-d) shows the relation between D20 and
chl-a concentration by means of standardised anomaly. Increase in chl-a
concentration caused by upwelling should be accompanied by the shoaling of
thermocline which appears as increase in the negative anomaly of D20. The negative

correlation between chl-a concentration and D20 is evident from these figures.

The seasonal and inter-annual variations in chl-a anomaly and its relation with D20
anomaly in box A in the northern BoB have been depicted in Fig. 5.5a. It has been
observed that chl-a anomaly is generally positive from Jul-Aug to Oct-Nov showing
an increase in concentration during the SWM and post-monsoon seasons. Its
maximum occurs mostly in August and is accompanied by a decrease in D20
anomaly. During other months, chl-a anomaly is negative showing a decrease from
the mean. An increase in chl-a anomaly in Oct 2000 could be due to the occurrence
of the cyclonic storm during 25-28 Oct, 2000. In Sep 2005, high positive chl-a
anomaly is observed caused by the passage of the cyclonic storm PYARR during 17-
21 Sep 2005 which is accompanied by high negative D20 anomaly depicting the
shoaling of thermocline. Also in Nov 2007 similar changes of lower magnitudes
were observed due to the cyclonic storm SIDR (11-16 Nov 2007). High chl-a
anomaly is observed during Jul 2001 and Aug 2006 during which D20 anomaly is
negative. D20 and chl-a concentration have an inverse correlation of -0.527 in the

northern BoB.
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Fig. 5.5 Monthly variations of depth of 20°C isotherm and chl-a concentration
indices for Box A (86-90°E, 18-21°N), Box B (84-88°E, 13-17°N), Box C (81-85°E,
7-11°N), and Box D (95-98°E, 7-11°N) in the Bay of Bengal

In box B in the west-central BoB (Fig. 5.5b), the inverse relation between surface
chl-a concentration and D20 is evident especially when chl-a anomaly is negative
and D20 anomaly is positive during Feb-Jun. The inverse relation during Jul-Dec is
not well defined when the D20 anomaly is negative and chl-a anomaly is variable.
The maximum of negative chl-a anomaly occurs during Apr/May during which
positive D20 anomaly is high. During 2002-2003 and 2006-2007, the chl-a anomaly
is mostly positive from July till December and the associated D20 anomaly is
negative. The anomalous high chl-a anomaly during Aug 2003 is attributed to the
presence of a bloom in this region. Another high chl-a anomaly in Dec 2005 is
caused by the presence of a bloom which developed due to the cyclonic storm Baaz
during 28 Nov-2 Dec 2005. The correlation between D20 and chl-a anomalies in the

western BoB is -0.434.
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The seasonal and inter-annual variations in surface chl-a concentration and D20
anomaly and its interrelation in box C in the southwestern BoB have been projected
in Fig. 5.5¢c. Chl-a anomaly is negative during Feb-Jun in general during which D20
anomaly is positive with maximum during Feb/Mar. Positive anomalies of chl-a
concentration are observed in the second half of the year during SWM and post-
monsoon season and the associated D20 anomaly is negative. In Dec 2000, an
anomalous high in chl-a anomaly is observed, caused by the bloom which developed
due to the VSCS that occurred in the southwestern Bay during 23-28 Dec 2000 with
a maximum wind intensity of 77 kts. The effect of another VSCS during 11-16 Dec
2003 could be the reason for a slight increase in the chl-a anomaly in Dec 2003. Two
cyclonic storms Baaz (28 Nov-2 Dec 2005) and Fanoos (6-10 Dec 2005) caused an
increase in chl-a anomaly in Dec 2005 in box C. D20 anomaly is negative during the
occurrence of cyclones. The correlation between D20 and chl-a anomaly for this

region is -0.427.

The inverse relation between D20 and chl-a anomalies in the box D in the Andaman
Sea is clearly observed in Fig. 5.5d. Chl-a anomaly is generally negative during Apr-
Oct sometimes extending to November. The corresponding D20 anomalies are
positive in general during this time. In 2005, chl-a anomaly is negative during May-
Dec and extending to February 2006, while in 2007 it is from June to November.
Chl-a anomaly is positive during NEM and pre-monsoon season in this region with
the maximum observed during Jan/Feb. 2006 is an exception with negative anomaly
during this time. High positive chl-a anomalies are observed during Jan-Apr 2007
during which D20 anomaly is negative. The inverse relation between D20 and chl-a

anomaly is high with a correlation of -0.661 in the Andaman Sea.

It has been observed that chl-a anomaly is generally positive during SWM and post-
monsoon seasons in the northern, west-central and southwestern Bay, and negative
during NEM and pre-monsoon season. Chl-a anomaly in the Andaman Sea is
positive during NEM and pre-monsoon and negative from April to October

sometimes extending to November. The positive maxima occurs during August in
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northern Bay, while in the southern Bay it is variable. In Andaman Sea, the
maximum chl-a anomaly occurs during Jan/Feb. The negative maximum of chl-a
anomaly in the northern Bay occurs during Feb/Mar while in the west-central and
southwestern Bay it occurs during Apr/May. In Andaman Sea, the negative
maximum occurs during Jun-Jul. The occurrences of tropical cyclones tend to
increase the chl-a concentration in the BoB, which is normally a low productive
ocean (Smitha et al., 2006, Rao et al., 2006b).

The correlation between D20 and chl-a concentration is high in all the regions.
Precipitation and large quantity of fresh water influx from the rivers especially
during SWM season carry nutrients into the northern BoB increasing the chl-a
concentration and D20 in this region. At the same time, they reduce the surface
salinity and temperature thus making the BoB highly stratified (Shetye et al., 1996).
Northern Bay is also affected by strong positive VV during SWM. During SWM the
EICC flows equatorward in the north and poleward in the south (Vinayachandran et
al., 1996). This current carries chl-a rich water from the northern Bay to the south
along the northwestern coast thus influencing the chl-a concentration in the west-
central Bay. The equatorward EICC during NEM forces coastal downwelling and
also advects the nutrient rich water from the north thus increasing the chl-a
concentration along the western BoB. The bifurcation of EICC which flows
equatorward during NEM from the eastern coast results in high chl-a in the open
ocean east of Sri Lanka (Vinayachandran et al., 2005) thus influencing the chl-a
concentration in southwestern Bay. Poleward moving EICC in February forces
coastal upwelling and raises the salinity along the east coast (Shetye et al., 1993).
Advection of upwelled water from the south of Sri Lanka into the BoB by SMC
increases the chl-a concentration (Vinayachandran et al., 2004) in the southwestern
Bay. Open ocean upwelling by strong WSC associated with Sri Lanka Dome causes
upwelling during SWM thus increasing the chl-a concentration in the south-western
Bay which also decreases D20. Also during NEM season, Ekman pumping causes
open ocean upwelling in the southwestern BoB, which contributes to the increase in

chl-a concentration (Vinayachandran and Mathew, 2003). The correlation is
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maximum in the Andaman Sea, which is affected by Kelvin waves. In the eastern
coast of the Bay, the winds are favourable for upwelling during NEM and pre-
monsoon which increases the chl-a concentration and decreases D20 in the Andaman
Sea. McCreary et al. (1996) showed the existence of a southward flow along the
eastern and western coasts of the BoB during Oct-Jan which is driven by interior
Ekman pumping and local alongshore winds. Table 5.1 lists the linear correlation
coefficients of monthly D20 with chl-a, SLA and VV for the four regions illustrated
in Fig. 5.2 with 99% confidence interval except for SLA in box A in the northern
BoB.

Table 5.1 Linear correlation coefficients of monthly mean D20 with surface
chlorophyll-a concentration, sea level anomaly and Ekman vertical velocity

Linear Correlation
Chl-a SLA \VAY
Coeff.
Box A (Northern Bay) -0.527* 0.066 -0.291~*
Box B (West-central Bay) -0.434* 0.742* -0.303*
Box C (Southwestern Bay) -0.427* 0.743* -0.432*
Box D (Andaman Sea) -0.661* 0.757* -0.548*

* indicates a confidence interval of 99% for the effective degrees of freedom.

5.5. Seasonal and inter-annual variability of surface chl-a concentration

The seasonal to inter-annual variations in chl-a concentration in the four selected
regions illustrated in the Fig. 5.2 have been analysed in this section. Fig. 5.6 shows
the monthly mean variations in chl-a concentration for Box A (86-90°E, 18-21°N),
Box B (84-88°E, 13-17°N), Box C (81-85°E, 7-11°N), and Box D (95-98°E, 7-11°N)
in the BoB.
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It has been observed that surface chl-a concentration is highest (upto about 1.8 mg m’
% in box A in the northern Bay compared to other boxes. Chl-a concentration is high
during SWM season with the maximum concentration occurring mostly in August.
Chl-a concentration in this region is in the range of 0.25 to 1.8 mg m™ with a mean of
0.68 mg m™ and during the SWM the average surface chl-a concentration increases
to about 0.93 mg m™. Strong cyclonic WSC that is observed during the SWM season
(Fig. 3.1 and Fig. 3.2) and large river discharge that bring nutrients into the northern
Bay occur during this season, together contribute to the increase in surface chl-a
concentration. Ganga and Brahmaputra rivers have a peak discharge of about 0.07 x
10° m® s* during Aug-Sep (Emery and Aubrey, 1989). During other seasons, chl-a
concentration is less in northern Bay, but still remains high (>0.4 mg m-*) most of
the time compared to other regions. Chl-a concentration is the lowest in northern Bay
mostly during pre-monsoon season (Mar-May). During this time, winds are weak
over the BoB and the river inflow less. Anomalously high surface chl-a

concentration is observed during Jul 2001 and Aug 2006.

In general, chl-a concentration in the west-central and southwestern Bay and
Andaman Sea are less than 0.4 mg m™ except in some months. A semi-annual
variation is observed in chl-a concentration in the west-central Bay with the maxima
occurring mostly in August followed by Dec-Jan. High positive WSC is observed
during SWM season in the western Bay (Fig. 3.2) which causes upwelling and
increase of chl-a concentration in the west-central Bay. Chl-a concentration is in the
range of 0.1 to 0.66 mg m™ with a mean of 0.2 mg m™ in this region and during the
SWM season the average chl-a concentration is 0.23 mg m™. The EICC which flows
equatorward in the north during SWM season transports chl-a rich water from the
northern Bay leading to an increase in surface chl-a concentration in the west-central
Bay. During the NEM season, the equatorward EICC carries the river runoff as a
coastally trapped low salinity plume from the north (Shetye et al., 1996).
Vinayachandran (2009) suggested that the advection of these nutrient rich waters
southward along the western side during NEM cause an increase in surface chl-a

concentration in the west-central Bay. High chl-a concentration of ~ 0.67 mg m™
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compared to other months is observed during Aug 2006. The lowest chl-a

concentration occurs in west-central Bay during the pre-monsoon season (Apr-May).
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Fig. 5.6 Monthly variations in surface chl-a concentration (mg m™) for Box A (86-
90°E, 18-21°N), Box B (84-88°E, 13-17°N), Box C (81-85°E, 7-11°N), Box D (95-
98°E, 7-11°N) and Bay of Bengal (75-100°E, 5-23°N)

Surface chl-a concentration in box C in the southwestern Bay is slightly high
compared to west-central Bay with SWM being the major influencing factor. Surface
chl-a concentration is in the range of 0.1 — 0.62 mg m™ in this region with a mean of
0.23 mg m™ and during the SWM the average concentration increases to 0.28 mg m"
® High chl-a concentration is observed during Jul-Dec and is lowest during Mar-Apr.
Chl-a maximum occurs mostly during Aug/Sep in the southwestern Bay. In Dec
2000, high chl-a concentration of about 0.614 mg m™ was observed due the VSCS in
the southwestern Bay during 23-28 Dec 2000. VSCS during 11-16 Dec 2003
increased the chl-a concentration in Dec 2003. High chl-a concentration (0.5 mg m™)
in Dec 2005 was caused due to the presence of cyclonic storms Baaz (28 Nov-2 Dec
2005) and Fanoos (6-10 Dec 2005). Vinayachandran and Mathew (2003) showed

that open ocean upwelling driven by Ekman pumping cause chl-a bloom in the
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southwestern Bay during NEM. Advection of upwelled water from the south of Sri
Lanka into the southwest Bay by the SMC (Vinayachandran et al., 2004) and the
open ocean upwelling to the east of Sri Lanka associated with the Sri Lanka Dome
during SWM caused the increase in surface chl-a concentration in the southwestern

Bay.

Surface chl-a concentration in box D in the Andaman Sea is within the same range as
that in the west-central Bay. The chl-a pattern is quite different in Andaman Sea
compared to other regions. Surface chl-a concentration is high during NEM and pre-
monsoon season in general with the maximum occurring in Jan/Feb. The chl-a
concentration is within the range of 0.14-0.38 mg m™ with a mean of 0.22 mg m™
which decreases to about 0.19 mg m™ during the SWM. In this region chl-a
concentration is high during the NEM and pre-monsoon season compared to SWM
and is in the range 0.2-0.38 mg m. McCreary et al. (1996) observed the existence of
a southward flow driven by interior Ekman pumping and local alongshore winds
during Oct-Jan along both the eastern and western coasts of the BoB.
Vinayachandran, (2009) attributed the high surface chl-a concentration during Jan-
Feb in the Andaman Sea to the local coastal upwelling. Chl-a minimum is observed
mostly during Jun/Jul in this region. The chl-a concentration of the BoB is within the
range of 0.14-0.39 mg m™. Chl-a concentration is high during SWM season with the
maximum occurring mostly during August in the BoB. It is low during pre-monsoon
season when the winds over the Bay are weak and variable and the minimum chl-a
concentration occurs mostly during April. It has been observed that SWM is the
major season influencing the increase in surface chl-a concentration, followed by
NEM. Severe cyclonic winds during the occurrence of tropical cyclones are able to
erode the highly stratified surface layer of the BoB causing the upwelling of nutrient
rich water to the surface and the increase of surface chl-a concentration in that

region.
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5.6. Influence of physical properties on surface chl-a distribution
5.6.1. Relation between surface chl-a concentration and Ekman pumping

The effect of Ekman V'V on surface chl-a concentration has been analysed in the four
regions illustrated in Fig. 5.2 and the correlations between the two are computed. Fig.
5.7 (a-d) of the standardised anomaly of chl-a concentration and V'V for each region

shows the relation between both and its seasonal to inter-annual variations.
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Fig. 5.7 Monthly variations of surface chl-a concentration and vertical velocity
indices for Box A (86-90°E, 18-21°N), Box B (84-88°E, 13-17°N), Box C (81-85°E,
7-11°N) and Box D (95-98°E, 7-11°N) in the Bay of Bengal

The correlation between VV and surface chl-a concentration in box A in the northern
Bay is maximum compared to other boxes. The correlation is 0.571 with a clear lag
of about one month with the increase in VV preceding an increase in chl-a
concentration (Fig. 5.7a). The high positive chl-a anomaly during the SWM is
associated with high positive VV. Apart from VV that causes upwelling, the large

river run-off that brings nutrients into the northern BoB especially during SWM
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season increases the surface chl-a concentration in this region. Both Ganga and
Brahmaputra which discharge ~ 7.2 x 10** m® of water into the northern Bay during
Jun-Oct constitute about 70% of the total inflow into the BoB (Martin et al., 1981;
Shetye et al., 1993). Since a highly stratified region due to the low salinity at the
surface caused by fresh water inflow, VV is not fully efficient in breaking the
stratification to cause upwelling and increase in chl-a concentration. In box B in the
west-central Bay, chl-a concentration does not respond much to the increase in
positive VV and the correlation is very low (r = 0.042). Though VV is high during
NEM, equatorward EICC forces coastal downwelling along the western Bay (Shetye
et al., 1996) thus preventing the increase in surface chl-a concentration in the west-

central Bay.

In box C and box D in the southern BoB, the correlation between VV and chl-a
concentration is 0.37 and 0.351 respectively. In box C in the southwestern Bay,
strong Ekman VV associated with thigh positive WSC causes open ocean upwelling
and an increase in surface chl-a concentration. The SMC that flows eastward south
of Sri Lanka to the BoB during the SWM season advects high chl-a from the south
and east coast of Sri Lanka into the BoB contributing to the formation of bloom
during this season (Vinayachandran et al., 2004). A lag of one month is observed in
the southwestern Bay with high chl-a succeeding high positive VV. In box D in the
Andaman Sea, the high surface chl-a concentration during NEM and pre-monsoon is
associated with positive VV but not fully dependent on it. Vinayachandran, 2009
attributed the high chl-a concentration during Jan-Feb in the Andaman Sea to the
local coastal upwelling. This region is affected by coastal Kelvin waves. Interior
Ekman pumping and local alongshore winds drive a southward flow along the

eastern and western BoB during Oct-Jan (McCreary et al., 1996).

5.6.2. Relation between surface chl-a concentration and sea level anomaly

The relation between surface chl-a concentration and SLA has been analysed in the

four selected regions illustrated in Fig. 5.2. Fig. 5.8 (a-d) shows the standardised

120



Chapter 5 Upwelling and its significance in relation to surface chlorophyll
distribution

anomaly of surface chl-a concentration and SLA and the inverse correlation between

the same.

Correlation between surface chl-a concentration and SLA is the lowest in box A in
the northern Bay. Chl-a concentration remains higher in the northern Bay compared
to other regions and the maximum is observed during the SWM season. Northern
Bay, a highly complex region, receives large quantity of fresh water from
precipitation and river inflow which reduce the salinity thereby increasing the
stratification especially during SWM season which is reflected in Fig. 6.11a.
Riverine inflow brings nutrients into the ocean which increases surface chl-a
concentration in the northern Bay. Normally strong positive WSC cause upwelling,
decrease sea level and increase the surface chl-a concentration. But in the northern
Bay it is difficult to erode the strong stratification which reduces the effect of strong
winds in increasing chl-a concentration. In box B in the west-central Bay, the inverse
correlation between surface chl-a concentration and SLA increases considerably (-
0.444). This region is affected by the EICC which flows poleward along the southern
part of east coast of India and equatorward in the north during SWM season (Shetye
et al., 1991, Vinayachandran et al., 1996). This carries chl-a rich water from the
northern Bay equatorward along the western side leading to an increase in chl-a
concentration in west-central Bay. During NEM, the EICC flows equatorward all
along the western side of the Bay, and carries the nutrient rich river inflow from the
northern Bay, causing an increase in chl-a concentration in the west-central Bay. The
SLA is low during SWM and post-monsoon seasons in west-central Bay. During
SWM season, coastal upwelling also contributes to the high surface chl-a

concentration in the west-central Bay, when SLA is low.

In box C and box D in the southwestern Bay and Andaman Sea, the inverse
correlation between chl-a concentration and SLA is -0.661 and -0.606. The
meandering of EICC off the coast leads to an increase in chl-a in the open ocean
(Vinayachandran et al., 2005). SMC transports nutrient rich upwelled water from the

south of Sri Lanka into the BoB, thus increasing the chl-a concentration in the
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southwestern Bay (Vinayachandran et al., 2004) during SWM season. Open ocean
upwelling caused by positive WSC associated with the Sri Lanka Dome also cause
increase in chl-a concentration in this region during which period SLA decreases.
Also, open ocean upwelling driven by the Ekman pumping increases the surface chl-
a concentration in the southwestern Bay during NEM season (Vinayachandran and
Mathew, 2003) together with a decrease in SLA. A southward flow exists along the
eastern and western coasts of the BoB during Oct-Jan which is driven by interior
Ekman pumping and local alongshore winds (McCreary et al., 1996). Occurrence of
high chl-a concentration during January coincides with this southward flow along
with low SLA. Vinayachandran (2009) has attributed the high surface chl-a

concentration during Jan-Feb to the local coastal upwelling.
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Fig. 5.8 Monthly variations of surface chl-a concentration and SLA indices for Box
A (86-90°E, 18-21°N), Box B (84-88°E, 13-17°N), Box C (81-85°E, 7-11°N), Box D
(95-98°E, 7-11°N) in the Bay of Bengal

In the northern Bay, generally the VV is positive during SWM and negative during

the rest of the year. Besides, positive VV dominates the region sometimes during
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May and October. In general, chl-a concentration remains higher than 0.4 mg m?
throughout the year in the northern Bay. The positive VV maximum occurs during
Jul-Aug which is about 0.3-0.68x10®° m s while chl-a high (about 0.7-1.8 mg m'3)
occurs during Aug-Sep. During the post-monsoon season also high chl-a
concentration is observed. Chl-a concentration is low (~0.3-0.5 mg m™) especially
during Mar-Jun, whereas VV minimum is about -0.22x10° m s™ to -0.44x10° m s*
during Mar-Apr in the northern Bay. There is a lag of about one month between VV
and chl-a concentration in the northern Bay with chl-a variation following variations
in VV. In the west-central Bay, VV is positive normally during Jun-Oct (~0.15-
0.58x10° m s™) with the highest values occurring mostly in October. Chl-a
concentration is less in west-central Bay compared to the northern Bay and is higher
than 0.2 mg m™ reaching 0.6 mg m™ except during pre-monsoon months. VV is high
mostly during post-monsoon season. Chl-a concentration is low (0.1-0.14 mg m™)
during Apr-May while VV is weak and negative (-0.22x10° m s™ to -0.35x10° m s™)
during Mar-Apr. In the southwestern Bay, VV is generally positive except during
Dec-Apr. The mean chl-a concentration in this region is slightly higher than that in
the west-central Bay with the maximum occurring during Jul-Dec. Average chl-a
concentration is about 0.21-0.5 mg m™ during Jul-Sep in the southwestern Bay and
the VV during this time is about 0.2-0.55x10° m s™. Chl-a concentration is the
lowest during pre-monsoon season (0.1-0.14 mg m™) and the average VV during
Jan-Mar is the lowest about -0.1x10° m s™ to -0.2x10° m s™. VV is generally
negative in the Andaman Sea, while positive values dominate during Mar-Apr
followed by Oct-Dec. The chl-a concentration is high during the NEM and pre-
monsoon season and is generally in the range 0.2-0.38 mg m™. The positive V'V in
this region is high during post-monsoon and pre-monsoon and is about 0.1-0.3x10°
m s™. Chl-a concentration is minimum (0.14-0.23 mg m™) during SWM and the
average VV is about -0.5x10° m s™ to -1.2x10° m s™. It has been observed that there
is a lag of about one month between the increase in VV and corresponding increase
in surface chl-a concentration which is most prominent in the northern Bay while the

relation is weak in the west-central Bay.
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5.7. Summary

The upwelling zones are characterised by positive Ekman pumping, high biological
productivity, raised thermocline, and depression in the sea level. In this Chapter, the
variability and the importance of D20 in upwelling in the BoB has been analysed. It
is observed that D20 undergo considerable seasonal variations and lay deep generally
from January until May, which shoals considerably upon the arrival of SWM. D20 is
shallow in the western Bay compared to eastern Bay during SWM and post-monsoon
season. In general there is an inverse relation between VV and D20 in the BoB, with
Andaman Sea having highest correlation coefficient of -0.548 whereas in the
northern Bay, the correlation is the lowest. D20 and SLA has a direct relation in the
BoB with high correlation (~ 0.75) in the boxes in west-central Bay, southwestern
Bay and Andaman Sea except in the northern Bay which has no correlation between
D20 and SLA. There exists an inverse correlation between D20 and surface chl-a
concentration with northern Bay and Andaman Sea having better correlation than
western and southwestern Bay. The effect of tropical cyclones is observed with
strong positive VV, an increase in chl-a concentration, lowering of SLA and shoaling

of D20 in the analysis.

From the study of seasonal to inter-annual variations in surface chl-a concentration,
it has been observed that on an average, SWM is the major influencing season in the
increase of surface chl-a concentration in the BoB followed by NEM. Compared to
other regions, northern Bay has the highest concentration of chl-a >0.4 mg m-*
throughout the year. Strong positive WSC (cyclonic) and the river discharge leads to
the increased chl-a concentration in this region during SWM and the mean
concentration is about 0.93 mg m-2with the maximum chl-a concentration occurring
mostly in August. During the pre-monsoon season when the winds are weak and
reduction in riverine flow occurs, chl-a concentration is lowest. In the west-central
Bay, chl-a concentration is high during SWM with the maximum occurring mostly in
August followed by Dec-Jan. Strong positive WSC (cyclonic) together with the flow

of EICC which carries nutrient rich waters cause the high chl-a concentration in this
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region. The average chl-a concentration during SWM is 0.23 mg m™ and the lowest
concentration occurs during pre-monsoon season in the west-central Bay. In the
southwestern Bay, high chl-a concentration with a mean of 0.28 mg m™ occurs
during SWM with the chl-a maximum observed mostly during Aug/Sep. Open ocean
upwelling by Ekman pumping and the advection of nutrient rich waters from the
south of India and southern coast of Sri Lanka by the SMC to the BoB cause the high
chl-a concentration in the southwestern Bay. Also the chl-a minimum occurs during
pre-monsoon season in this region. In the Andaman Sea, chl-a concentration high of
0.2-0.38 mg m™ occurs during NEM and pre-monsoon season with the maximum in
Jan/Feb. The high chl-a concentration during Jan/Feb is attributed to the presence of
coastal upwelling. Also there exists a southward flow during Oct-Jan along the
eastern Bay driven by interior Ekman pumping and local alongshore winds during
which high chl-a concentration occurs in this region. The lowest chl-a concentration

is observed during Jun/Jul in the Andaman Sea.

From the analysis of the relationship between chl-a concentration and VV, it is
observed that the positive correlation between these two parameters is maximum
(0.571) in the northern Bay, with a lag of about one month for increase in chl-a
concentration to appear due to an increase in VV, followed by the southwestern Bay
and Andaman Sea respectively. In the northern Bay, VV is not entirely efficient due
to the high surface stratification in causing upwelling and increase the surface chl-a
concentration. There is no significant correlation between chl-a and VV in the west-
central Bay. During NEM, equatorward EICC forces coastal downwelling along the
western Bay which prevent the increase in chl-a concentration. In the southwestern
Bay, a lag of one month is observed for the increase in chl-a concentration
succeeding an increase in VV. Analysis of chl-a concentration with SLA reveals that
there exists an inverse correlation between the both in BoB. In the northern Bay
there is no significant correlation while in the southwestern Bay and Andaman Sea
chl-a has good correlation (~ -0.6) with SLA. The strong stratification in the northern
Bay reduce the effect of VV in causing upwelling and reducing the sea level. But at

the same time, riverine flow brings nutrients to the surface increasing the chl-a
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concentration. In the west-central Bay the correlation is -0.444 between chl-a
concentration and SLA. The EICC, which carries nutrient-rich waters from the
northern Bay equatorward leads to an increase in chl-a concentration in the west-
central Bay. In the southwestern Bay where the correlation between chl-a
concentration and VV is -0.661, advection of nutrient rich waters by SMC, open
ocean upwelling driven by Ekman pumping, and the flow of EICC cause increase in

chl-a concentration.

It has been observed from the analysis of VV and surface chl-a concentration that in
the northern Bay, high chl-a concentration during SWM is accompanied by strong
positive VV. The VV maximum (0.3-0.68x10° m s) in Jul-Aug is followed by a
chl-a maximum (0.7-1.8 mg m™) in Aug-Sep. Low chl-a concentration (0.3-0.5 mg
m3) especially during Mar-Jun is associated with VV minimum (-0.22x10° m s™ to -
0.44x10° m s™) during Mar-Apr in the northern Bay. In the west-central Bay,
positive VV during Jun-Oct (~0.15-0.58x10™> m s*) reaching high mostly in October
is followed by chl-a concentration higher than 0.2 mg m™ reaching 0.6 mg m™
Surface chl-a concentration is low (0.1-0.14 mg m®) during Apr-May follows the
weak VV (-0.22x10°° m s™ to -0.35x10° m s™*) during Mar-Apr. In the southwestern
Bay, VV is generally positive except during Dec-Apr, and the low VV (-0.1x10° m
st0 -0.2x10™ m s'1) during Jan-Mar is associated with the chl-a minimum (0.1-0.14
mg m™®) in pre-monsoon season. High VV of 0.2-0.55x10™° m s'1 during Jul-Sep is
followed by chl-a concentration of about 0.21-0.5 mg m™ in the southwestern Bay.
VV is generally negative in the Andaman Sea except during Mar-Apr and Oct-Dec.
During NEM and pre-monsoon season, chl-a concentration is high (0.2-0.38 mg m™)
and VV is about 0.1-0.3x10™° m s during post-monsoon and pre-monsoon in this
region. Also chl-a minimum (0.14-0.23 mg m™®) during SWM follows the low V'V (-
0.5x10° m s to -1.2x10™° m s™) in this region. It has been observed that there is a lag
of about one month between the increase in VV and corresponding increase in
surface chl-a concentration which is most prominent in the northern Bay followed by
southwestern Bay and Andaman Sea while the relation is weak in the west-central

Bay.
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It has also been observed that on an average, VV increased by 2.6-2.8 times during
August in the northern Bay from the low in April. Surface chl-a concentration
increased by 3 times during August in this region from the low values in Apr-May.
In the west-central Bay, VV increased by 2.5 times in October, while the maximum
increase in chl-a concentration is about 3 times during August. In the southwestern
Bay, VV increased by about 2.5-3 times from Mar-Apr to August and surface chl-a
concentration increased by 3 times from April to August. In the Andaman Sea an
increase of about 1.4 times is observed for VV from Jul-Aug to Mar-Apr while chl-a
concentration increased by about 1.7 times from April to August in this region. It has
been observed from the analysis that the variations in VV influence the surface chl-a
concentration in the BoB. Strong winds are able to erode the highly stratified waters
of the BoB under favourable conditions and cause upwelling which increase the

surface chl-a concentration.
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Chapter 6

Upper ocean response to upwelling induced by

tropical cyclones in the Bay of Bengal - Case studies

6.1. Introduction

Strong winds, heavy rainfall and storm surges associated with tropical cyclones can
cause great damage to life and property in the countries bordering NIO, particularly
the BoB. About 7% of the global tropical cyclones occur in the NIO (Dube et al.,
1997). On an average, 5 to 6 cyclones form in the BoB and Arabian Sea every year
with maximum sustained wind of 34 kts or more, of which 2-3 cyclones reach severe
stage with maximum sustained wind of 48 knots or more (Singh et al., 2001). More
cyclones occur in the BoB than in the Arabian Sea, the ratio of their frequencies
being about 4:1 (Dube et al., 1997). In the Bay, cyclones usually form between 8.0°N
and 15.0°N along the ITCZ. There are two cyclone seasons in the NIO, viz. the pre-
monsoon season (Mar - May) and post-monsoon season (Oct - Nov), with the highest
frequencies in November and May. Tropical cyclones during the post-monsoon are
more devastating in nature. The formation of large number of tropical cyclones in
BoB are due to the presence of high SSTs (SST remains above the 28°C threshold in
all seasons), a dynamically unstable atmosphere and low tropospheric wind shear
during the post-monsoon and pre-monsoon seasons while they are inhibited by strong

tropospheric wind shear during the monsoon season (Menkes et al., 2012).

Tropical cyclone induced surface cooling is larger in the pre-monsoon season (~3°C)
than in the post-monsoon season (0.5-1°C) in the BoB (Sengupta et al., 2008)
thereby affecting the intensity of the cyclones. Singh et al. (2001) showed that
maximum number of severe cyclones in the NIO is during the month of November.
On an average, one severe cyclone is expected to form in November every year.
Cyclones during November generally move westward to west-north-westward and

strike the Andhra Pradesh or Tamil Nadu coasts of India. Occasionally, these
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cyclones move northward and recurve north-westward to strike the Bangladesh or
Myanmar coast (Singh et al., 2001). Also it is not unusual for a storm formed over

the BoB to move across southern India and re-intensify over the eastern Arabian Sea.

A list of the tropical cyclones (cyclonic storms with maximum wind speed of 35-47
kts and higher categories) formed in the BoB during the period 2000-2007 is given in
Table 5.1

Table 6.1 Tropical cyclones in the Bay of Bengal during 2000 to 2007. The
categories of tropical cyclone with the maximum wind speed in brackets are given.
CS - Cyclonic Storm (34-47 kts), SCS - Severe Cyclonic Storm (48-63) and VSCS -
Very Severe Cyclonic Storm (64-119 kts)

Year CS SCS VSCS
27-30 Mar (45 kts) 26-30 Nov (102 kts)
2000 15-19 Oct (35 kts) 23-28 Dec (90 kts)
25-28 Oct (35 kts)
2001 14-17 Oct (35 kts)
2002 23-28 Nov (35 kts) 10-12 Nov (55 kts)
21-25 Dec (35 kts)
2003 11-16 Dec (55 kts) 10-19 May (75 kts)
2004 16-19 May (90 kts)
13-17 Jan (35 kts)
HIBARU
17-21 Sep (35 kts)
PYARR
2005 28 Nov-2 Dec (45 kts),
BAAZ
6-10 Dec (55 kts),
FANOOS
2006 27-30 Oct (55 kts) 24-29 Apr (120 kts)
MALA
2007 13-15 May (65 kts) 11-16 Nov (140 kts)
AKASH SIDR

The low biological productivity of the BoB compared to Arabian Sea is attributed to
the strong stratification, high SST and relatively weak winds (Gomes et al., 2000;
Prasanna Kumar et al., 2002). According to Kumar et al. (2004) only 20% of the

nitrogen required to support the new production during pre-monsoon and post-
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monsoon seasons comes from the rivers and atmosphere. They suggested that
cyclones through the entrainment of subsurface water could help in brining a
significant part of the remaining nitrate from deeper waters. Shortly after a cyclone
event, an increase in phytoplankton biomass and productivity is frequently observed
(Lin et al., 2003). The nutrients injected to the well-lit euphotic zone induce the
growth of plankton. Tropical cyclones with strong winds are able to erode the
stratification in BoB and upwell cold nutrient rich water to the euphotic zone
reducing SST and leading to high chlorophyll and PP. Deepening of mixed layer
together with depressed sea level is also associated with the occurrence of tropical

cyclones.

Studies on the effect of tropical cyclones on biological process have increased with
the advancement in computing the regional/global PP using models. Satellite
observations are able to detect the changes caused by tropical cyclones in many parts
of the world ocean. In this Chapter, the response of some of the upper ocean physical
and biological properties to the occurrence of tropical cyclones has been analysed.
Two incidences of tropical cyclones in the BoB have been studied, of which one
developed during post-monsoon season in Nov-Dec 2000 and the second during pre-

monsoon in May 2003.

The tropical cyclone during 26 Nov-6 Dec 2000 was a VSCS with a maximum wind
speed of 102 kts. This cyclone moved westward, made the landfall south of
Cuddalore and after weakening into a low pressure system, emerged into eastern
Arabian Sea which weakened later. The tropical cyclone during 10-19 May 2003 was
also a VSCS with a maximum wind speed of 75 kts which moved northward and

then northwestward making the landfall over Myanmar coast.

The changes in SST, chl-a and PP caused by the passage of the tropical cyclones are
analysed using satellite observations and model outputs in both cases. The changes in
MLD have been studied for the tropical cyclone in May 2003. The data sets used for
the study are 8-day composite SST and chl-a from Terra MODIS, 8-day composite
mixed layer PP (P2) estimated by the GSFC, and MLD generated by US Navy’s
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FNMOC averaged to the MODIS weekly period. SLA data from altimeter
observations has been used for the analysis of sea surface height (SSH) variation due
to the tropical cyclone in Nov 2000. Weekly averaged SST from TMI has also been
used to study the changes in SST analysis of tropical cyclone during May 2003. In
addition, weekly WSC data from QuickSCAT and computed VV have been used for

the analysis.

6.2. Tropical cyclone 03B (TC 03B), 26 Nov — 6 Dec 2000

Cyclone induced productivity has been studied in the southwestern BoB for the
tropical cyclone TC 03B during 26 Nov-6 Dec 2000, which is a VSCS with a wind
speed of more than 65kts. A depression formed at 800 km southeast of Pondicherry
at 9°N, 90°E (Fig. 6.1) in the BoB on 26 Nov 2000, and intensified into a VSCS
about 300 km east of Pondicherry/Cuddalore stretch by 29 Nov 2000. It remained
stationary for a day at 11.5°N, 78°E on 30 Nov 2000 and then moved to west and left
the main land (west coast of India) on 1 Dec 2000. It further moved to the Arabian
Sea with lower intensity of 30 kts around 5 Dec and dissipated on 6 Dec 2000. The
study area is mostly along the cyclone track and its periphery, around 100 km? on
either side of the track in southwestern BoB, between 10-12°N and 80-84°E.
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Fig. 6.1 Track of tropical cyclone 03B during 26 Nov — 6 Dec 2000 (from Rao et al.,
2006b)
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6.3. Response of physical and biological properties of ocean to TC 03B

MODIS weekly (8 day) composite 4.0 km spatial resolution SST and chlorophyll
images depict the distribution of SST and chl-a concentration prior to the
development of cyclone and after its passage. In the absence of daily coverage and

due to cloud cover, weekly mean SST and chl-a concentration are used for this study.
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Fig. 6.2 Terra MODIS weekly sea surface temperature in °C: (a) 16-23 Nov before
the cyclone; (b) 24 Nov-1 Dec during the cyclone; (c) 2-9 Dec; and (d) 10-17 Dec
2000 after the passage of cyclone

Fig. 6.2 shows the weekly mean day time SST for the periods (a) 16-23 Nov, (b) 24
Nov-1 Dec, (c) 2-9 Dec and (d) 10-17 Dec 2000. From 16 to 23 Nov 2000, SST in
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the southwestern Bay was around 28.25°C. During the passage of the cyclone, SST
decreased to 26.6-27°C, while in south and east of this region temperature remained
high at around 29°C. One week after the passage of cyclone (2-9 Dec 2000), the
surface temperature around 11°N, 81°E further reduced to about 26.5°C. During 10-
17 Dec 2000, SST again decreased slightly to 26.1°C, but along the outer periphery
of the track it increased to about 27°C. Maximum SST drop of 2°C was observed at
11°N, 81°E where the temperature decreased from 28.26°C before the cyclone to

26.18°C two weeks after the passage of cyclone.
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Fig. 6.3 Ten day composite of sea surface height from altimeter data during: (a) 11-
20 Nov and (b) 23 Nov-2 Dec 2000

Cyclones have two effects on the SSH. Cyclonic effects raise the SSH due to the
reduced atmospheric pressure and decrease it due to the divergence of water. Effect
of divergence seems to dominate over that of low pressure. Due to this cyclonic
storm, a small cyclonic eddy centered around 11.75°N, 81.5°E was formed (Fig. 6.3).
SSH reduced by about 10 cm compared to the periphery of the eddy. The divergence
caused by the cyclonic eddy resulted in upwelling of bottom waters, in turn resulting
in lowering of SST and increasing the productivity. SST reduction could also have

been because of increased evaporation and more cloud cover. There was an overall
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increase of SSH in the entire BoB by about 10 to 20 cm in the post-cyclone period.
SSH gradients were stronger after the passage of cyclone in the southwestern BoB.
The locations of low SST, high chl-a and PP concentrations were same. However, a
slight deviation was present in the cyclonic location in SSH values compared to the
SST, chl-a and PP observations. The altimeter values are point observations along
the altimeter sub satellite track over the 10 day period which were interpolated to
0.5° x 0.5° spatial resolution using the Cressman scheme (Cressman, 1959). The
deviation in the position of the cyclonic eddy could be because of this interpolation

of the 10-day composited data.
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Fig. 6.4 Merged daily sea level anomaly during (a) 27 Nov 2000 before, and (b) 2
Dec 2000 after the passage of cyclone showing the decrease in sea level

The changes in SSH due to TC 03B have also been analysed using merged daily SLA
data. Fig. 6.4 shows the SLA before and after the passage of cyclone in the
southwestern BoB. On 27 Nov 2000, the SLA was about -15cm around 81°E, 11°N.
After the passage of cyclone during 2 Dec 2000, the SLA decreased to -25 cm and a
well defined cyclonic eddy developed in this region. Due to the passage of the
cyclone, a sea level decrease of 10 cm was observed in the southwestern BoB. The
divergence of the upper ocean waters by the strong cyclonic winds caused the sea
level to decrease due to the passage of cyclone. This was compensated by the
upwelling of cooler nutrient rich subsurface waters to the surface thus enhancing

productivity in this region.
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Fig. 6.5 Terra MODIS weekly chl-a concentration: (a) 16-23 Nov, prior to the
cyclone formation; (b) 24 Nov-1 Dec during the cyclone; (c) 2-9 Dec; and (d)10-17
Dec 2000, after the passage of cyclone showing the increase in chl-a concentration

During 16-23 Nov 2000, chl-a concentration (Fig. 6.5) in the southwestern BoB was
around 0.2 mg m™>. At the time of cyclone, the chl-a concentration in the region
around 11°N, 81°E increased to about 0.28-0.34 mg m™, while in the other parts of
the BoB chl-a concentration remained below 0.25 mg m™. After the passage of
cyclone the chl-a concentration increased to 1-1.2 mg m™. Maximum increase in

chlorophyll concentration was located around 11°N, 81°E where the values increased
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from 0.24 mg m™ to 1.8 mg m™. One week after the cyclone, during 10-17 Dec 2000,

chl-a concentration reduced to 0.4-0.6 mg m™.
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Fig 6.6 MODIS weekly primary production: (a) before the cyclone (16-23 Nov); (b)
during the cyclone (24 Nov-1 Dec); (c) 2-9 Dec; and (d) 10-17 Dec 2000 after the
passage of cyclone showing the increase in production

Before the cyclone, the PP in the southwestern BoB was less than 200 g C m2y™.
During the passage of cyclone, PP increased to about 400-500 g C m?y™ at around
11.6°N, 82.4°E. Fig. 6.6 shows the spatial distribution of PP which was high along
the track of the cyclone. During 2-9 Dec 2000, after the passage of cyclone the PP
increased up to 800-900 g C m?y™ around 11°N and 81°E. The maximum increase in

PP was located at 11°N, 81°E, where the PP value increased from around 170 to 964
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g C m2y™. This coincides with the maximum increase in chl-a concentration in the
same location. Thereafter PP concentration gradually decreased to 350-450 g C m2y"

! The spatial and temporal variations in PP are similar to that of chl-a concentration.

MODIS weekly mean chl-a concentration range was between 0.2-0.35 mg m™ prior
to the cyclone which are in agreement with the surface chl-a measurements at six
offshore locations in the southwestern BoB during November 1999, where the
concentration ranged from 0.22 to 0.49 mg m™ exhibiting the oligotrophic (nutrient
depleted) condition. After the cyclone fully intensified and moved toward northwest,
higher concentrations of chl-a appeared as a bloom centered about 11°N, 81°E, with
higher chl-a values at the centre of the cyclone influenced region (Fig. 6.5c). The
bloom was located at about 75-80 km away from the coast, and looked like a round
shaped cyclonic eddy of about 100 km diameter. This bloom persisted for a week and
then gradually reduced and attained the normal value by the middle of Dec 2000. The
forced mixed layer deepening due to intense wind stirring and cyclone-induced
divergent geostrophic currents, lead to the injection of nutrients into the surface layer
resulting in higher chl-a concentration. Vinayachandran and Mathew (2003) reported
patches of phytoplankton bloom during Nov-Dec in the southwestern BoB west of
88°E. The phytoplankton population in this region during NEM is limited by
nutrients. Entrainment of nutrient rich waters by wind mixing is not efficient in the
BoB. The northeasterly winds during Nov-Feb do not favour coastal upwelling along
east coast of India. Besides the enhanced phytoplankton blooms due to the cyclonic
storm, some investigators observed the blooms which were associated with Ekman
pumping (Vinayachandran and Mathew, 2003). The WSC was very high at about
9x10" N m™ around 84-86°E, 11°N during the week 27Nov-3Dec 2000, while away
from this location and also during the previous week WSC was about 0.5 to 1x10”" N
m™. The high WSC during the tropical cyclone caused high VV of upto 3.5x10° m s
L in this location indicating strong divergence of surface waters and upwelling. This
resulted in the reduction of SST and increase in the chlorophyll concentration at the
surface.
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6.4. Tropical cyclone 01B (TC 01B), 11-19 May 2003

Tropical Cyclone 01B (TC 01B), a VSCS with wind speed greater than 64kts
developed in the BoB on 11 May 2003 and moved slowly northward (Fig. 6.7). The
description of the cyclone track is obtained from a tropical cyclone report from the
NOAA, (ftp://ftp.aoml.noaa.gov/hrd/pub/landsea/padgett/may03.sum). On 12 May
2003, the cyclone was located near 11°N, 86°E at 06:00 UTC and reached hurricane
intensity for about 24 hours. It moved northwestward at 2.2 m s with maximum
sustained winds estimated at 28 m s, gusting to 36 m s On 14 May 2003, TC 01B
was located near 14.4°N, 86°E at 06:00 UTC. A ridge to its east finally turned the TC
01B northward, whereupon it began to intensify, after having briefly weakened to
depression strength on 18 May 2003. After weakening and remaining at minimal
tropical storm intensity for several days, the cyclone rapidly intensified once again as
it made landfall along the west central coast of Myanmar on 19 May 2003 with

maximum sustained winds of 23.6 m s,
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Fig. 6.7 Track of the tropical cyclone 01B during 11-19 May 2003 in the Bay of
Bengal (Figure is taken from Smitha et al., 2006)
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6.5. Response of physical and biological properties of ocean to TC 01B

MODIS weekly (8 days) composite 4.0 km spatial resolution SST images (Fig. 6.8)
depict the distribution of SST before, during and after the passage of the cyclone.
Figures show the weekly mean day time SST for the periods (a) 1-8 May, (b) 9-16
May, (c) 17-24 May and (d) 25 May-1 Jun, 2003.

Fig. 6.8 Sea surface temperature in °C observed from Terra MODIS: (a) prior to the
cyclone formation (1-8 May); (b) during the cyclone (9-16 May); (c) during 17-24
May; and (d) 25 May-1 Jun 2003 after the passage of cyclone

Before the cyclone developed, SST in the southern Bay was around 31.0°C. During
the passage of cyclone, the surface temperature decreased to 27.5-28.0°C around
10°N, 87°E. After the passage of cyclone, SST further decreased to 25-26°C around
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10°N, 87°E and 12°N, 87°E. During 25 May-1 Jun, 2003 the SST increased to 27-
27.5°C, but was still cool (25.5°C) at some locations (around 12°N, 87°E).

(b)
11-17 May 2003

25-31 May 2003
TMI SST

v
80E 85E 90°E 95E S0E 85E WE 95F

Fig. 6.9 Weekly averaged TMI data showing sea surface temperature in °C: (a)
before the cyclone (4-10 May); (b) during the cyclone when cooling occurs (11-17
May); (c) during 18-24 May; and (d) 25-31 May 2003, after the passage of cyclone

SST changes due to the cyclone were also analysed using TMI SST (Fig. 6.9). SST
was around 31.6°C in the southern BoB prior to the cyclone. During the passage of
the cyclone, SST decreased to 26.7-27.5°C around 10-11°N and 87°E. The maximum
drop in SST was observed near 10.2°N, 87°E where the SST fell from 31.5°C before

140



Chapter 6 Upper ocean response to upwelling induced by tropical cyclones

the cyclone to 26.7°C by 17 May 2003. After the passage of cyclone during 18-24
May, the temperature slowly increased to 27.7-28.2°C.

By the last week of May 2003, SST further increased to 28.4-29°C. A decrease in
SST of about 5°C was observed in both MODIS and TMI, although there was a delay
of one week in cooling observed from MODIS compared to TMI SST. Before the
passage of cyclone, SST in the southern BoB showed a difference of 0.6°C between
the TMI and MODIS data. During the passage of cyclone, SST decreased and
reached a minimum of 26.7°C in TMI; whereas it was 27.5°C in the case of MODIS
data. MODIS SST further decreased to 25-26°C during the subsequent week after the

passage of cyclone, while the temperature slowly increased in TMI SST.

Before the cyclone, MLD at and around 10°N, 87°E was about 30 m (Fig. 6.10); in
the third week, MLD increased to about 42 m. One week after the passage of
cyclone, i.e. during 25 May-1 Jun 2003, MLD increased to about 45 m, possibly due
to the onset of monsoon winds. The maximum SST decrease of about 5°C was
observed at 10.5°N, 87°E. At this location the MLD increased from 31 m to 41 m.
The maximum MLD increase due to the cyclone appeared to be 12 m. This is
somewhat lower than values reported from other oceans, possibly because the
southern Bay is highly stratified by both salinity and temperature in the pre-monsoon

season (Sengupta et al., 2002).
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Fig. 6.10 Modeled weekly mixed layer depth (m) in the Bay of Bengal during
different stages of cyclone: (a) prior to the cyclone formation (1-8 May); (b) during
the cyclone (9-16 May); (c) during 17-24 May; and (d) 25 May-1 Jun 2003 after the
passage of cyclone

The response of chl-a concentration to the passage of cyclone is shown in Fig. 6.11.
During 1-8 May 2003, chl-a concentration in the southern BoB was 0.1-0.15 mg m™>.
At the time of occurrence of the cyclone, it increased to 0.36-0.48 mg m™ in the
region around 10°N, 87°E, while remaining below 0.2 mg m™ elsewhere in the Bay.
During the third week, chl-a concentration around 10-11°N, 87°E increased to 1.5-

1.9 mg m™. The maximum increase was observed at 11.2°N, 87.3°E, where the chl-a
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concentration increased from 0.10 mg m™ to 2.33 mg m™. One week after the

passage of the cyclone, chl-a concentration decreased to 0.3- 0.36 mg m™.
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Fig. 6.11 Weekly chl-a concentration in mg m™ observed from Terra MODIS during
different stages of cyclone showing the increase in chl-a concentration in the cyclone
affected area: (a) prior to the cyclone formation (1-8 May); (b) during the cyclone (9-
16 May); (c) during 17-24 May; and (d) 25 May-1 Jun 2003 after the passage of
cyclone

Difference images of SST and chl-a concentration from MODIS (Fig. 6.12) showed
that there is a general correspondence of the region of SST cooling and enhanced
chl-a concentration due to the cyclone. These difference plots of SST and chl-a
concentration are based on weekly composites. Daily data is expected to provide

more reliable estimates of maximum cooling and the enhancement of chl-a
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concentration. Weekly averaged data products have been used due to the non-
availability of cloud free daily data. IRS-P4 OCM having high spatial resolution (360
meters) and two day repeativity also showed thick cyclonic clouds during this period.

(a) 13~

(b)
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Fig. 6.12 Difference images of (a) sea surface temperature in °C and (b) chl-a
concentration in mg m from Terra MODIS depicting the changes occurred after the

passage of cyclone in May 2003
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Fig. 6.13 Weekly mixed layer primary production during various stages of the
cyclone: (a) prior to the formation of cyclone (1-8 May); (b) during the cyclone (9-16
May); (c) during 17-24 May; and (d) 25 May-1 Jun 2003, after the passage of
cyclone showing the increase in production in the cyclone affected area

PP in the southern BoB increased significantly over a large region in response to the
cyclone. Fig. 6.13 shows the spatial distribution and enhancement of PP due to the
cyclone. Before the cyclone, PP in the central and southern BoB was less than 490
mg C m™ day™. During the passage of cyclone PP increased to about 820 — 980 mg C
m2 day™ around 10°N, 87°E. The increase in PP was maximum during 17-24 May, in
the region between 9-11°N and 86-88°E. During this week, the PP increased up to
2460 — 4100 mg C m™ day ™ around 10°N, 87°E. One week after the passage of the
cyclone, PP gradually decreased to 820 — 960 mg C m™ day™.
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It has been shown with the help of satellite data that tropical cyclone 01B of May
2003 strongly influenced the near surface temperature and biology of the BoB. The
SST dropped by 4-5°C over a fairly large region, associated with an increase in MLD
by about 12 m. Lowering of SST due to the cyclone (~5°C) was significant in both
MODIS and TMI data. The time lag of one week in cooling between both the data
sets may be due to the slight difference in weekly periods of MODIS with that of
TMI. There was moderate increase of chl-a concentration and large increase of
biological productivity in the region directly influenced by the cyclone. During 12-18
May 2003, WSC reached up to 12 x 10" N m™ to16 x 10" N m™ at around 86-88°E,
11-12°N while during the previous week WSC was about 2 x 10" N m=to 4 x 10" N
m™. In this region the VV reached 4-5 x10™° m s during 12-18 May 2003 indicating
strong upward Ekman pumping and divergence of surface water leading to
upwelling. This led to an increase in surface chlorophyll concentration and decrease

in SST in and around this region.

It is interesting to note that the response of SST or ocean biology was not limited to
regions directly under the cyclone track. Strong eastward winds associated with the
cyclone enhanced chl-a concentration (Fig. 6.11c) and PP (Fig. 6.13c) over a large
region south and east of Sri Lanka, possibly through enhanced coastal upwelling
(Fig. 6.8c) and advection of upwelled water by surface ocean currents. In response to
the cyclone, production increased by about 550 mg C m™ day™ over an area of at
least 1,00,000 km?. If we assume that the enhanced production sustained for a week,
this single cyclone would have led to a total incremental carbon fixation of about
0.5x10™ g C. To put this number in context, Lin et al. (2003) estimated that
enhanced PP due to the cyclone Kai-Tak in the South China Sea was about 0.8x10"
g C. Although the mixed layer deepening and the maximum post-storm chl-a
concentration due to tropical cyclone 01B in the BoB were much smaller than those
due to Kai-Tak, the enhancement of productivity took place over a much larger

region in the case of the BoB cyclone.

146



Chapter 6 Upper ocean response to upwelling induced by tropical cyclones

6.6. Summary

The response of upper ocean to the passage of tropical cyclones has been anaylsed in
this Chapter. The changes in physical and biological properties due to the effect of
tropical cyclones in the BoB have been studied. BoB has low biological productivity
when compared to the Arabian Sea. The chlorophyll in the upper layer of tropical
oceans is limited by the availability of nutrients. Passage of intense tropical cyclones
cause marked cooling of SST together with an increase in chlorophyll concentrations
in the upper ocean. Intense wind stress on the ocean surface leads to the deepening of
mixed layer and the entrainment of nutrient rich waters to the surface. The changes in
SST, surface chl-a concentration and PP caused by tropical cyclones have been
analysed for two cases of intense tropical cyclones in the BoB, one in Nov-Dec 2000
during post-monsoon and the other in May 2003 during pre-monsoon season. The
tropical cyclone during 26 Nov-6 Dec 2000 was a VSCS with maximum wind speed
of 102 kts. This cyclone moved westward, made the landfall south of Cuddalore and
after weakening into a low pressure system emerged into eastern Arabian Sea which
weakened later. The tropical cyclone during 10-19 May 2003 was another VSCS
with a maximum wind speed of 75 kts which moved northward and then

northwestward making the landfall over Myanmar coast.

For the tropical cyclone in Nov-Dec 2000, a maximum SST drop of 2°C, sea surface
depression of 10 cm compared to the periphery, increase in chl-a concentration by
about 1.5 mg m™ from 0.24 mg m™ were observed around 11°N, 81°E after the
passage of the cyclonic storm. Also enhanced average mixed PP of 964 g C m?2y™
was observed in this location which was about 170 g C m™?y™ before the passage of
tropical cyclone. The WSC high was about 9x107 N m™ at around 84-86°E, 11°N
during the week when the cyclone reached maximum intensity and the V'V increased
upto 3.5x10”°> m s™*. On an average this tropical cyclone caused an increase in surface
chl-a concentration by 6 times and PP by 5 times after the passage of cyclone. This
increase was observed one week after the passage of cyclone and sustained for a

week before decreasing.
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During the tropical cyclone in May 2003, maximum drop of SST was about 5°C at
10.2°N, 87°E in TMI, and similar drop in SST was observed from MODIS. Around
this location chl-a concentration increased from 0.1 to 2.33 mg m™ after the passage
of cyclone. Directly under the cyclone track, PP increased from its pre-storm value
by up to 3800 mg C m? day™ (~1390 g C m? y?). The increase in chl-a
concentration and productivity were not confined to the region under the cyclone
track, but covered a much broader area, possibly due to forced coastal upwelling
south of Sri Lanka. Decrease in SST was associated with the deepening of mixed
layer by about 12 m. WSC increased to 12 x 107 N m™ to16 x 107 N m™ at around
86-88°E, 11-12°N when the cyclone reached maximum intensity and the VV also
increased to 4 x10° m s™ to 5 x10™° m s™ during this time. After the passage of the
cyclone, the SST slowly increased, and the chl-a concentration decreased. There was
an increase in chl-a concentration by about 12 times and PP by 8 times due to the
passage of tropical cyclone in May 2003. In this case also the increase in chl-a
concentration and PP occurred after the passage of tropical cyclone which sustained
for one week before diminishing. It has been observed that even though the
maximum sustained wind speed of the tropical cyclone in May 2003 is less than that
in Nov-Dec 2000, the associated increase in WSC and VV are high during May 2003
compared to Nov-Dec 2000. Hence the SST cooling is high for the May 2003. Also
the increase in chl-a concentration and PP are high due to the tropical cyclone in
May 2003 than in Nov-Dec 2000. The non-availability of cloud-free daily data
makes it difficult to determine the exact dates of increase in chl-a concentration and
PP. The enhanced PP after the passage of the cyclone supports the base of the pelagic
marine food wed, directly affecting the fishery productivity. The influence of tropical
cyclone on enhanced chlorophyll is mainly attributed to the entrainment of
subsurface nutrients. The reasons attributed for increased PP is increase of
chlorophyll and availability of irradiance. This study suggests that tropical cyclones

play a significant role in the annual PP of BoB.
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Summary and Conclusions

The present study is an attempt to analyze the wind induced upwelling and its effect
on the surface chlorophyll distribution in the Bay of Bengal (BOB). In general, BoB
is a low productive ocean basin due to high sea surface stratification caused by low
salinity and high SST together with the presence of weak winds. The influence of
surface winds in the generation of upwelling along with the response of physical
properties of the ocean, and the ensuing changes in the distribution of surface chl-a
concentration have been carried out using various satellite data on wind stress and
wind stress curl (WSC), SST, SLA and surface chl-a concentration. Model outputs of
water temperature, primary production (PP) and MLD have also been used along

with satellite data for the analysis.

After a general introduction, the objectives and significance of the topic of study are
presented in Chapter 1. Chapter 2 gives a detailed overview of all the data used in the
investigation as well as the methodology, computational and analytical methods

employed in the study.

The climatological variations that WSC, SST, SLA and surface chl-a concentration
undergo in the BoB are summarized in Chapter 3. WSC and SST undergo large
seasonal variations whereas the variations in concentration of surface chl-a are
mostly confined to the coastal and near-coastal regions of the BoB. Seasonal
variations in the distribution of SLA are also large in the BoB. SWM season is the
major influencing event that brings about considerable changes in the distribution of
these properties. The spatial distribution of WSC over the BoB depends on the
prevailing surface winds which undergo seasonal reversals associated with changing
seasons over the BoB. High positive (cyclonic) WSC induce divergence of the ocean
surface and upwelling in the southwestern Bay, north and northwestern Bay during

SWM season. Strong positive (cyclonic) WSC is observed over the southwestern
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Bay during May-Sep which attains the maximum strength to the east of Sri Lanka in
July and thereafter decreases. During this time high negative (anticyclonic) WSC
which induces convergence of the surface waters and downwelling is observed over
the southeastern Bay. The Bay experiences the lowest SST in January followed by
warmest sea surface during the pre-monsoon season when the winds are weak and
variable. The cold pool forms in the south-central Bay during May, develops as the
SWM progresses, reaches the maximum extent during the peak of monsoon in Jul-
Aug and disappears by October. The upward Ekman pumping by positive WSC leads

to upwelling and lowering of SST in this region.

The variations in SLA are mainly caused by Rossby waves and Kelvin waves in the
BoB which are generated by equatorial winds. Cyclonic eddies that cause upwelling
are observed during the SWM and post-monsoon season in the western and
southwestern Bay. The cyclonic eddy in the southwestern Bay develops as a result of
the open ocean Ekman pumping by the positive WSC. During the NEM and pre-
monsoon season strong anti-cyclonic eddies are observed in the Bay, which cause
downwelling. Seasonal and monthly variations in surface chl-a concentration is less
in the Bay except at certain locations such as southwestern Bay, east coast of India,
northern BoB and Malacca strait. The spatial variation of surface chl-a is low in the
BoB especially in the open ocean where it is in the range of 0.1 to 0.4 mg m™ during
all the seasons. Chl-a concentration increases towards the coastal areas upto 8-9 mg
m especially during SWM season. In the open ocean, surface chl-a concentration is
lowest during pre-monsoon season. During the SWM season, a chlorophyll bloom
develops in the southwestern Bay which intensifies with the progress of monsoon
and disappears by October. This bloom is caused by the open ocean upwelling driven
by Ekman pumping together with the advection of upwelled waters from the
southern coasts of Sri Lanka by the SMC. East coast of India experiences changing
coastal current patterns and receives river inputs from Krishna and Godavari, which
cause increased chl-a concentration in that region especially during SWM season. In

general, it has been observed that changing wind patterns during the SWM and NEM
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seasons influence the WSC pattern, SST and SLA of the Bay. They also affect the

surface chl-a concentration mostly along the coastal regions of the BoB.

The variability of WSC has been studied using EOF analysis in Chapter 4. Also the
spatial distribution of wind stress during the SWM has been analysed. The inter-
annual variations in the extent of the cold pool of the southcentral Bay have been
explained in this Chapter. Ekman vertical velocity (VV) and SLA have been
analysed in the regions of high wind stress in the BoB in Chapter 4. The analysis of
the variability of WSC over the BoB using EOF analysis shows that first four EOF
modes represent more than 64% of the total curl variance with the first mode
contributing to 36% of the total variance of the WSC field. The second EOF
represents 15.1% of the total variance in curl data. The spatial patterns of WSC
associated with these modes describe the major elements of BoB climatology for the
period of study. From the associated time series, it has been observed that most of the
variance is contained in annual frequencies and the first mode EOF1 and the second
mode EOF2 have annual periodicity associated with southwest and northeast

monsoon respectively.

The spatial distribution of wind stress during SWM season shows that the mean wind
stress is maximum (0.22 N m2) to the southeastern side of Sri Lanka in the
southwestern BoB in July and in the west-central Bay (0.21 N m™) during August.
During this time, wind stress is weak in the southeastern Bay followed by the east
coast of India and to the east of Sri Lanka in the southwestern Bay. The cold pool of
the BoB lies between 3-10°N in the south-central BoB and extends to about 90°E to
the east of Sri Lanka. The SST average for JJAS shows that lowest temperature is
about 28°C to the southeastern side of Sri Lanka, which is the area that experience
high wind stress. The high wind stress along the southern coast of Sri Lanka leads to
coastal upwelling and contribute to the SST reduction in this region. The cooler
water is advected into the south-central Bay by the SMC which flow eastward south
of Sri Lanka. The development of the cold pool is also due to the cyclonic curl in the
local wind field which cause open ocean upwelling. The mean geostrophic currents

during JJAS show a cyclonic eddy to the east of Sri Lanka in the southwestern Bay
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and an anticyclonic eddy to the southeast of it. The geostrophic currents show the
intrusion of SMC into the south-central BoB. Cold pool starts decaying in
September, when a strong northward flow east of Sri Lanka replaces the cyclonic
eddy. Analysis of the inter-annual variations of cold pool shows that the lowest SST
within the cold pool occurs generally during August. The cold pool is most
developed in 2000 and the SST reach the lowest of ~27.6°C within the cold pool
during August, while in 2007 it is least developed followed by 2003. The extent of
the cold pool depends on how well developed is the pool, and it generally extent
eastward upto 88-89°E with the lowest SST occurring at around 4-7°N. In 2000, the

maximum cooling occurred between 83-87°E in the southwestern Bay.

Strong positive VV and high negative SLA indicate the occurrence of upwelling in a
region. In the southwestern Bay, VV to the eastern side of Sri Lanka increases in
strength and extends eastward into the Bay as the SWM advances and attains
maximum intensity (2.4x10° m s™) at around 84°E, 7°N and extends upto 86°E in
July. A cyclonic eddy also develops during this time to the east of Sri Lanka which is
flanked by an anticyclonic eddy to the south of it. Ocean surface divergence and
upward Ekman pumping by high positive WSC cause upwelling in the southwestern
BoB. With the progress of SWM, anticyclonic eddy moves the cyclonic eddy
northward and by September cyclonic eddy is located to the northeast of Sri Lanka.
In the west-central Bay, during May before the onset of SWM, a strong anticyclonic
eddy flanked in the north by a cyclonic eddy is observed and this anticyclonic eddy
weakens during June. During SWM, VV becomes positive with its intensity reaching
a high (0.55x10° m s™) near 20°N in August, and north of 18°N upwelling occurs
due to strong positive VV. This high VV decreases in September and in October VV
increases again (0.55x10®° m s™) towards the southern side of this region. The
cyclonic eddy also develops and extends eastward with two cold cores - one to the
west and the other to the east in September. In October, the cold eddy develops more
and is centered about 87°E, 18°N with an SLA of -16 cm. The EICC that flows

southward along the coast during SWM forms the western side of the cold-core eddy.
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The importance of D20 in upwelling in the BoB has been analysed in Chapter 5.
Monthly variations of D20 have been studied and compared with VV, SLA, and chl-
a indices in this Chapter. The seasonal and inter-annual variations in the surface chl-
a distribution have also been analysed and explained in this Chapter. The relationship
of surface chl-a concentration with VV and SLA has been examined for the selected
regions and the results explained. It is observed that D20 undergoes considerable
seasonal variation and lay deep generally from January until May, which shoals
considerably upon the arrival of SWM. D20 is shallow in the western Bay compared
to eastern Bay during SWM and post-monsoon season. In general there is an inverse
correlation between VV and D20 in the BoB, having highest correlation coefficient
of -0.548 in Andaman Sea whereas in the northern Bay, the correlation is the lowest.
D20 and SLA has a direct relation in the BoB with high correlation (~ 0.75) in all
three regions except in the northern Bay which has no correlation between D20 and
SLA. There exists an inverse correlation between D20 and surface chl-a
concentration with northern Bay and Andaman Sea having better correlation than
western and southwestern Bay. The effect of tropical cyclones is observed with
strong positive V'V, an increase in surface chl-a concentration, lowering of SLA and
shoaling of D20. From the study of seasonal to inter-annual variations in surface chl-
a concentration, it has been observed that on an average, SWM is the major
influencing season in the increase of surface chl-a concentration in the BoB followed
by NEM. Surface chl-a has the highest concentration in the northern Bay. The
relationship of surface chl-a concentration with VV shows that the positive
correlation between both these parameters is maximum in northern Bay (0.571),
followed by southwestern Bay and Andaman Sea. There is no significant correlation
in the western Bay between surface chl-a and VV. There exists an inverse correlation
between surface chl-a concentration and SLA in BoB. In northern Bay there is no
significant correlation, while in southwestern Bay and Andaman Sea surface chl-a
has good correlation (~ -0.6) with SLA. In general, it has been observed that strong
winds are able to cause upwelling in the BoB and thus increase the surface chl-a

concentration under favourable conditions.
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It has been observed from the analysis of VV and surface chl-a concentration that in
the northern Bay, high chl-a concentration during SWM is accompanied by strong
positive VV. The VV maximum (0.3-0.68x10° m s™) in Jul-Aug is followed by a
chl-a maximum (0.7-1.8 mg m™®) in Aug-Sep. Low chl-a concentration (0.3-0.5 mg
m™®) especially during Mar-Jun is associated with negative VV (-0.22x10° m s™ to -
0.44x10° m s™) during Mar-Apr in the northern Bay. In the west-central Bay,
positive VV during SWM and post-monsoon is highly variable and is followed by
chl-a concentration of 0.2-0.6 mg m™. Surface chl-a concentration low of ~0.1 mg m"
® during the pre-monsoon months follows the negative VV during Mar-Apr in this
region. In the southwestern Bay, VV is generally positive except during Dec-Apr,
and the negative VV of about -0.15x10™° m s™ during Jan-Mar is associated with the
chl-a minimum of about 0.12 mg m™ during pre-monsoon season. High VV of 0.2-
0.55x10™ m s'1 during Jul-Sep is followed by surface chl-a concentration of about
0.21-0.5 mg m™ in the southwestern Bay. VVV is generally negative in the Andaman
Sea except during Mar-Apr and Oct-Dec. During NEM and pre-monsoon season,
chl-a concentration is high (0.2-0.38 mg m™) and V/V is about 0.2x10™° m s™ during
post-monsoon and pre-monsoon in this region. Also chl-a minimum (0.14-0.23 mg
m™) during SWM follows the low VV (-0.5x10®° m s™ to -1.2x10®° m s™) in this
region. It has been observed that there is a lag of about one month between the
increase in VV and corresponding increase in surface chl-a concentration which is
most prominent in the northern Bay followed by southwestern Bay and Andaman

Sea while the relation is weak in the west-central Bay.

It has been observed that the VV undergo considerable variations in the BoB together
with surface chl-a concentration. On an average, VV increased by 2.6-2.8 times
during August in the northern Bay from the low in April. Surface chl-a concentration
increased by 3 times during August in this region from the low values in Apr-May.
In the west-central Bay, VV increased by 2.5 times in October, while the maximum
increase in chl-a concentration is about 3 times during August. In the southwestern
Bay, VV increased by about 2.5-3 times from Mar-Apr to august and surface chl-a

concentration increased by 3 times from April to August. In the Andaman Sea an
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increase of about 1.4 times is observed for VV from Jul-Aug to Mar-Apr while chl-a

concentration increased by about 1.7 times from April to August in this region.

The response of upper ocean to the passage of tropical cyclones has been anaylsed as
part of the study in Chapter 6. The changes in SST, surface chl-a concentration and
PP have been analysed for two VSCS in the BoB, one during 26 Nov-6 Dec 2000
(post-monsoon) with a maximum wind speed of 102 kts and the other during 11-19
May 2003 (pre-monsoon season). Satellite observations show the remarkable effects
of tropical cyclones on upper ocean temperature and chl-a concentration. The
decrease in SST is about 2°C together with a decrease in SSH of 10 cm for the
tropical cyclone in post-monsoon season while it is about 5°C for the tropical cyclone
in May 2003 in pre-monsoon season together with the deepening of mixed layer by
about 12 m. The maximum increase in surface chl-a concentration is upto about 1.8
mg m™ (increase by 1.5 mg m™) together with an increase in average mixed layer PP
upto 964 g C m?y™ around 11°N, 81°E after the passage of the tropical cyclone in
Nov-Dec 2000. On an average this tropical cyclone caused an increase in surface chl-

a concentration by 6 times and PP by 5 times after the passage of cyclone.

For the May 2003 tropical cyclone, the surface chl-a concentration increased upto
2.33mg m™ (increase by 2.2 mg m™) and the PP increased upto 4100 mg C m™ day™
(increase by 3800 mg C m? day™ which is equivalent to ~1390 g C m?y™). The
increase in surface chl-a concentration and productivity were not confined to the
region under the cyclone track, but covered a much broader area, possibly due to
forced coastal upwelling south of Sri Lanka. In both the cases the increase occurred
one week after the passage of cyclone and sustained for a week before decreasing.
An increase in surface chl-a concentration by about 12 times and PP by 8 times
occurred after the passage of this tropical cyclone. For the tropical cyclone in Nov-
Dec 2000, WSC high was about 9x107 N m™ at around 84-86°E, 11°N during the
week when the cyclone reached maximum intensity and the VV increased upto
3.5x10° m s™. For May 2003 tropical cyclone, WSC increased to 12 x 107 N m™
t016 x 107 N m™ at around 86-88°E, 11-12°N when the cyclone reached maximum

intensity and the VV also increased to 4 x10° m s™ to 5 x10™ m s™ during this time.
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It has been observed that even though the maximum sustained wind speed of the
tropical cyclone in May 2003 was less than that in Nov-Dec 2000, the associated
increase in WSC and VV were high during May 2003 compared to Nov-Dec 2000.
Hence the SST cooling was high for May 2003. Also the increase in surface chl-a
concentration and PP were higher due to the tropical cyclone in May 2003 than in
Nov-Dec 2000. The enhanced PP after the passage of the cyclone supported the base
of the pelagic marine food wed, directly affecting the fishery productivity. The
influence of tropical cyclone on enhanced chlorophyll is mainly attributed to the
entrainment of subsurface nutrients. The reasons attributed for increased PP is
increase of chlorophyll and availability of irradiance. This study suggests that
tropical cyclones might play a significant role in the annual PP of BoB. Different
temporal and spatial resolution satellite derived SSTs and chl-a concentration are
able to detect the surface cooling and enhanced chlorophyll and productivity due to
the passage of cyclones in BoB. Good correspondence has been observed between
surface cooling area and the increase in chlorophyll concentration in these two cases
studied. Passage of intense tropical cyclones cause marked cooling of SST together
with an increase in chlorophyll concentrations in the upper ocean. Intense wind stress
on the ocean surface leads to the deepening of mixed layer and the entrainment of

nutrient rich waters to the surface.

The results of the study project the large temporal and spatial variability of the
physical properties in the Bay of Bengal; such variations are important to upwelling
in the ocean and hence the distribution of surface chl-a concentration in the region. It
has been observed that the mean Ekman vertical velocity increases by about 1.4 to 3
times in different regions of the Bay of Bengal under normal conditions. The
concurrent increase in mean surface chl-a concentration is by 1.7 to 3 times in these
regions. Due to the influence of tropical cyclones, surface chl-a concentration in the
Bay of Bengal increased by 6 to 12 times from the pre-storm values and primary
production by 5 to 8 times under the area of passage of the cyclone together with a

decrease in SST by 2-5°C, deepening of MLD by 12 m and a sea surface depression
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by 10 cm. Hence it is seen that the inter-seasonal and intraseasonal variations in the

physical parameters impact the concentrations of surface chl-a in the Bay of Bengal.

These variations in the concentrations of chl-a have large influences on the
biological productivity of the region and therefore on the fish production. With
growing population and the increasing need for affordable food and protein for the
masses, efficient and optimal exploitation of the vast fishery resources of the region
is important and urgent. Towards this goal, integrated investigations and studies
involving marine biologists and physical oceanographers would be useful for

planning and operational purposes.
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Satellite observations are beginning to show the remarkable effects of tropical
cyclones on upper ocean temperature and chlorophyll concentration. We use
weekly, 4km resolution chlorophyll-a and sea surface temperature (SST) from
TERRA Moderate Resolution Imaging Spectroradiometer, weekly averaged SST
at 0.25° resolution from Tropical Rainfall Measuring Mission Microwave
Imager, modeled primary productivity (PP) from Goddard Space Flight Center
and mixed layer depth generated by US Navy’s Fleet Numerical Meteorology
and Oceanography Center to study the response of upper ocean physics and
biology to the passage of a tropical cyclone in the southern Bay of Bengal.
Decrease in SST up to 5°C, associated with the deepening of mixed layer by
about 12 m, was observed. Directly under the cyclone track, PP increased from its
pre-storm value by up to 3800mgCm > day ', and chlorophyll-a concentration
also increased. The increase in chlorophyll-a and productivity were not confined
to the region under the cyclone track, but covered a much broader area, possibly
due to forced coastal upwelling south of Sri Lanka. After the passage of the
cyclone the SST slowly increased, and the chlorophyll decreased.

1. Introduction

Wind, rain and storm surge associated with tropical cyclones cause great damage to
life and property in the countries bordering the North Indian Ocean, particularly the
Bay of Bengal. The Bay is a tropical basin that receives large volumes of fresh water
from both continental runoff and rainfall. In the Bay, cyclones usually form between
8.0°N and 15.0°N latitude along the Inter Tropical Convergence Zone. There are
two cyclone seasons in the North Indian Ocean, before and after the summer
monsoon. Most cyclones occur in April to June and September to November, with
the highest frequency in November and May. Tropical cyclone formation is
suppressed during the monsoon season due to large vertical wind shear. The near-
surface circulation of the Bay of Bengal undergoes seasonal reversal forced by
monsoon winds and fresh water input as well as remote effects from the equatorial
Indian Ocean. During the pre-monsoon months (March to May) there is a well-
developed anticyclonic gyre in the Bay with a poleward western boundary current
(Shetye et al 1993). The current flows equatorward all along the coast in
November-December (Shetye et al. 1996). During the summer monsoon (June to
September) the east India coastal current flows poleward along the southern part of

*Corresponding author. Email: smitha_cusat@yahoo.com

International Journal of Remote Sensing
ISSN 0143-1161 print/ISSN 1366-5901 online © 2006 Taylor & Francis
http://www.tandf.co.uk/journals
DOI: 10.1080/01431160600835838



Indian Journal of Marine Sciences
Vol. 35(2), June 2006, pp. 153-160

A study on cyclone induced productivity in south-western Bay of Bengal during
November-December 2000 using MODIS (SST and chlorophyll-a)
and altimeter sea surface height observations

K. H. Rao*, A. Smitha & M. M. Ali
Oceanography Division, National Remote Sensing Agency, Balanagar, Hyderabad 500 037, India

*[E-mail: rao_kh@yahoo.com ]

Received 27 December 2004, revised 10 April 2006

MODIS (Moderate Resolution Imaging Spectroradiometer) on board TERRA weekly composite mean products of sea
surface temperature (SST) and chlorophyll-a, and modeled ocean net primary productivity with a spatial resolution of 4.63
km and altimeter derived sea surface height (SSH) data are used to study the changes in the primary productivity (PP)
induced by the November-December 2000 tropical cyclone in the Bay of Bengal. A maximum SST drop of 2°C, a sea
surface depression of 10 cm compared to the periphery, increase in chlorophyll-a by 1.5 mg/m® and enhanced average mixed
PP of 964 gC/m’/y were observed around 11.0°N and 81.0°E after the passage of the cyclonic storm. The enhanced PP after
the passage of the cyclone supports the base of the pelagic marine food web, directly affecting the fishery productivity.

[Key words: Tropical cyclone, chlorophyll-a, sea surface temperature, mixed layer depth, primary productivity]

Introduction

Bay of Bengal is a semi enclosed tropical ocean
basin highly influenced by monsoonal winds and
receives large volumes of fresh water from both river
discharges and rainfall. Tropical cyclones are a major
hazard in coastal regions, both in terms of loss of life
and economic damage. The extensive coastal belt of
India is very vulnerable to these tropical cyclones.
Such cyclones originate in the Bay of Bengal and the
Arabian Sea during the spring (April-May) and fall
(October-November). The cyclones usually form
between 8.0°N and 15.0°N latitude and develop as
perturbations along the Inter Tropical Convergence
Zone (ITCZ). It is not unusual for a storm formed
over the Bay of Bengal to move across southern India
and re-intensify over the eastern Arabian Sea. The
surface circulation in the Bay of Bengal undergoes
seasonal reversal forced by remote effects from the
equatorial Indian Ocean in addition to monsoon winds
and fresh water inputs'?. These circulation features
have a strong influence on the primary productivity
(PP) of the Bay of Bengal, which is traditionally
considered to be the region of lesser biological
productivity. Recent measurements also suggest that
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productivity in Bay of Bengal is less compared to

Arabian Sea**. Prasanna Kumar ef al.’ reviewed the
reasons for less productivity in the Bay of Bengal
compared to Arabian Sea and attributed to the
presence of strong stratified surface layer, warmer sea
surface temperature (SST) and weak winds. Physical
processes such as ocean currents and eddies are able
to erode stratification and upwell nutrients leading to

high chlorophyll in the western Bay of Bengal4.
Tropical cyclones with strong wind and heavy
rainfall represent the extreme cases of the episodic
disturbances that have profound influence on the
abundance and production of marine phytoplankton.
One of the most striking effects of a tropical cyclone
on the upper ocean is the marked cooling of SST
which is widely studied by many researchers over
North Indian Ocean. SST cooling is mainly due to
vertical mixing of cool subsurface water under the
action of cyclonic winds. Premkumar ef al.® observed
a 3°C fall in SST in association with a tropical
cyclone in the Arabian Sea. In the open ocean,
tropical cyclones may deepen the mixed layer by 20-
30 meters’. Subrahmanyam et al.” studied the effect of
a tropical cyclone on the formation of phytoplankton
blooms during the development of cyclone during 21
May to 3™ June, 2001 using IRS-P4 Ocean Colour
Monitor (OCM) data in the Eastern Arabian Sea.
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