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Chapter 1

Introduction



Oceans are of vital importance to the existence of man on this planet.
The water cycle that brings freshwater to all living organisms has its origin in
the ocean. It is well known that the climate of Earth is made habitable due to
the large thermal capacity of the ocean water. Oceans limit the intensity of
the global warming through the intake of a large portion of atmospheric
carbon dioxide. Hence it is very important to understand the processes in the

oceans and its behavior to the future of mankind.

The behavior of a natural system is explained in terms of its state
variables. For the ocean, the state variables of climatic importance are
temperature, salinity, velocity, sea level, sea ice, chlorophyll etc. Among this,
temperature of the ocean is more important as it can affect other parameters
and is climatically sensitive. Temperature of the ocean varies in space and
time. Higher temperatures (~30°C or more) are observed at the tropics and
reduce towards poles. Temperature decreases vertically from its surface value
at each geographical location. This spatial distribution of temperature
undergoes changes from season to season and also year to year. The
temperature at the ocean surface, termed as Sea Surface Temperature (SST),
is even more important because it is where the temperature values are
modified as a result of interaction with atmosphere. SST in turn influences a
variety of atmospheric processes such as convection and conduction and also

modulates atmospheric circulation and tropical cyclones.

1.1 Sea Surface Temperature (SST)

SST is broadly defined as the temperature of the sea water at surface. The
word ‘surface’ is but not clearly defined and can vary from few millimeters to
few meters. It is a parameter that can be easily measured and is therefore the

best known oceanic parameter. SST has a wide range of applications: eg.,
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monitoring climate change, defining boundary condition to models, marine
fishing and studies related to air-sea interaction processes, monsoon and

climate anomalies.

In the past, SST had been measured mostly from ships. Later, invention of
platforms such as buoys and satellites greatly enhanced this database on
oceans. SST observed from buoys and ships represent the temperature of 1 to
10 meters of the surface ocean and are often called as ‘Bulk’ SST. However,
SST measured from satellites make use of the thermal radiation emitted from
the top few centimeters of the sea surface and is called as ‘Skin” SST. Usually
the skin SST is found less than the bulk SST. The lesser skin SST is a result of
direct heat loss with the atmosphere through conduction, evaporation and
radiation. For many applications, both SSTs are being used [Schluessel et al.,
1987; Fairall et al., 1996b; Wick et al., 1996; Zeng and Beljaars, 2005; Brunke
etal., 2008].

In response to atmospheric forcing and the internal dynamics of the
ocean, SST varies spatially and temporally in a wide range of scales. Spatially,
surface temperature of the oceans varies from about -1.9°C at poles to about
30°C in the tropics [Shea et al., 1992; Reynolds and Smith, 1995]. The
temperature at a location decides the weather and climate of that area and
hence the possibility of life forms. Due to extreme cold temperature, polar
areas are void of human life. Life is also not possible on the other extreme
where atmospheric temperature exceeds 45°C. Human causalities due to
extreme temperatures are now reported every year. The situation can be
even worse in the coming years if the global warming trend continues [/PCC,

2014].

SST influences a variety of other geophysical variables. Changes in SST

bring about changes in sea level, wind, atmospheric convection, evaporation



from the ocean and can intense weather systems such as cyclones. Circulation
of the atmosphere depends on the pressure variation created by SST and land
temperatures. Recent studies indicate that the summer monsoon of India, a
critical factor for the economy of this country, depends on the intensity and
gradient of SST in Indian Ocean [Roxy et al., 2015]. The trade wind, the back

bone of ocean circulation, depends on the meridional gradient in SST.

1.2 Warm Pool

It was observed that the high SSTs in the tropical latitudes have an
important role on the climate [Gadgil et al., 1984; Graham and Barnett, 1987].
Strong atmospheric convection, an important process for weather activity
through the transport of water vapor into the atmosphere, is found over
warm oceanic areas. It has been observed that high convection do occur in
oceanic areas where SST exceeds certain threshold value. Hence the warm

ocean surface waters are often called as ‘Warm Pools’.

Wyrtki (1989) had defined warm pool as waters with SST greater than
28°C. This lower limit of temperature was used in most subsequent studies
but occasionally other values were also used in specific applications. For
example, McPhaden and Picaut (1990) used 29°C as the lower limit to
demarcate warm pool of Pacific. Chacko et al. (2012) used 30°C in their study
on the mini warm pool of Arabian Sea. Hence, the choice of the lower
temperature cut off is not a universal one and is subjective. In this study, we
followed the criteria followed by Wyrtki (1989) for the study of warm pool of

Indian Ocean.

1.3 Global Warm Pools

Warm pools are well identified from SST data. Climatological maps of

global SST show the presence of warm pools in all the tropical oceanic areas.
4



Figure 1.1 shows status of the distribution of the warm pools in the oceans

during the month of April as obtained by Vinayachandran et al. (2007).
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Figure 1.1 Climatological monthly mean SST during April
(after Vinayachandran et al., 2007)

Warm pools are named according to their place of formation and are
called accordingly as Pacific Ocean Warm Pool (POWP), Indian Ocean Warm
Pool (IOWP) and Atlantic Warm Pool (AWP). The distribution of the high SSTs
of the Indian and Pacific Oceans could appear as a single water body. Hence
the warm pools of both these oceans are studied as Indo-Pacific Warm Pool

(IPWP) [eg., Liu et al., 2005; Wang and Mehta, 2008].

Among the warm pools of the global oceans, Pacific Ocean Warm Pool has
received intensive attention over several decades due to its key role in the
climatic anomalies associated with El Nino Southern Oscillation (ENSO). The
warm pool of Indian Ocean is now attracting more attention due to its
important role on the Indian climate, especially monsoon and cyclonic

activities.
1.4 Significance of Warm Pool

Warm pool plays an important role in maintaining the climate of the

planet through strong air-sea interactions. Dedicated field programs such as



TOGA-COARE have been conducted to study the warm pool dynamics. The
warm pool size, temperature, displacement and heat content are some of the
major parameters of a warm pool. Anomalies in these can have impacts on
the weather and climate locally or even globally [Allan et al., 1996; Trenberth,

1997].

Warm pool has a direct role in atmospheric convection. The high SST
creates a low sea level pressure which leads to the convergence of air mass.
Large upward motion occurs in these areas which carries water vapor to
higher levels in the atmosphere. This creates cloud systems in the atmosphere
and thus becomes part of the water cycle. The latent heat released during the
condensation process is an important source of energy for atmospheric
circulation and convection at low latitudes maintains the Walker circulation in
the atmosphere. Changes in the location and intensity of convection can alter

the intensity of Walker circulation and in turn, ocean circulation.

Warm pools are also important in studies related to tropical cyclones. A
cyclone is a rapidly-rotating storm characterized by a low-pressure center,
strong winds and a spiral arrangement of thunderstorm clouds that produce
heavy rain. SST above 26°C is one of the favorable conditions to the formation
of cyclones. The role of global warming on cyclogenesis is now an important
area of study [Webster et al., 2005; Landsea et al., 2006; Emanuel et al., 2008;
Robert et al., 2012]. Studies indicate that global warming can have a role in

the frequency and intensity of tropical cyclones.

Warm pool is also found to have a role on Indian summer monsoon
activity. The monsoon vortex, a prime factor for the onset of the Indian
summer monsoon forms over the warm pool of Arabian Sea [Krishnamurti et
al., 1981; Rao and Sivakumar, 1999; Vinayachandran et al., 2007]. Recently

Roxy et al. (2015) have demonstrated that the role of spatial gradients in



ocean surface temperature could lead to a deficit in monsoon rainfall.
1.5 Objectives of the Study

The recurrent warming of oceans is an important process in
maintaining the climate of earth. Ocean temperature is an important climatic
indicator among others such as atmospheric humidity, tropospheric
temperature, sea level, ocean heat content, temperature over land, sea ice
etc. The oceans absorb large amounts of heat and Carbon dioxide, thereby
reducing the impact of global warming. The important point here is the
carrying capacity of the oceans and its future behavioral patterns to the

present warming trend.

Warm pools represent upper ocean temperatures and act as an index
for climate change. Its temporal and spatial variations can have crucial
impacts on climate change. This study focuses on the warming of the Indian
Ocean with an emphasis on the warm pool (IOWP) with the following

objectives:

1. A detailed study on the annual characteristics of IOWP

2. Understand ENSO-induced variability on IOWP

3. Deduce the long term trend SST and IOWP in response to global
warming and

4. Model SST using 1-Dimensional Mixed Layer Model.

1.6 Scheme of the thesis

Introduction is covered in Chapter 1. Chapter 2 details the review of
literature for the present study. As the topic is climatically important, there has
been ardent interest on warm pools of the global oceans over the past few

decades. This thesis accounts for significant works on the warm pool of Pacific



Ocean too. Research on Indian Ocean warm pool had begun later in 1990s. A

detailed review of the literature available on IOWP is provided.

Chapter 3 discusses the data sets used and the methods adopted in this
study. Basin-scale multi-year data sets on SST, air-sea heat fluxes, wind and
other geophysical variables from the tropical Indian Ocean sector were
utilized. The datasets comes from different sources such as observation,

satellite-derived and model re-analyzed.

A detailed study on the annual warm pool climatology is presented in
Chapter 4. Various characteristics of the warm pool including spatial and
temporal evolution and displacements have been discussed. A heat budget
analysis was performed to understand the role of surface heat fluxes on the

observed annual warm pool variability.

Chapter 5 discusses the inter-annual variabilities of warm pool caused
by ENSO events. The anomalous behaviour of warm pool and SST during ENSO
years was studied. The role of heat fluxes on SST was also examined. The
climatic importance of the warm pool was addressed in Chapter 6. Long term
trend in SST and warm pool was studied for the past 100 years using all

available long term data sets.

Chapter 7 is devoted to modeling of SST to understand the combined
role of wind stress and heat flux. A one-dimensional mixed layer model was
used for this purpose. The response of SST to various atmospheric forcing was
studied. Chapter 8 presents an overall summary of the thesis followed by the

list of references.



Chapter 2

Literature Review



2.1 Introduction

The warm waters of the ocean and their variability have been an active
area of research over the past decades, especially due to their role in the
earth’s climate. However, the concept of warm pool by defining temperature
limits to ocean waters has come only by 1980’s. Having detailed about the
difficulties in fixing a lower limit, Wyrtki (1989) introduced a practical
definition to the warm pool of the Pacific. According to him, warm pool is

warm waters with temperatures above 28°C.

However there are other characteristics also that are associated with
warm pools. It has a lower salinity [Sophie et al., 2009] and hence less density.
The same criterion is also used to obtain the vertical scale of the warm pool.
Hence the spatial extent of the warm pool is obtained as the area and volume
of water enclosed by the 28°C isotherm both in the horizontal and vertical
directions. It was then followed by several investigators to understand the
dynamics of the Pacific warm pool [McPhaden and Picaut, 1990; Lukas and
Lindstrom, 1991; Webster and Lukas, 1992; Picaut and Delcroix, 1995; Chen et
al., 2004; Mignot et al., 2007; Sophie et al., 2009].

2.2 Annual Characteristics of IOWP

Studies on the warm pool of Indian Ocean (IOWP) began in early 1990s.
A description of the warm pool of the Indian Ocean was given by
Vinayachandran and Shetye (1991). Using climatological data they have
identified the annual variation in the warm pools of Indian and Pacific oceans
(Figure 2.1). IOWP attains the maximum (23x10° km?) area during the months
of April and May. As the monsoon advances, the warm pool shrinks with
reduction in its amplitude, thus attaining a minimum area (8x10° km?) by the

end of the summer monsoon (August-September). Hence the annual
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variability of the warm pool area is about 15x10° km?”. They have also noted
the differences in the evolution of Indian and Pacific warm pools. Unlike
Pacific, Indian Ocean is influenced to a great extent by the seasonally
reversing winds and the associated oceanographic processes. This makes the

evolution of the warm pool and the overall SST different from other oceans.

The annual feature of the warm pool was further investigated later by
Zhang et al. (2009) (Figure 2.2). Since the warming was found stronger and
nearly steady at the east, they named it as Eastern Indian Ocean Warm Pool
(EIWP). Their result on the annual variability of IOWP was similar to that
observed by Vinayachandran and Shetye (1991) though the data set used was
different. Maximum area of warm pool was found to occur in spring season
and minimum during summer (August).

This information points to the validity of the naming as ‘summer’. They
further studied the seasonal variability in the boundary of IOWP marked by
the 28°C isotherm. The southern boundary of IOWP extends maximum
southward during April-May and minimum during August. The western edge
similarly moved maximum towards west during April-May and maximum
eastward in August. However the warm pool surface area reported by them
was much less than that of Vinayachandran and Shetye (1991). The absence of
warm pool at the western Indian Ocean during summer is due to the

advection of cold water by intense upwelling [Zhong et al., 2005].
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[after Zhang et al., 2009]
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Recently Kim et al. (2012) studied the distinct characteristics of warm
pools of the Indian and Pacific Oceans. They have found that Pacific Warm
Pool (PWP) responds more to the heat fluxes as compared to IOWP. This is
due to the contribution from the oceanic processes on IOWP variability. To
have a better clarity on this aspect, it would be better to classify the oceanic
areas based on their dynamics controlled by heat fluxes and ocean processes.
They have also identified a change in the timing of the warm pool intensity in
the two oceans. The peak of IOWP occurs in April-May whereas PWP stands
weak during this time. Similarly, as IOWP becomes weakest in August, PWP
becomes stronger. This shows that PWP maximum follows the summer
heating whereas other process in Indian Ocean modifies the warm pool
characteristics during summer. Their results on seasonal IOWP variability were
in agreement with those reported by previous authors [eg., Vinayachandran

and Shetye, 1991].
2.3 ENSO-induced inter-annual variability

Though seasonality is the dominant variability in the ocean and is
repeated each year, there are variations in the oceans from year to year.
These are called inter-annual variabilities or anomalies. Such anomalies can
become intensive in some years and can cause anomalies in the climate either
locally or even globally. In such situations these anomalies are given special

importance and are studied with special interest.

Inter-annual anomalies of this sort were identified in the each ocean. El
Nino Southern Oscillation (ENSO) is such an inter-annual anomaly in the
Pacific Ocean that affects the climate around the world. ENSO is a change in
the ocean atmosphere system due to unusual warming. The warming phase is

called as El Nino and the cold phase as La Nina.
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During normal conditions (Figure 2.3), trade wind blows westward
across the equatorial Pacific Ocean and piles up the warm water at the west.
Hence, SST becomes higher at the west leading to the formation of a warm
pool that is centered at the west, called as West Pacific Warm Pool (WPWP).
Due to the high SST, deep atmospheric convection occurs at the west. The
zonal SST gradient thus maintains the Walker circulation in the atmosphere
with ascending motion at the west and descending motion at the east. During
certain years, the warm pool displaces towards east due to a weakening of
trade winds and the situation is referred to as El Nino (Figure 2.4). As the
warm pool migrates, the convective activity also displaces towards east

causing large-scale anomalies in the ocean-atmosphere system.

Number of attempts had been made to understand the dynamics of El
Nino and its implications on climate [Rasmusson and Carpenter, 1982;
Rasmusson and Wallace, 1983; Gill and Rasmusson, 1983; Wyrtki, 1985;
Ardanuy et al., 1987; Lukas and Webster, 1989; Gopinathan and Sastry, 1990;
McPhaden and Picaut, 1990; Yan et al., 1992; Ho et al., 1995; Picaut et al.,
1996; Delcroix, 1998; Delcroix et al., 2000; Meinen and McPhaden, 2000; Sun,
2003; Zhang et al., 2004; Zhang et al., 2007; Qi et al., 2008; Cai et al., 2012;
Stuecker et al., 2013; Cai et al., 2014; Wittenberg et al., 2014; Cai et al., 2015].
The occurrence of El Nino in the Pacific has global teleconnections and
modifies the climate around the planet. There are a few studies that looked
into the role of El Nino in Indian Ocean. It has been observed that majority of
inter-annual variations in Indian Ocean has been attributed to El Nino [Zhang

etal., 2009].

Klein et al. (1999) found that the Indian Ocean tends to become
warmer (cooler) during the El Nino (La Nina) event. This enhanced warming
was found to be due to an increased net heating. It was also reported that the

entire tropical Indian Ocean respond to El Nino events.
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Xie et al. (2002) investigated the role of oceanic Rossby waves on
ENSO-induced variability of IOWP. Zhang et al. (2009) confirmed the inter-
annual variation of IOWP area to El Nino events. Warm pool expansion at its
boundaries was studied based on the anomalous displacements in the edge of
the warm pool. IOWP had anomalous expansion to the west and south during

the 50 year period (Figure 2.5).
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Figure 2.3 Schematic of normal conditions in Pacific

[source: www.seos-project.eul]
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Figure 2.4 Schematic showing El Nino conditions in Pacific
[source: www.seos-project.eul]
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Figure 2.5 Inter-annual changes in the (a) western and (b) southern edges of
IOWP [ from Zhang et al., 2009]

Suryachandra et al. (2012) also observed fluctuations in IOWP
associated with ENSO years. Kim et al. (2012) compared the inter-annual
variations of IOWP and WPWP in detail. They have observed that magnitudes
of inter-annual anomalies were comparable for both Pacific and Indian Oceans
but seasonal amplitudes were higher in the Indian Ocean. Zonal displacements
were generally higher than that of meridional. An important feature is the
time lag between ENSO and the warming in Indian Ocean. They have found

that Indian Ocean SST lags behind ENSO by 3 to 4 months.

Other studies [Annamalai et al., 2005; Yang et al., 2007; Xie et al.,
2009; Du et al., 2009] also reported the anomalous behavior of Indian Ocean

during El Nino years. Du et al. (2009) identified the cause for prolonged
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warming of the Indian Ocean. They found that the increased shortwave
radiation was responsible for the initial phase of warming whereas a reduced
latent heat at a later stage extended the warming for few more months. Cai et
al. (2014) have recently studied the impact of global warming on ENSO. Using
climate models, they suggested an increase in the extreme ENSO events such
as those of 1982-83 and 1997-98 in the future if global warming continues at
the present rate. Cai et al. (2015) studied the impact of global warming on La
Nina. They found that the frequency of extreme La Nina events also will

increase in the future.
2.4 10D-induced inter-annual variability

Saji et al. (1999) identified an inter-annual oscillation in Indian Ocean
and named the process as Indian Ocean Dipole (IOD). IOD is a coupled ocean-
atmosphere phenomena occurring in the tropical Indian Ocean. Along with
ENSO, I0D also has a significant contribution to the inter-annual variabilities in
Indian Ocean. As in other such climatic events, IOD also has positive and
negative phases (Figure 2.6). The phase and intensity of IOD were expressed
with an Index called as Dipole Mode Index (DMI). DMI is estimated from the
SST anomalies in the tropical western (10°N to 10°S and 50 to 70°E) and
eastern (equator to 10°S, 90 to 100°E) Indian Ocean. The major recent 10D
events are that during 1961, 1967, 1972, 1982, 1994 and 1997. Positive phase
of 10D is characterized by anomalous cooling in the eastern Indian Ocean and
a concurrent warming at the west whereas the negative phase is associated

with anomalous warming at the east and a cooling at west.

IOD has been the key topic of study for the past decade in the
context of climate change [Saji et al., 1999; Webster et al., 1999; Murtugudde
et al., 2000; Saji and Yamagata., 2003; Zhang et al., 2009]. During positive

IOD, zonal SST distribution induces atmospheric convection at the west
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bringing heavy rain to Africa and drought conditions at the east. Ajayamohan
and Rao (2008) had observed an increasing trend of IOD events as a

consequence of global warming.

Figure 2.6 Schematic showing the positive (upper) and
Negative (lower) phases of IOD [source: www.jamstec.go.jp]
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Zhang et al. (2009) studied the impact of warm pool of Indian Ocean by
IOD events. They have found good correlation between DMI and IOWP
southern edge and a negative correlation with western edge. This result
shows that the warm pool expansion occurs only at southern boundary during
IOD years. A further study is desired to have a better understanding on the

role of IOD events on the evolution of Indian Ocean SST and the warm pool.
2.5 Long term trend of IOWP

The annual and inter-annual variabilities are episodic events and the
system normally comes back to its normal state. However, in the period of
global warming, long term trends are expected in many geophysical
parameters. The observed long term trend in ocean temperature clearly
indicates the response of the ocean to global warming. Along with SST, warm
pools also have long term trends in their area and intensity. Long term
warming of the ocean has further consequence on the climate as it can modify

the hydrological cycle, carbon storage, tropical cyclones etc.

Warming trends in the global oceans have been identified in many
recent studies. Levitus et al. (2000) observed warming trends in the upper
3000m of the world oceans during a period of five decades. They found an
increase in the heat content by about 2x10% | during this period that was
responsible for the warming. The timing of the warming trend did not occur at
the same time in the oceans. Warming of Atlantic and Pacific Oceans began in
1950’s but that in Indian Ocean was delayed by almost a decade. The reason
for this is not known. Willis et al. (2004) carried out an improved estimate of
heat content by combining both in-situ and satellite data. Levitus et al. (2005),
however, obtained a reduced estimate of 1.45x10?® J as the heat content of

the same water.
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Effect of global warming on warm pools was also attempted by few
researchers. Webster et al. (2006) observed an expanding trend of surface
area of tropical warm pools during the past 150 years. The acceleration in the

rate of warming since 1970s indicates the role of human activities.

Using historical data from the upper 1000m, Alory et al. (2007)
identified a linear trend in Indian Ocean temperature. They found a cooling
trend for subsurface waters which disagrees with the estimate of Levitus et al.
(2000). Using NOAA ERSST data, Wang and Mehta (2008) studied the long
term trend in Indo Pacific warm pool SST during the period 1948 to 2005. They
have observed a warming trend of 0.1°C per decade for warm pool SST. It was

also found that the rate of warming is higher for the Indian Ocean.

Zhang et al. (2009) studied the trends in the IOWP displacement during
the past 50 years. The western warm pool edge showed a westward trend
indicating the expansion of the warm pool towards west. The westward
displacement was found weaker since 1980s. Southern edge had a southward

displacement during this period indicating the expansion towards south.

Suryachandra et al. (2012) studied warming tendency in Indian Ocean
using ERSST data. They have observed a warming trend throughout the
tropical Indian Ocean with a maximum at central equatorial area. Warming
trend could not be explained by air-sea heat fluxes alone which suggest the
role of other processes such as ocean advection on the observed warming.
They proposed a feedback mechanism for the warming trend. Though these
studies confirm the warming trend during the past several decades, there are
uncertainties in many aspects such as

e How the local warming trend can be accounted by large-scale
global warming?

e |If global warming causes oceanic warming through trapping of
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long wave radiation, why net heat fluxes do not correlate with
the warming trend?
e |If the ocean warming is not forced by heat fluxes, then why

should blame human activities for the present climate change?
2.6 Warm Pool Dynamics

The primary factors that control SST are the air-sea heat fluxes. An
increase in the net heat flux to the ocean should result in an increased SST and
vice versa. The heat added to the surface water is then mixed down by
turbulent eddies. Increased mixing leads to a decrease in SST. Apart from
these local processes, three-dimensional advection can modify the local SST.
The relative roles of these factors can vary from place to place and from time
to time. Huang and Robinson (1995) estimated the role of each factor in the
Bay of Biscay and found that the major contribution of SST variability comes
from turbulent mixing (38%) and advection (32%). Dynamics of high SST
(warm pool) may however stand different from that of low SST due to a non-
linear relationship between SST and atmospheric convection. Hence it is
suggested that warm pool SSTs are controlled by feedback processes than by

local forcing.

Ocean and atmosphere exchanges heat, water vapor and momentum.
Transfer of heat fluxes occurs through radiative and turbulent fluxes. Ocean
receives heat through solar radiation. The absorbed heat is lost back to
atmosphere and space through long wave radiation and latent and sensible
heat fluxes. The heat budget, estimated as the sum of heat flux terms,
determines the net heat input to the ocean and hence the temperature. On a
global scale, there is a balance in the heat gain and loss which reflects that the
mean temperature of the planet is in a steady state. However, on regional

scale, the balance need not be achieved which results in spatial differences in
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temperature. Net heat flux is positive at tropics and negative at higher
latitudes which cause meridional gradients in SST and drives atmospheric

circulation.

Newell (1979) showed that evaporative heat flux limits SST below 32°C.
Modeling attempt by Shetye (1986) showed that SST in Arabian Sea is
controlled by oceanic advection during summer and air-sea heat fluxes during
other seasons. Vinayachandran and Shetye (1991) later confirmed the roles of
advection and heat fluxes on regional SST in the Indo-Pacific warm pool areas.
Advection was found to dominate the equatorial areas whereas heat fluxes in

other regions of the warm pool.

Ramanathan and Collins (1991) showed the importance of cirrus clouds
on SST. They proposed that these clouds reduce incident radiation and limit
SST from further increase and called the cirrus clouds as ‘thermostat’. But
Wallace (1992) questioned the role of clouds in the maintenance of warm

pool SST.

Later studies [Fu et al., 1992; Hartmann and Michelsen, 1993; Del and
Kovari, 2002] proved that the feedback between clouds and SST is not purely
local, but also depends on the spatial gradients in SST. Hartmann et al. (1992)
and Del and Kovari (2002) were in favor of clouds. Clement et al. (2005), in an
attempt to model the warm pool in Indian Ocean, found that cloud feedback

together with ocean dynamics can produce the observed SST distribution.

Schneider et al. (1996) found heat flux as the controlling factor for the
warming at the eastern Indian Ocean. Sadhuram et al. (1999) studied the
warm pool of Bay of Bengal during post monsoon season. They found the
presence of a low pressure which creates stronger wind and hence low SST at
the head Bay. A mini warm pool was also reported off Srilanka where the local

heat flux was found to dominate the warm pool dynamics. The atmosphere
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over Bay of Bengal was unstable and hence supports a basin-wide convection.
Model studies by Kumar et al. (2005) had produced good results. Surface heat
fluxes tend to dominate SST in the north Indian Ocean and advection in
equatorial regions. However their model results were not valid at southern

Indian Ocean.

Clement et al. (2005) analyzed the role of individual factors on warm
pool SST distribution through numerical modeling. Their model could not
simulate realistic SST pattern with heat fluxes alone. They suggested that
under purely local balance, the most prominent SST would be the highest one.
This is not what actually is observed in the oceans where the prominent SST is
that which is lower than the highest. This indicates the role of other factors to
the observed SST distribution that moderate SST in warm pool areas.
Introducing ocean dynamics through Ekman drift had improved the results but
with a low temperature. The failure of the combined effect of air-sea heat
fluxes and ocean dynamics on SST distribution led them to include effect of
clouds and the results were encouraging. Zhang et al. (2009) also found the
role of heat fluxes, winds, current and other environmental factors on the

warm pool dynamics.

Interestingly, salinity was also found to play an important role on warm
pool. Precipitation often exceeds evaporation in warm pool areas. The net
freshwater input makes the warm pool low saline. Hence warm pools are also
called as ’fresh pools’ [Sophie et al., 2009]. Indo-Pacific warm pool receives
about 1-2m fresh water annually [Chen et al., 2004; Huang and Mehta, 2004].
This buoyancy flux increases the stability of warm pool and hence the
dynamics and thermodynamics [Lindstrom et al., 1987; Godfrey and

Lindstrom, 1989; Lukas and Lindstrom, 1991; Huang and Mehta, 2004].
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Boyer et al. (2005) found a freshening trend in warm pools. Pacific
Ocean exhibits a basin-wide freshening except for the subtropical areas.
Interestingly, in Atlantic Ocean, freshening trend was found at higher latitudes
and an increasing salinity trend within the tropics and subtropics. Increase in
salinity was also found in Indian Ocean. Hence the decrease in salinity within
warm pools appears not to be a universal feature and may be decided by

regional factors.

The stabilizing effect of low salinity is evident in Bay of Bengal where
precipitation exceeds evaporation [Shenoi et al., 2004]. Increased
stratification due to excess rainfall and weak winds causes a reduction in
mixed layer depth. The shallow mixed layer traps the heat and causes higher

SST.

The spatial anomalies of IOWP found to have an influence on the
climate conditions in the eastern Africa [Williams and Funk, 2011]. The
anomalous westward extension of the warm pool alters the geographic
position of deep atmospheric convection and shifts the Walker circulation
towards west. This often leads to an enhanced drought conditions in the
eastern Africa. Sanilkumar et al. (2004) found the role of salinity in the spatial
distribution of warm pool. The warm pool in Arabian Sea is influenced by the
intrusion of low salinity waters from Bay of Bengal. However, the vertical
extent of the warm pool is controlled by the intensity of heating and
thickness. Liu et al. (2013) have suggested the dominant positive role of

longwave radiation on the warm pool variability of Atlantic Ocean.

It is now evident that warm pools of the oceans play a very important
role in modulating local weather and also long term climate. Particularly, for
the situation in Indian Ocean, detailed study will be helpful to elucidate new

information on this oceanic feature and thus understand the underlying
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factors that bring about changes in the characteristics of warm pool, year to
year. Subsequent chapters of the thesis address the various aspects of the

Indian Ocean Warm Pool.
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Chapter 3
Data and Methods
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The thesis makes use of a variety of ocean-atmosphere data sets to
investigate the warming in Indian Ocean. As the study is on large-scale
processes, spatially gridded, basin scale data sets were used. The primary for
this study is the Sea Surface Temperature (SST). Other data sets such as heat
fluxes and wind speed were used as supplementary data to understand the

cause of variability in SST.

Oceanographic data come from direct observations from ships and
buoys and also from remote observation from satellites. The direct
measurements are considered as true data but have the limitation of less
coverage in both time and space. Satellite data on the other hand has more
spatial coverage and is synoptic in time. Their accuracy is limited but widely
used for large scale processes in both ocean and atmosphere. There are other
kinds of data that combines data from different sources such as models,
satellite and observations and make best estimates by performing statistical

analysis. The thesis makes use of all kinds of these data sets.
3.1 Sea Surface Temperature

SST was one of the first oceanographic parameter to be measured in
the history of oceanography. In the beginning, SST was measured by using
thermometers which still continues as an efficient method. Later, SST data
was obtained automatically by measuring the temperature of the water in the
intake port of large ships on a continuous basis. Unmanned buoys, both fixed
and drifting, later enhanced the data coverage. The introduction of satellites
in 1970s had revolutionized the ocean observation. It provided global synoptic
data that helped the understanding of the ocean to a great extent.

ERSST
NOAA NCDC (National Oceanic and Atmospheric Administration

National Climate Data Center) provides analyzed SST data called as ERSST
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(Extended Reconstructed SST) data for the period from 1854 to present
[Reynolds et al., 2002; Smith and Reynolds, 2004]. The data is monthly mean
and with a global coverage. The data is generated by performing statistical
interpolation on the ICOADS (International Comprehensive Ocean
Atmosphere Data Set) data. Later versions of the data include SST data from
satellites in addition to in-situ observations. ERSST data is suitable for long-
term studies of global oceans.
HadISST

Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) data is a
unique combination of monthly globally-complete fields of SST and sea ice
concentration on 1 degree latitude-longitude grid from 1870 to date [Rayner
et al., 2003]. The SST data were taken from the Met Office Marine Data Bank
(MDB), which from 1982 onwards also includes data received through the
Global Telecommunications System (GTS). Data coverage was enhanced by
estimating monthly median SSTs for 1871-1995 from the Comprehensive
Ocean-Atmosphere Data Set (COADS) where there were no MDB data.
HadISST temperatures are reconstructed using a two-stage reduced-space
optimal interpolation procedure, followed by superposition of quality-
improved gridded observations onto the reconstructions to restore local
detail.

OAFlux

OAFlux (Objectively Analyzed air-sea Fluxes) project aims to provide
consistent, multi-decade, global analysis of air-sea heat, freshwater
(evaporation), and momentum fluxes for studies related to global energy
budget, water cycle, atmosphere and ocean circulation, and climate [Yu and
Weller, 2007]. The OAFlux project is so called because it applies objective
analysis approach that takes into account data errors in the development of

enhanced global flux fields. The objective analysis involves the process of
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synthesizing SST measurements and estimates from various sources. This
reduces error and produces an estimate that has the minimum error variance.
The OAFlux makes use of surface meteorological parameters and then
computes the global fluxes by using the state-of-the-art bulk flux
parameterizations. The OAFlux project aims to provide daily and 1°x1°
resolution data on air-sea fluxes and SST for the global ocean basins that are
free from ice. To obtain the best possible global daily estimates, surface
meteorological fields derived from satellite remote sensing and reanalysis
outputs produced from NCEP and ECMWF models were employed. However

OAFlux synthesis does not assimilate ship meteorological reports.

SST input data to OAFlux comes from NOAA Optimum Interpolation
(Ol) 0.25-degree daily SST analysis produced by Reynolds et al. (2007). The
analysis has two products: one uses Advanced Very High Resolution
Radiometer (AVHRR) infrared (IR) satellite SST data and the other combines
AVHRR infrared with AMSR-E microwave SST data. Both products use in situ
data from ships and buoys and include a large-scale adjustment of satellite
biases with respect to the in situ data. OAFlux SST data covers a period of

1958 to 2009.
3.2 Heat Flux

OAFlux

OAFlux project at the Woods Hole Oceanographic Institution (WHOI)
provides estimates of air-sea flux data on latent and sensible heat fluxes,
ocean evaporation, and flux-related surface meteorological variables on daily
and 1-degree resolution. Latent and sensible heat flux estimates are
commonly computed from the parameterization of the fluxes as a function of
surface meteorological observables, such as wind speed, sea-air humidity and
temperature gradients [Liu et al., 1979]. These flux-related variables were

from three major sources: marine surface weather reports from Voluntary
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Observing Ships (VOS), satellite remote sensing, and NWP reanalysis and
operational analysis outputs. Correspondingly, the heat flux products are
grouped into three categories: ship-based products, satellite-based products,
and NWP reanalysis products. The OAFlux project improves the estimates of
latent and sensible heat fluxes through utilizing the best possible surface
meteorological variables and the best possible bulk algorithm [Fairall et al.,
1996a].
Isccp

Radiation data (shortwave and longwave) was obtained from ISCCP
(International Satellite Cloud Climatology Project) [Schiffer and Rossow, 1985].
ISCCP was established in 1982 as part of the World Climate Research
Programme (WCRP) to collect and analyze satellite radiance measurements to
infer global distribution of clouds, their properties, and their diurnal, seasonal,
and inter-annual variations. The radiation data covers the period 1983 to

2009.
3.3 Ocean Subsurface Temperature

World Ocean Atlas

World Ocean Atlas (WOA) is a climatological database provided by
National Oceanographic Data Center (NODC) on temperature, salinity, oxygen,
phosphate, nitrate, and silicate at standard depth levels [Levitus and Boyer,
1994]. Historical data collected from various sources were subjected to
objective analysis to interpolate data at each grid in the ocean. The first
version of this database was created in 1994 and updated thereafter to
produce new versions in 1998, 2005, 2009 and 2013. The subsurface
temperature data from WOA was used to study the annual characteristics of
warm pool.
SODA

The Simple Ocean Data Assimilation (SODA), analysis is an ocean
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reanalysis data set consisting of gridded variables for the global ocean, as well
as several derived fields. The objective of the project was to provide an
improved estimate of ocean state from those based solely on observations or
numerical simulations. There are several versions of SODA [Carton et al., 2000;
Carton et al., 2005; Carton and Giese, 2008], depending on the experiment
setup. The ocean model is based on Parallel Ocean Program physics with an
average 0.25°x0.4°x40-level resolution. Observations include virtually all
available hydrographic profile data, as well as ocean station data, moored
temperature and salinity time series, surface temperature and salinity
observations of various types, and nighttime infrared satellite SST data. The
output is in monthly-averaged form, mapped onto a uniform 0.5°x0.5°x40-
level grid. The reanalysis provides three types of variables, those well
constrained by observations, those partly constrained by dynamical
relationships to variables frequently observed, and those poorly constrained
such as horizontal velocity divergence.
RAMA

Research Moored Array for African-Asian-Australian Monsoon Analysis
and Prediction (RAMA) is the moored buoy component of the Indian Ocean
Observing System (IndOOS) which is based on a constellation of Earth
observing satellites complemented by a variety of in-situ measurement arrays
[McPhaden et al., 2009]. RAMA buoy system is a component of the Global
Tropical Moored Buoy Array program which is a multi-national effort to
provide data in real-time for climate research and forecasting. Other
components are TAO/TRITON array in the Pacific, PIRATA in the Atlantic.
Physical and meteorological data collected within RAMA come primarily from
ATLAS 9 Autonomous Temperature Line Acquisition System), TRITON (Triangle
Trans Ocean Buoy Network) and equivalent moorings. Additional

measurements are made from ADCP moorings and deep-sea moorings.
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3.4 Wind

QuikSCAT Climatology

Satellites with sensors operating at microwave frequencies are used to
observe ocean surface winds under nearly all-weather conditions. Both active
(radar) and passive (radiometer) microwave sensors have been shown capable
of retrieving the ocean surface wind speed, with active microwave
instruments used to retrieve the wind direction. QuikSCAT wind data,
processed by NOAA/NESDIS, are retrieved from NASA/JPL's SeaWinds
Scatterometer. The empirical retrieval model currently used is referred to as
QSCAT1, which relates normalized radar cross-section with wind speed and
direction.
OAFlux

Wind data from OAFlux was also used. The input data sources of
satellite wind speeds come from SSMI (Special Sensor Microwave Imager),
AMSR-E (Advanced Microwave Scanning Radiometer — Earth Observing
System) and QuikSCAT scatterometer. SSMI has been operating since July
1987 on board Defense Meteorological Satellite Program (DMSP) spacecraft.
The data are available at a temporal resolution of 12 hour and at a swath
resolution of 25 km. AMSR-E was developed by the National Space
Development Agency of Japan (NASDA) and was launched on the NASA’s Aqua
satellite on May 4, 2002 in a sun synchronous near-polar low orbit at an
altitude of 705 km and period of 99 min. The NASA QuikSCAT was launched
into a sun-synchronous near polar orbit on June 19, 1999, at an altitude of
approximately 800 km and period of 101 min. The main instrument on the
QuikSCAT satellite is SeaWinds, which is an active radar scatterometer. This
scatterometer operates by transmitting microwave pulses at a frequency of
13.4 GHz (Ku-band) to the ocean surface and measuring the echoed radar

pulses bounced back to the satellite. Wind speed and direction at 10 m above

32



the surface of the water are then derived from the backscatter energy.
3.5 Outgoing Long wave Radiation (OLR)

OLR data acts as a proxy to atmospheric convection. Low OLR values
indicate high convective activity. Climatological OLR data from NOAA was used
to study atmospheric convection associated with warm pool [Liebmann and

Smith, 1996]. The data was collected from a combination of several satellites.

3.6 Oceanic Nino-3.4 Index (ONI)

NOAA's Climate Prediction Center has determined the average monthly
sea surface temperature for a particular swath of the tropical Pacific Ocean by
averaging measurements collected there over the past 30 years. Scientists
refer to that swath as the Nifio 3.4 region. The observed difference from the
average temperature in that region-whether warmer or cooler-is used to

indicate the current phase of ENSO.

The Oceanic Nifio Index (ONI) has become the de-facto standard that
NOAA uses for identifying El Nifio (warm) and La Nifia (cool) events in the
tropical Pacific. It is the running 3-month mean SST anomaly for the Nifio 3.4
region (5°N-5°S, 120°-170°W). Events are defined as 5 consecutive
overlapping 3-month periods at or above the +0.5 anomaly for warm (El Nifio)
events and at or below the -0.5 anomaly for cold (La Nifia) events. The
threshold is further broken down into Weak (with a 0.5 to 0.9 SST anomaly),
Moderate (1.0 to 1.4), Strong (1.5 to 1.9) and Very Strong (= 2.0) events.

Table 1 shows the summary of data set used.

3.7 Software Tools

Generic Mapping Tools (GMT)

GMT is an open-source software with command-line tools for

manipulating geographic and Cartesian data sets such as filtering, trend
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fitting, gridding and projecting. It produces PostScript illustrations ranging
from simple x—y plots via contour maps to artificially illuminated surfaces and

3D perspective views. GMT was used to plot ascii data sets.

Table 1. Summary of data sets.

Type of Data Source Period Spatial Resolution
NOAA NCDC 1854-2013 2° % 2°
SST (ERSST)
Marine Data Bank 1870-2012 1°x1°
(HadISST)
OAFlux 1958-2012 1°%1°
Shortwave ISCCP 1984-2009 1°x1°
Radiation
Longwave Radiation [ISCCP 1984-2009 1°x1°
Latent Heat OAFlux 1984-2009 1°x1°
Sensible Heat OAFlux 1984-2009 1°x1°
SODA 1997 0.5°x0.5°
Ocean Subsurface
WOA Climatology Annual 1°x1°
Temperature
RAMA 2008 Profile data
QuikSCAT Annual 25km
Wind Climatology
OAFlux 2008 Time series
OLR NOAA OLR Annual 2.5°x2.5°
Climatology
ONI (ENSO Index) NOAA 1854-2014 Time series

Ferret

Ferret is an interactive computer visualization and analysis

environment designed to meet the needs

of oceanographers and

meteorologists who analyze large and complex gridded data sets. The features
that make Ferret distinctive among other packages are Mathematica-like
flexibility, geophysical formatting, memory management for very large

calculations, and

symmetrical processing in 4 dimensions
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[http://www.ferret.noaa.gov/Ferret/]. In this study, the data in the netcdf

format was analyzed using Ferret.

Fortran

Fortran is a general-purpose computer programming language that is
suited to numeric computation and scientific computing. Fortran has wide
applications in numerical weather prediction, finite element analysis,
computational fluid dynamics, computational physics and computational
chemistry. The ASCIl data in this study were extensively analyzed using

Fortran to generate new data outputs.
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Chapter 4
IOWP Annual Climatology
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SST and warm pools undergo annual variation owing to annual
variation in solar radiation, wind and ocean processes. The resultant seasons,
according to temperature variation, are often the summer and winter. During
summer, solar radiation is maximum and in winter, it is minimum. Seasons are
further classified into subdivisions and also on a regional basis. And, especially
in Indian Ocean, monsoon is a dominant annual feature. Hence, the seasons
around India are classified in terms of monsoon, as southwest monsoon and
northeast monsoon. The objective of this chapter is to quantify the variations
of IOWP within the annual period, with due emphasis on summer/winter

seasons.

4.1 Evolution of IOWP

Ocean warms and cools on an annual time scale due to heat exchange
through shortwave solar radiation, long wave back radiation, latent heat and
sensible heat. Due to the excess heat input, tropical water is warmer, reaching
temperatures over 30°C. Hence, warm pools are formed on tropical waters
drive atmospheric circulation. If solar radiation without clouds is the only
factor for warming the oceans, then the isotherms and hence warm pool
would align purely east-west. However due to various other factors, there can
be large difference in the zonal distribution of ocean temperature and hence

warm pools.

Monthly World Ocean Atlas (WOA) temperature climatology data
[Levitus and Boyer, 1994] was used for this study. Maps of SST above 28°C
were prepared on a monthly basis to understand the annual variations in the
horizontal extent of IOWP (Figure 4.1). IOWP attains the annual maximum
horizontal area during the period April- May. This period of the year is called

as pre-monsoon season. It is to be noted that the maximum warming did not
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occur at the peak of the summer but at the beginning. During this time, IOWP
had the maximum meridional extent of 20°S to 20°N. Highest warming
occurred at the central and eastern part of the warm pool having
temperatures above 30°C. Large differences in the distribution of warm pool
were found between Arabian Sea and Bay of Bengal. While the warm pool
covered the entire Bay during this time, warming was weaker towards the

northern Arabian Sea.

As the monsoon season begins in June, warming of the oceans stands
greatly reduced by the presence of monsoon clouds, increased turbulent
mixing and vertical movement. There is an overall decrease in the
temperature and the area of IOWP. It is to be noted that the warm pool
attained its minimum intensity in the month of August which falls within the
'summer' season. Monsoon weakening of IOWP is more pronounced at the
western Indian Ocean and in Arabian Sea. The strong coastal upwelling makes
the surface temperature low and appears to displace warm pool towards east.
Along with an eastward shift, IOWP also experienced northward displacement
during summer which together made the warm pool to have the lowest
intensity. Meridional displacement was higher at the western side than at the

east.

The vertical distribution of temperature was analyzed to confirm the
role of coastal upwelling for the absence of warm pool waters at the western
Indian Ocean (Figure 4.2). A zonal temperature section at 10°N was prepared
for the months of May and August that represents the peaks of the warm
pool. During May, the temperature distribution was generally independent of
depth and the isotherms were nearly horizontal. This shows the absence of
oceanic vertical movement. During August, large variation in the zonal
distribution of isotherms was noticed. Isotherms at the west bend towards

surface. This usually happens when vertical movement is strong that brings
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subsurface colder water to surface and referred to as coastal upwelling.
Hence, it can be confirmed that the absence of warm pool at the western
Indian Ocean is due to oceanic advection and not due to a reduction in the
heat fluxes.

During November to January solar radiation falls normally in southern
hemisphere and makes a corresponding change in the appearance of IOWP.
The core of the warm pool now migrates towards south. Here again large
displacements were found at the western Indian Ocean. The warm pool at the
eastern Indian Ocean had minimal meridional displacement and was also the
warmest region of IOWP throughout the year. A higher warming occurred at
the western and eastern regions unlike that during the pre-monsoon where
the warming was maximum at the central Indian Ocean. Warm pool was

almost absent in both Arabian Sea and Bay of Bengal during this time.
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Figure 4.1 Annual variation of IOWP using Levitus Climatological data.
SST above 28°C is colored. Contour interval is 0.5°C
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Figure 4.2 Horizontal section of temperature at 10°N in the Arabian Sea
during May and August showing the changes in the vertical distribution of warm pool
induced by vertical movements associated with upwelling.

4.2 IOWP Indices

Warm pool characteristics are often represented in terms indices that
represent surface area, mean temperature and volume of the warm pool.
Warm Pool Area Index (WPAI) is the horizontal area covered by the warm pool
waters. It was estimated by multiplying the number of grids of SST above 28°C
with the area of a grid in km?. For a 1x1 degree grid, such as in Levitus data,
the area of a grid is 110x110 km?. Since the warm pools are limited to the
tropics, the variations in the grid size as a function of latitude can be

neglected.

Warm Pool Temperature Index (WPTI) is another index that represents
the mean temperature of the warm pool. It was estimated by averaging the
temperature from all warm pool grids. Volume of the warm pool is expressed
in terms of Warm Pool Volume Index (WPVI) that was obtained by computing
the volume occupied by the warm pool waters. In this study, the annual
variations of these warm pool indices are addressed. Figure 4.3 shows the
annual variation of the three indices of IOWP. The result of this analysis will
provide additional information on the quantity of IOWP variability. WPAI

undergoes the annual cycle with the maximum area (26x10° km?) during pre-
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monsoon season (March to May) (Figure 4.3a).
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Figure 4.3 Annual variation of warm pool indices of (a) area (WPAI),

(b) temperature (WPTI) and (c) volume (WPVI). WPAI was obtained by
estimating the surface area covered by the warm pool whereas WPTI represents the
mean temperature of the warm pool. WPVI is estimated by integrating the
area covered by warm pool in the vertical.

This value is slightly higher than that reported by Vinayachandran and
Shetye (1991). The difference might be due to the small difference in the
geographical limit of study area especially at the eastern side. WPAI decreased

as the monsoon season sets up. Warm pool shrinks to a minimum area of
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12x10° km? in the month of August. After the summer monsoon, WPAI
showed a mild increase. It is noted that the warm pool did not respond
equally to the summers of each hemisphere. Southern summer could not
produce a similar warm pool at the south as that done by the northern

summer.

The area covered by 1 degree temperature differences (28-29, 29-30 and
30-31°C) showed different distribution pattern. The area covered by 28-29°C
showed maximum during winter and minimum during summer. The other two
temperature bands had maximum intensity during summer and nearly
insignificant during other periods. Hence, the total variation of warm pool is
mainly contributed by the 28-29°C except during summer where the 29-30°C
also had a significant contribution. As expected, there is a negative
relationship between the two; as the area of the 28-29°C band increases, that
of 29-30°C reduces and vice versa. This would imply that as the ocean warmes,
larger changes to temperatures occur at higher temperatures and changes

that occur to lower temperatures are comparatively lesser.

Warm pool temperature, represented by WPTI also had a similar
distribution as that of WPAI (Figure 4.3b). It is obvious that as the water gets
heated, the temperature and the area of the warm pool increased. WPTI was
high during the pre-monsoon season. As monsoon onsets, mean temperature
of warm pool also decreased. It is noted that though warm pool area had a
mild increase during winter, a corresponding increase was not found in WPTI.
The volume index, WPVI also had a similar variation as that of the other two

indices (Figure 4.3c).
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4.3 IOWP Vertical Extent

An understanding of the vertical extent of the warm pool would be
helpful in estimating the heat content of the upper waters. The vertical limit
of IOWP was obtained by identifying the depth of 28°C isotherm (D28) in the
vertical. Figure 4.4 shows the geographical distribution of D28 for the months
January, April, August and September. The D28 is plotted over SST contour

maps to make comparison between both.

The close relationship between the distribution of SST and D28 is not
surprising. However, a minor mismatch in the locations of their maxim is but
surprising. The higher values of D28 can occur due to higher mixing induced by
stronger winds and buoyancy. If winds are weak, turbulent mixing will reduce
and would make lower D28 if buoyancy is also weak. During January, SST is
higher at the eastern and western Indian Ocean. During this time, D28 is also
found higher at these locations. During April, as the warm pool intensifies, a
corresponding deepening of the warm pool is also occurs. The maximum
warm pool depth was 70m during this time. However, there was a marked
difference in the position of maxima in SST and high D28. The maximum SST
was found at the equatorial area whereas the maximum of D28 was north of
SST maxima. The higher D28 away from SST maximum indicates the role of
other processes on warm pool vertical dynamics rather than diffusion. During
August, a D28 maximum was found at the western and eastern end of the
warm pool. During October, D28 maximum was found over the warm pool

core areas.
4.4 Meridional Displacement of IOWP

The annual variation in the meridional displacement of warm pool was
studied by locating the warm pool edge at its southern and western

boundaries (Figure 4.5). The time-latitude plot of SST was made at western
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(60°E) and eastern (90°E) Indian Ocean. The southern edge of IOWP had
undergone annual variation of more than 10 degrees of latitude. The western
side of IOWP had larger merdional displacement than that at east. The
maximum southward extend of IOWP occurs during the pre-monsoon season
at both ends. The difference in the IOWP distribution at north is due to the
difference in warm pool characteristics of Arabian Sea and Bay of Bengal.
Zhang et al. (2009) also obtained similar observations even though they used

a different data set.

Figure 4.4 Depth of 28°C isotherm (D28) and SST. D28 values (in meters) are colored and
plotted over SST contours. Contour interval is 0.5°C
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Figure 4.6 Annual variation of mean latitude and longitude of warm pool

The zonal and meridional displacement of the entire warm pool was
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studied by estimating the changes in mean latitude and longitude position of
IOWP. The monthly variation of the mean position of the warm pool is shown
in Figure 4.6. The mean latitude of the warm pool followed the respective
hemispheric summer. During the northern summer, the mean latitude was in
the northern hemisphere, and was at south during southern summer, but with
a large hemispheric asymmetry. The mean position varied from 5°S to 7°N.
Time duration of IOWP was more for the northern hemisphere. The mean
longitude also had an east-west oscillation. Warm pool shrinks towards east
during summer season. The mean longitude moved up to 90°E during the
weak period and had a maximum westward limit of 77°E during the time of its

maximum intensity in spring season.
4.5 Frequency Distribution of Temperature

The frequency distribution of warm pool temperature is helpful to
understand the nature of variability of warm pool. A characteristic feature of
warm pool is that the highest contribution comes from temperature that is
few degrees less than the highest [Clement et al., 2005]. They have reported a
negatively skewed distribution for SST. Their model experiments confirmed
the presence of cirrus clouds on the observed frequency distribution of warm
pool temperatures. The dominance of a particular temperature band also
shows the homogeneity of temperature within the warm pool.

Figure 4.7 shows the monthly variation of the percentage of area
covered by each one degree interval temperature bands. The analysis was
performed for SST above 20°C. During northern winter (Dec-Jan-Feb),
maximum area was covered by the 28-29°C temperature band. Higher
temperatures had only little contribution during this time. During the pre-
monsoon period (Mar-May), the 29-30°C temperature band dominated the
area. The 30-31°C band also had a significant contribution at this time. During

the monsoon period (June to September), highest area contribution came
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from the 28-29°C band.
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Figure 4.7 The annual frequency distribution of temperature

4.6 IOWP and Wind Distribution

Warm pool is an area with low sea level pressure that leads to the
convergence of surface winds [Rasmusson and Carpenter, 1982]. The relation
between warm pool and wind distribution is shown in Figure 4.8. Wind

vectors were plotted over SST contour for the months of January and July.

48



QuikSCAT climatological wind data was used.

The seasonal reversal of wind is evident from the figure mainly in the
north Indian Ocean. Winds south of 10°S was mostly unaffected by the
seasonality. During January, wind was north-easterly and converged towards
the core of the warm pool at the eastern equatorial area. Wind from northern
Pacific also converged here. Wind speed was greatly reduced over warm pool
areas.

Wind speed during this time was weaker than during July. The low wind
speed distribution aligned similar to that of warm pool. This shows that wind
speed is lesser over the warm pool area. Low wind speed had positive
feedback on the warm pool development by reducing diffusion of heat
vertically in the ocean. During July, wind in the north Indian Ocean reverses
and becomes south westerly. Warm pools weaken during this time and have
the core in the central and eastern areas. Convergence of wind is again
evident over the warm pool waters during this time. Due to the higher
temperatures of south Asian land masses, wind tends to converge over the
land than over ocean, bringing monsoon to India. Wind speed was again lesser

over the warm pool area.
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Figure 4.8 Warm pool and surface wind distribution during January and July.
In the left panel, wind vector is plotted over SST contours. Warm pool is colored.
In the right panel, wind speed is plotted as contours and low wind speed areas
(less than 6m/s) are colored

The area covered by the low wind now reduced. This indicates that the wind
speed is higher throughout the Indian Ocean. Hence, the result shows that
warm pool acts as areas of convergence of wind and the wind becomes

weaker too.

4.7 IOWP and Atmospheric Convection

As the warm pools are low pressure centers, deep atmospheric
convection are associated with warm pools. Atmospheric convection is an
important mechanism that transports heat and water vapor deep into the

atmosphere. Atmospheric convection is indirectly represented in terms of
50



Outgoing Longwave Radiation (OLR). Convective areas are represented by low
OLR values (less than 240 W/m?). The low OLR is due to the presence of deep
convective clouds that prevent the long wave radiation from escaping to
space. Hence, the satellites will record a lesser OLR in convective areas. Figure
4.9 shows the warm pool and OLR for the months of January and July. From
the figure, it is evident that OLR values are less than 240 W/m? over warm
pool areas. The orientation of warm pool SST and OLR had a close
resemblance. At the eastern areas where SST is highest, still lower OLR values

were found.

During July, warm pool appears as a tongue from east to west and the
OLR also had a similar appearance. Hence the warm pools are associated with
high vertical transport of moisture and hence an important area for air-sea
interaction studies. A non-linear relationship exists between SST and
atmospheric convection at high SSTs. It was found that atmospheric
convection increases with SST until SST become 29°C. Further increase in SST,
however, was found to decrease the convection [Gadgil et al., 1984; Graham

and Barnet, 1987].
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Figure 4.9 Warm pool and Outgoing Longwave Radiation (OLR) during January and July

4.8 Annual Heat Budget

The solar radiation warms the oceans on a seasonal scale. The Earth’s
axis of rotation and the annual revolution around the sun together creates the
annual variations in the incoming solar radiation. The warm ocean loses heat
through other processes such as evaporation, conduction and radiation. The
net heat received as the algebraic sum of heat input and output decides the
temperature of the oceans. However temperature can also be influenced by
other processes in the ocean such as advection, diffusion and mixing. The

calculation of individual heat fluxes and their total is termed as heat budget.

Quer = Qs — (Qg + Qe + Q)

where Quer is the net heat input/output, Qs is the shortwave radiation, Qg is

the backward emitted radiation from the ocean, Q; the evaporative (latent)
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heat and Q4 is the sensible heat lost due to conduction with atmosphere. The
turbulent heat fluxes (latent and sensible) were estimated by using bulk flux

algorithms with surface meteorological variables.

Several attempts were made to estimate the heat budget of Indian
Ocean [Hastenrath and Lamb, 1979; Esbensen and Kushnir, 1981; Hsiung,
1985; Oberhuber, 1988; da Silva et al., 1994; Fasullo and Webster, 1999; Josey
et al.,, 1999; Yu et al., 2007]. Majority of heat stored from solar heating is lost
back to atmosphere and space through evaporation and radiation. Heat loss
due to conduction is a small quantity as compared to others. Part of the heat
is also transported to other areas by Ekman currents. This transport of heat by
currents is responsible for reducing the temperature gradient between the
tropics and higher latitudes. Excess heat added will make the SST to increase

and otherwise will cool.

Yu et al. (2007) estimated the heat balance using different data sets.
The correlation between SST and Qugr was higher south of 10°S. This suggests
that heat fluxes play an important role in the evolution of SST in those areas.
Poor relationships were found at western Arabian Sea and at eastern
equatorial Indian Ocean. The lack of correlation in the western Arabian Sea is
due to the vertical movement from upwelling [Schott and McCreary, 2001]. In
upwelling areas, cooler waters are brought to the surface and make the SST
low. A higher heat input is often found in upwelling areas because of low
cloud cover and reduced latent heat loss. Hence the correlation between SST
and heat flux can be negative. The low correlation observed at the southern
central region is found to be due to the presence of a thermocline ridge

[Wyrtki, 1971].

To understand the role of heat fluxes on the annual variation of SST, heat

fluxes were compared with SST for each month representing summer
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(August), winter (January) and pre-monsoon (May) season (Figure 4.10). Heat
flux data from OAFlux was used for this study. Climatological mean of heat
flux was estimated by averaging the 26-year monthly data for each month.

Similar procedure was applied for SST also.

SST showed distinct patterns during each season. During winter, SST was
lowest in magnitude and was oriented from west to east as a band. During this
season, highest shortwave radiation was received at southern latitudes (south
of 20°S) much away from the peak SST. This shows a weak role of solar
radiation on SST. Longwave radiation had higher values at extreme north of
Arabian Sea and Bay of Bengal that caused a higher cooling in SST. In the
equatorial areas longwave radiation had smaller values indicating lesser heat
loss. This positively correlates with the higher SST there. Latent heat flux also
had lesser values in the equatorial areas, again supporting the warming. The
net heat flux, computed from all the heat flux terms, shows net heat input to
the ocean at south of about 5°N. Overall, the highest SST did not match with
the highest net heat gain. However, it was observed that in the areas of warm

pool, net heat is positive but in low magnitudes.

Hence, it can be concluded that the SST at southern tropical Indian Ocean
(south of 20°S) must be influenced by some other mechanisms, probably
within the ocean, that reduce the SST. The reason for this could be due to the
influence from other processes such as vertical movement, remotely forced

waves and others on SST [Zhong et al., 2005].

During May, the pre-monsoon season, SST reaches its maximum. Warm
pool covers the entire north Indian Ocean, north of 10°S. Warm pool core was
found at the southern Arabian Sea. Solar radiation was maximum at the
northern Arabian Sea where SST was found lesser. A gradual decrease in the

intensity of solar radiation was found towards south. The patterns of SST and
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Qs were not aligned, indicating a weaker relationship. Longwave radiation was
nearly uniform and did not show any positive relationship with the SST. Higher
evaporation from strong winds caused a high latent heat loss at southern
latitudes. Lowest evaporative heat loss did not match with the high SST. The
net heat flux was positive north of 20°N and was in general supporting the

warming at the northern Indian Ocean.

During monsoon season, represented by August, warm pool was restricted
to a small area at the eastern equatorial Indian Ocean. Shortwave radiation
greatly reduced during this time by the monsoon clouds. Higher heat input
was found at the western Indian Ocean where SST was much less. Longwave
radiation has a weaker loss at the northern Arabian Sea and Bay of Bengal,
possibly due to the presence of clouds. Shortwave radiation was also had a
low value in this area, supporting the presence of clouds. Latent heat flux was
weak at the western Indian Ocean and could be due to the cold upwelled

water. Highest latent heat loss was found again at the southern latitudes.
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Figure 4.10 Seasonal variation of SST, shortwave radiation (Qs), Longwave back radiation
(Qg), latent heat (Qg) and net heat Flux (Quer) during January (left panel), May (middle panel),
and August (right panel)
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The net heat flux shows a heat gain at the western and northern Indian
Ocean and negative at south of equator. Though high SST did not coincide
with the high heat gain, net heat flux was found at least positive over the
warm pool areas. In conclusion, a perfect correlation between net heat flux
and SST is lacking but the warm pool had occurred in areas where net heat
flux was moderate and not the lowest. So in areas with high net heat input,
the heat absorbed by the ocean might have been transported or mixed to
make the SST low or the thermocline oscillation induced by planetary waves

may have a dominating role.

4.9 Conclusions

IOWP undergoes variations on annual cycle in accordance with the
annual forcing from Sun. Warm pool attains maximum intensity during the
pre-monsoon season (April-May) and not at the peak of the summer. The
weakening of warm pool during summer owes to the presence of clouds and
vertical movement in the ocean. In fact, the warm pool reaches the minimum
at the middle of the summer. Warm pool indices (area and mean
temperature) also had annual variability. From the depth of 28°C isotherm it
was observed that warm pool extends up to a depth of 100m. The deepest

part of the warm pool did not coincide with a high SST.

Meridional displacement of warm pool was characterized by southward
migration during pre-monsoon and northward during monsoon season.
Frequency distribution of temperature showed the dominance of each
temperature band during the respective seasons. Warm pool is identified as
an area where wind converges. Convergence of wind is followed with
ascending motions in the atmosphere that leads to clouds and rain.
Convergence of wind was found towards the core of warm pool. Converging

wind becomes weaker which can impose a positive feedback on SST for
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further warming.

Heat budget analysis was performed to understand the role of heat
fluxes on SST. There was only a weak relationship between the two especially
at their core areas. High net heat input did not coincide with the high SST. This

confirms the role of other processes on modulating SST.
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Chapter 5

ENSO-Induced Inter-annual
Variations in IOWP
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5.1 Introduction

Oceanographic properties vary on time scales ranging from seconds to
hundreds of years. The energy of such variations is not uniform among the
scales but centered at few specific scales. The dominant period of variability is
the annual cycle with a period of 12 months. The diurnal variation of solar
radiation as a result of Earth’s rotation is also a major contributor to
variabilities especially at coastal areas where tides dominate. As the time
changes from year to year, changes in the seasonality can occur. This change

that occurs from year to year is called as inter-annual variability.

Inter-annual variabilities are found in each ocean. They may magnify at
selected regions of the oceans and sometimes are even capable of altering the
global climate. The dominant modes of inter-annual variabilities in the oceans
are El Nino Southern Oscillation (ENSO), Indian Ocean Dipole (I0OD), Pacific
Decadal Oscillation (PDO), Quasi-Biennial Oscillation (QBO), North Atlantic
Oscillation (NAO) etc. This part of the study investigates the role of ENSO on
the inter-annual variabilities in Indian Ocean with an emphasis on Indian

Ocean Warm Pool.

ENSO is observed as an oscillation in the distribution and magnitude of
SST in the equatorial Pacific Ocean and the associated changes in the ocean-
atmosphere system such as sea level pressure, rainfall, atmospheric

convection, oceanic thermocline, coastal upwelling etc. (Figure 5.1).
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Figure 5.1. Schematic showing the equatorial Pacific Ocean during
normal (upper) and El Nino (lower) years
[source: https://scienceisland.org/]

Since ENSO is a result of changes in SST, its oscillation is classified into

‘warm’ and ‘cold’ phases. The warm phase of the oscillation is called as ‘El
Nino’ and the cold phase as ‘La Nina’. In normal years, western Pacific is
warmest and an active area of atmospheric deep convection. This maintains
the east-west Walker circulation. However, during an El Nino, the weakening
of trade wind leads to a displacement of the warm water from the west to
central and eastern Pacific. This modifies the zone of atmospheric convection

and alters the Walker circulation. The whole process disrupts the normal

weather conditions in Pacific and also at places far from Pacific.
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ENSO induced anomalies begin to form by the middle of the year and
enhance to a maximum by the end of the year (December) and weaken
further. The periodicity of occurrence of ENSO is 2 to 7 years. The strongest El
Nino so far is that of 1997-98. It is interesting to note that there is no strong El
Nino event occurred during the past decade. La Nina is the cooling phase of
ENSO. Unlike El Nino, La Nina does not have negative impacts on the climate
and was given lesser importance. The periods of occurrence of El Nino and
LaNina since 1950 are shown in Table 2.

ENSO intensity is quantified in terms of an Index. There are two types
of indices in use, called as Southern Oscillation Index (SOI) and Oceanic Nino
Index (ONI). SOl is an estimate based on the atmospheric pressure anomaly
over the central (Thahiti) and western (Darwin, Australia) Pacific Ocean. ONI
on the other hand is based on SST anomaly over the equatorial Pacific. ONI
has been obtained from different regions. Among these, the Nino-3.4 index,
estimated from the area 5S to 5N; 170W to 120W, is the commonly used one

and is also used in this thesis.

Cadet and Diehl (1984) identified ENSO impacts on most of the
meteorological parameters such as SST, wind, sea level pressure, air
temperature, and cloud. Spectral analysis revealed the presence of oscillations
at semi-annual and annual time periods. More importantly, peak energy was
also found at a period of about 40 months. This could represent the ENSO

variability as the mean periodicity of ENSO is about 3 years.
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El Nino La Nina
1957-58 1955-56
1965-66 1970-71
1972-73 1973-74
1982-83 1975-76
1986-87 1988-89
1991-92 1998-99
1997-98 2007-08
2002-03
2009-10

Table 2. Years of occurrence of El Nino and La Nina during 1950-2010

[source: http://ggweather.com]

Karnauskas and Busalacchi (2009) studied the inter-annual variability of
eastern Pacific Ocean caused by ENSO. They observed that the primary
mechanism governing ENSO-induced inter-annual variability of SST in the
warm pool is the surface shortwave radiation. Increased SST anomaly at the
tropics due to ENSO leads to an increase in the convection at the equator and
a subsidence off equator. The subsidence of air makes the atmosphere free of
clouds and leads to the increased shortwave radiation and hence the
formation of warm pool. This theory did not look good due to the previously
established fact that warm pools are active areas of convection rather than

subsidence.

Studies showed that ENSO contributes to more than 25% of inter-
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annual variabilities of SST in Indian Ocean [Klein et al., 1999; Zhong et al.,
2005]. There has been a number of studies that looked into the inter-annual
variabilities in Indian Ocean due to ENSO events [Rasmusson and Carpenter,
1982; Nicholls, 1984; Meehl, 1987; Kiladis and Diaz, 1989; Hastenrath et al.,
1993; Klein et al., 1999; Lau and Nath, 2000, 2003; Alexander et al., 2002;
Huang and Kinter, 2002; Hendon, 2003; Krishnamurthy and Kirtman, 2003;
Wang et al., 2003]. The general consensus of these studies is that Indian
Ocean experiences a basin-wide warming during El Nino years. Since the
geophysical variables in the ocean and atmosphere are highly coupled,
changes in the SST can induce changes in other variables and hence the entire

ocean-atmosphere system.

Based on their “atmospheric bridge” concept, Klein et al. (1999) found that
ENSO impact in Indian Ocean is not immediate but lags behind the
developments in the Pacific by about a season (3 to 4 months). They found the
magnitude of SST anomaly of about 0.2-0.3°C with extremes up to 0.5°C. The
anomalous warming is not uniform within the tropical Indian Ocean but has
strong regional variations. Yu and Rienecker (1999, 2000) studied the
evolution of ENSO-warming in Indian Ocean. They observed that the warming
begins in the western equatorial Indian Ocean as a first response to the El
Nino by the middle of the year. Warming then extends to other regions as El
Nino develops in the Pacific. The basin-wide warming is achieved by about
April of the next year. The cause of the anomalous warming, its regional
dependency and evolution was found to be due to the variabilities in wind and
heat fluxes, mostly by solar radiation [Klein et al., 1999; Yu and Rienecker,

1999; Venzke et al., 2000; Lau and Nath, 2003; Shinoda et al., 2004].

Recently, Kumar et al. (2015) have studied the SST variabilities in
Arabian Sea and Bay of Bengal. They observed warm (cold) SST anomalies

during El Nino (La Nina) events. The magnitude of SST anomaly was, however,
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higher in the Arabian Sea. The variabilities in the local heat fluxes could not
account for the observed SST anomalies. In fact, they have observed an
inverse relationship between SST and heat fluxes. Hence, further study is
needed to find the mechanism for SST variabilities during El Nino events. This
chapter is planned to study the inter-annual variability of the Indian Ocean

with an emphasis on IOWP due to ENSO activities.

5.2 Energy Spectra

Power spectrum analysis is performed on SST and heat flux data. It is a
mathematical tool to identify the dominant variabilities in a data. Fast Fourier
Transform (FFT) is performed on the monthly data to extract the dominant
components of oscillations from the raw data. The analysis requires long
period data to obtain stable estimates of energy peaks. The data was split into
ensembles of size 120 months. The ensemble length determines the
maximum retrievable period of oscillation. Sampling interval (here one month)
of the data, on the other hand, determines the lowest period of oscillation

that can be extracted.

Power spectra analysis was previously done by Cadet (1985) on
meteorological parameters in Indian Ocean. He found significant peak in the
power spectrum at a period of 40 month. This response can be either local or
remote. Locally, the only possibility is through the Indonesian flow where the
Indian and Pacific Oceans exchanges water. If this is dominant, then the
eastern Indian Ocean would have responded first to ENSO events. But studies
showed that the whole north Indian Ocean responds equally to ENSO without
much spatial lag. Hence, the local influence can be discarded. Klein et al.
(1999) emphasized the role of remote forcing of ENSO on Indian Ocean. They
proposed ‘atmospheric bridge’ concept as the mechanism for the ENSO-

induced variabilities in Indian Ocean.

65



Energy spectra were obtained for SST, wind speed, and heat fluxes
(shortwave radiation, longwave radiation, latent heat flux and sensible heat)
from OAFlux (Figure 5.2a). These data sets had different observational period.
SST spans a period of 55 years whereas all other data had a period of only 25
years. Hence different ensemble lengths were used while performing the
analysis. Time series of each data was obtained after spatially averaging over

the tropical Indian Ocean before performing spectral analysis.

All data showed energy peaks at annual (T=12 months) and semi-
annual (T=6 months) periods [Figure 5.2a]. These peaks had similar
magnitudes and dominate within the selected periodicity range of 1 to 120
months. The higher magnitude of energy at annual period indicates the
strong seasonal variations in each parameter. A wide peak with a period of
about 30-40 month was seen in the SST data. The amplitude of this peak was
much lower than that of annual and semi-annual. This observation is in

agreement with that of Cadet (1985).

66



Energy

Energy

Energy

ooy & g1 4 B g g
100 - .
10 - -

1 4 ol

Q.1 4 -
Q.01 - o
Q.01 4 )
0.0001 +—1 l . T -

1000~ © 612 40 D sz 4

.
100 7
10 ]
1 < -
0.1 1 -
Q.01 1
I

0.001 1 -
0.0001 T T

© g12 a0 0 12 a

1000

100 - !
1- .

0.1 - . ’r\/\/\/_

001 - i

0001 - J

0.0001

1.0 10.0 100.0 1.0 100 100.0
Period (Months) Period (Months)

Figure 5.2a Spectral energy of (a) SST, (b) wind speed, (c) shortwave
radiation, (d) longwave radiation (e) latent heat flux and
(f) sensible heat flux
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Figure 5.2b Energy spectra for Nino-3.4 Index

A spectral analysis was also performed on Nino-3.4 index to obtain the
oscillations present in ENSO (Figure 5.2b). Peak energy was found at about 30
months. This would reflect that the average periodicity of ENSO events varies
from 2 to 7 years. Hence, the variability of SST at 30-40 month period can be
considered to be due to ENSO.

However, the energy peak at 40 month was not found in heat flux data.
This could possibly be due to the shorter period (25 years) of the data. Heat
flux data with sufficiently longer duration would be required to confirm the

role of heat fluxes on SST variability at El Nino periods.
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5.3 Variance of Annual and Inter-annual Anomalies

Inter-annual variation of a property is a deviation from the mean
annual cycle. Hence, inter-annual anomalies are obtained by subtracting the
annual cycle from the yearly data. The objective of this analysis is to identify
areas of strong annual and inter-annual variability in SST and to look into any

correspondence between the two.

Few studies were carried out on the magnitude of SST variability on
seasonal and inter-annual time scales. Zhong et al. (2005) obtained standard
deviation of inter-annual SST for the global oceans. Inter-annual variability of
SST was higher (1.5°C) in the Pacific Ocean as compared to that (0.5°C) in the
Indian Ocean. However, seasonal variability was higher for Indian Ocean than
that in the Pacific. This is an effect of the strong seasonal reversal of winds
and its impact in the SST than that of heat fluxes. Kim et al. (2012) also
obtained the magnitude of SST in Indian and Pacific Oceans on annual and
inter-annual time scales. They also obtained similar results as that of Zhong et

al. (2005).

In this study, estimates on range and standard deviation of SST were
obtained for the mean annual and inter-annual timescales. The range and
standard deviation was estimated at each grid point for the annual cycle. To
get inter-annual estimate, range and standard deviation were estimated from
annual mean data. The analysis was performed on SST and heat flux data. SST
data from different sources (HadISST, NOAA ERSST and OAFlux) have been
used to have an inter-comparison among the data sets. HadISST and ERSST
data had a time period of more than 100 years whereas OAFlux SST data span
only about 50 years. There is also a difference in the spatial resolution of
these data sets. HadISST and OAFlux SST had a resolution of one degree,

whereas that of ERSST is 2 degrees.
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Figure 5.3 shows the range of SST for annual and inter-annual time
scales for all the three data sets. SST had similar distribution and similar
magnitude in all the data sets. However, some differences were noticed for
the inter-annual variations. For the annual period, SST varied from about 1 to
6°C. Minimum annual variation in SST was found in the eastern equatorial
Indian Ocean and was nearly symmetric to the equator. Larger annual
variation was noticed over southern latitudes and at northwestern Arabian
Sea having magnitudes above 6°C. The higher magnitude of SST at south
should correspond to the large annual variation in heat fluxes, mostly from
solar radiation. The high in the western Indian Ocean could be contributed

mainly by the upwelling induced low SST due to summer-time.

Magnitude of inter-annual range of SST was also found to have a similar
distribution among the datasets with minor deviations. The magnitude of

inter-annual SST variation was similar to that of annual.
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Figure 5.3 Range of SST on annual (left) and inter-annual (right)
time scales using different SST data products.

The distribution of inter-annual range had a similar appearance as that
of the annual which indicates a regional similarity in the variability of SST at
both these scales. The minimum SST range was noticed at the equatorial areas
as in the case of the annual one. Hence, the equatorial area seems undergo
smaller annual and inter-annual variations in SST. Higher inter-annual SST was

found at southern and western Arabian Sea that also had some similarity with

the annual feature.
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Figure 5.4 Standard deviation of SST on annual (left) and inter-annual (right)
time scales using different SST data products.

Standard deviation of SST is shown in Figure 5.4. Standard deviation of
SST was more comparable for the annual period. The amplitude of standard
deviation was higher for the annual (up to 2.5°C) than the inter-annual (0.7°C).
As in the case of SST range, standard deviation also had low magnitudes at

eastern equatorial Indian Ocean and higher values at the south and western
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Arabian Sea. Inter-annual variation was lesser at the central equatorial Indian

Ocean.

5.4 Comparison of El Nino events

Figure 5.5 shows the time series of Nino-3.4 index. In the upper panel
(Figure 5.5a), the index for the last 100 years is shown. In the lower panel, the
index was extracted for the 1997-98 periods to make more information on the
evolution phase of ENSO. Nino-3.4 index varied roughly between -2.5 to +2.5.

Positive ONI values indicate El Nino and negative for La Nina.
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Figure 5.5 Oceanic Nino-3.4 index (ONI) (a) for the period 1900 to present and (b)
during 1997-98 El Nino

It can be seen that the Nino index has large scale variability during the
100 year period. During the first half of the century (1900-1950), lesser
magnitudes were found for the positive index values (El Nino) and higher for
the negative index values (La Nina). Magnitude of La Nina was found much
higher than the El Nino anomalies. This has reversed during the second half

(1950-2000).
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Figure 5.6 Comparison of Nino-3.4 Index of different El Nino events.

This could be an artifact of taking the anomaly that is based on the
entire period. The magnitudes of positive SST anomalies during El Nino years
were much higher than the negative anomaly during La Nina as compared to
the normal years. However, anomalies were computed from the mean of the

entire data.

Figure 5.5b shows the ONI index for the 1997-98 El Nino. Nino index
changed sign from negative to positive in the month of March 1997 as the

indication of the beginning of an El Nino. It continued to increase with time
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and reached the maximum by November-December 1997.

Figure 5.6 shows comparison of Nino index since 1950 (1957-58, 1965-
66, 1972-73, 1982-83, 1986-87, 1997-98 and 2002-03). Large differences were
noticed in the intensity and amplitude of the El Nino events. Among them the
strongest event was that during 1997-98. Except the 1986-87 El Nino, all other
had uniformity for the month of peak intensity as December. In general the
index becomes positive by the month of April-May. Duration of an El Nino

event varied from 10 to 15 months.

It is interesting to note that each El Nino event reaches the maximum
intensity during the month December of the year. Magnitude of Nino index
often exceeds 2 during this time. Intensity of the El Nino then began to
decrease almost at a similar rate of its developing stage. Index values crossed
the zero mark by the month of June 1998. Hence, this El Nino event lasted for

about a year.
5.5 Indian Ocean Mean SST and ENSO

The response of the tropical Indian Ocean to ENSO was studied by
comparing the basin-wide mean SST with the Nino Index. SST data of HadISST
was used for this analysis. From the spatial SST data, inter-annual anomaly
was estimated at each location by subtracting the corresponding
climatological value from monthly data. The SST anomaly was then computed
and averaged for the tropical Indian Ocean for each month.

The time series of basin wide mean SST anomaly is plotted along with
Nino-3.4 Index (Figure 5.7). The figure shows a close relationship between the
mean Indian Ocean SST anomaly and ENSO. The relationship is not only found
during the period of anomalous events such as ENSO but also exists for other
periods as well. The correlation between them was found as 0.48. The lower

magnitude correlation is due to the temporal lag between Indian and Pacific
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Oceans as reported earlier [eg., Klein et al., 1999].

Since the Nino-3.4 index is a measure of SST anomaly in the Pacific Ocean,
this analysis indicates that the SST in Indian and Pacific Oceans are in a close
relationship with each other. From the closer observation the temporal lag
can be found between the two parameters. SST anomaly in the Indian Ocean
lags that of Nino Index by few months which is consistent with earlier studies

[Klein et al., 1999].
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Figure 5.7 Time series of mean tropical SST anomaly from HadISST (red line)
and Nino-3.4 Index (black line)
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5.6 Evolution of warming during ENSO

Though the results obtained in the previous section show a clear
dependency on the tropical Indian Ocean SST as a whole on the developments
in the Pacific Ocean, there can be regional differences in the evolution of SST
anomaly during an ENSO event. This section analyses the regional biases in the
observed SST anomalies and their evolution in accordance with the evolution

of ENSO event.

Previous studies found that the warming is not uniform throughout the
Indian Ocean. Yu and Rienecker (1999) found the initial warming signal at the
western Indian Ocean as the ENSO begins in the Pacific. As the ENSO develops
further, the SST anomaly spreads to larger areas. Though ENSO peaks in
December, the SST anomaly reached its peak by April of next year that again

showed the 4-month phase lag.

The evolution of SST was examined for the El Nino events of 1972-73,
1982-83, 1987-88 and 1997-98 using monthly SST data from HadISST. From
the monthly data, climatological mean was estimated at each grid point. The
inter-annual anomaly was then computed by subtracting the climatological
mean from the monthly data. The objectives of this study are:

1. General tendency of mean SST anomaly during El Nino years.
2. Evolution of SST anomaly for the 1997-98 El Nino.
3. Comparison of the evolution of SST anomalies during different El Nino

years.

SST Anomaly during El Nino Years

Figure 5.8 shows the time series of mean SST anomaly over the Indian
Ocean and the Nino Index for the El Nino events during the period 1970 to
2000. The El Nino years during this period were 1972-73, 1982-83, 1987-88
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and 1997-98 and were shown as shaded area in the figure.

From the figure it is clear that the Indian Ocean SST responds positively
with the SST in the Pacific. There is a close relationship between the SST in
Indian and that in the Pacific during El Nino and non-El Nino years. During El
Nino periods, SST anomalies had magnitudes above 1°C. It can also be seen
that the SST in Indian Ocean lags that of the El Nino (or Pacific SST) by few
months. El Nino peaks by the month of December whereas SST in Indian

Ocean attains a peak by April next year.
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Figure 5.8 Time series of ONI (black line) and basin wide mean SST from HadISST (red
line) during 1970 to 2000. El Nino events during this period are shown in grey color.

Spatial Evolution of SST anomaly during 1997-98 El Nino

Figures 5.9a-c shows the inter-annual anomaly of SST during the 1997-
98 El Nino period. From Figure 5.5b, it can be seen that the Nino Index
becomes positive from March-April onwards of 1997 showing the onset of the

El Nino. However, ENSO signal begins to form by June with an anomaly above
78
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1°K [or 1°C] at the western equatorial Indian Ocean. This anomaly amplifies in
the coming months and spreads almost the entire tropical Indian Ocean by
December 1997 except for a small region at the eastern equatorial area. The
SST anomaly at the eastern part was negative which is associated with the
Indian Ocean Dipole (IOD) event. Hence, the year 1997-98 was a combined

year of El Nino and IOD.

El Nino peaks in November-December 1997, but the SST anomaly
continued to develop further and reaches the maximum by April-May 1998,
again keeping the phase shift. The El Nino induced positive SST anomaly
returns to normal by October 1998 (Figure 5.9b). The signs of La Nina are seen
soon after the demise of El Nino from July 1998 onwards with negative SST
anomalies in the southern tropical Indian Ocean. It continues to develop but
without much spatial expansion and reaches a maximum by January 1999

(Figure 5.9c¢).
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Figure 5.9a SST anomaly from HadISST during the year 1997
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Figure 5.9b. SST anomaly during 1998
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Figure 5.10 Evolution of SST anomalies during the developing stage (September to
December) of El Nino of 1972-73, 1982-83, 1987-88, and 1997-98
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Comparison of SST anomalies among El Nino Events

Figure 5.10 shows a comparison of SST anomalies among the four El
Nino events. The anomaly during the developing period (September to
December) was only shown. Warm basin wide SST anomalies were found
during all the El Nino events. Both 1972-73 and 1997-98 El Nino had negative
SST anomaly (cooling) at the eastern equatorial Indian Ocean that was
induced by IOD event. Among the four events SST anomaly was found lowest
for the 1982-83 El Nino. For the 1987-88 El Nino, the SST anomalies were

negative in the southern areas unlike during other years.
5.7 IOWP variability during 1997-98 El Nino

It has been found that El Nino induces anomalous warming in the
tropical Indian Ocean with anomalies above 1.5 degrees. The response of
IOWP to ENSO is studied in this section. As SST increases, a corresponding
increase in warm pool is also expected during El Nino periods. Here the warm
pool mean temperature and area (number of warm pool grids) were
estimated using HadISST data.

IOWP Mean Temperature

Figure 5.11 shows the time variation of ONI and anomalies in warm
pool temperature. Warm pool temperature anomaly was estimated from the
mean temperature of the warm pool (above 28°C) for each year and
subtracting the monthly values from climatological mean. Warm pool mean
temperature anomaly attains the peak of about 1 degree by April-May of 1998
with a time lag of about 4 months with the peak of ONI. Positive SST anomaly
was observed throughout the period (1997-1998) indicating the anomalous

warming of the warm pool during the El Nino period.
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Figure 5.11 Time series of (a) Oceanic Nino Index and (b) mean
IOWP temperature anomaly during 1997-98 El Nino

The warm pool area anomaly showed a different pattern from that of its
temperature. The maximum anomaly for this was occurred by December
1997. Hence, it is observed that the impact of ENSO is reflected in the pre-
monsoon warming of the year following El Nino. This might have an impact on
the monsoon rainfall that follows the excess pre-monsoon warming.

IOWP Area

The enhancement of warm pool temperature and area during El Nino is
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studied by comparing the spatial distribution SST during El Nino with that of
climatology. The comparison was made for the months April and July. The SST
anomaly in Indian Ocean attains the maximum during the pre-monsoon (April-
May) season of the post El Nino. Figure 5.12 shows the distribution of SST
during April 1998 and the climatological SST of April. HadISST was used for this
study. The objective is to estimate the enhancement in the intensity and

spatial extent of the warm pool during the El Nino event of 1997-98.

During April (Figure 5.12a), climatological mean warm pool was
distributed almost zonally and restricting to the latitude band of 20°S to 20°N.
The peak of the warm pool had a temperature range of 29.5 to 30°C and is

aligned in an inclined fashion as compared to the lower SST values.
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Figure 5.12 Comparison of spatial distribution of (a) climatological SST
for April and (b) SST during April 1998. SST above 28°C is colored.

By April 1998, El Nino began to decay in the Pacific, but SST in Indian Ocean
attains the peak with a phase lag of about 3 months (Figure 5.12b). The core
temperature is now enhanced to 30.5-31.0°C that is about one degree more
than the climatological mean. Warm pool core SST had similar spatial

distribution in both cases. There is a significant enhancement in the area of
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the warm pool during El Nino towards south and north. An increase in IOWP

area of 17% was noticed in April 1998.

A similar analysis was performed for the month of July (Figure 5.13).
Though it is still the summer season, SST in Indian Ocean reduced considerably
due to the monsoon. Reduced shortwave solar radiation from increased cloud,
higher latent heat from stronger winds and advection all makes the SST less.
The climatological mean warm pool appears as a tongue from east to west. It
covers the entire Bay of Bengal but only a small area in the southeastern in
Arabian Sea. The core IOWP temperature was 28.5-19.0°C. During July 1998,
warm pool intensified similar to that in April 1998. IOWP expansion was
mostly towards western Indian Ocean. Core SST of IOWP also had increased
by about 1°C. Increase in area of IOWP for this month is 32%, much higher as

compared to April.

310
30.5
300
29.5 -
29.0
28.5
28.0

Figure 5.13 Comparison of spatial distribution of (a) climatological SST
For July and (b) SST during July 1998. SST above 28°C is colored.

5.8 ENSO warming: Forcing factors

A number of attempts were made to understand the cause warming of

the north Indian Ocean during El Nino periods. Klein et al. (1999) suggested
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the cause of ENSO induced warming to an increase in the shortwave radiation.
They observed good relationship between ENSO and cloud in Indian Ocean.
The reduced cloud during El Nino resulted in an increased shortwave radiation
that raised the SST. They also found a reduction in the monsoon winds.

However they found that the net heat flux was weak.

Zhong et al. (2005) also observed easterly anomaly in the zonal wind
during the onset of El Nino. This causes upwelling at the east and a rise of
thermocline and hence cooling in SST. Warming takes place in other areas due
to a combination of reduced LHF and increased solar radiation. The El Nino
induced anomaly begins to appear in June. Weaker winds were observed in
the western Indian Ocean, especially in Arabian Sea that resulted in the
reduced LHF. As El Nino develops, the zonal equatorial SST gradient increases
in Indian Ocean. By March of the next year, easterly wind anomaly reduces

that further leads to the return of Indian Ocean to the normal state.

Du et al. (2009) studied the factors for the long persistence of warming
in Indian Ocean. They also supported the role of heat fluxes on the tropical
Indian Ocean except at southern areas where Rossby waves play a major role.
They also found an increase in the solar insolation that might result from a
reduced cloud cover. They also found the roles of shortwave radiation and LHF
as the factors in the warming but with a difference in their time of operation.
The primary warming is found to be caused by the anomalous shortwave
radiation, whereas the secondary warming is due to the reduced LHF as a
result of the reduced wind speed. They found the warming of the north Indian

Ocean due to the reduced latent heat loss from the reduced wind speed.

Zhang et al. (2009) studied the inter-annual variability of IOWP. They
noted the significant response in the IOWP area to El Nino events. They found

a consistent expansion of the warm pool during El Nino events. A different
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opinion came from Suryachandra et al. (2012) who opposed the role of heat
fluxes on the inter-annual warming. They found that net heat fluxes cannot
explain the anomalous warming during El Nino years. Kim et al. (2012) got
similar results of that obtained by Klein et al. (1999). Rao et al. (2015) have
studied the inter-annual variability of Arabian Sea warm pool. They have
identified both pre-conditioning mechanism and local heat fluxes for the

anomalous warming during the pre-monsoon season.

Recently Kumar et al. (2015) studied the long term variations in Arabian
Sea and Bay of Bengal. They found warm SST anomalies during El Nino and
cold anomalies during La Nina. A regional difference in the amplitude of ENSO
signal was found between Arabian Sea and Bay of Bengal that points the non-
uniformity in the ENSO impact within the Indian Ocean. Their study showed a
negative relationship between SST and heat fluxes. Hence, there are different
opinions among the researchers on the role of heat fluxes on ENSO induced
warming in the north Indian Ocean. The objective of this section is to do a

further analysis on this issue and find out any relationship between them.

In this study, the anomalies of SST were compared with heat fluxes and
wind speed for the El Nino of 1986-87 and 1997-98. The analysis was done for
the developing phase (September to December). This analysis made use of
SST, heat flux and wind data from OAFlux project. Heat flux data covers a
period of 1984 to 2009, whereas SST and wind data are obtained for the
period of 1958 to 2009. The major El Nino events during this period were
1986-87 and 1997-98. A comparison among the variables was made for these

two El Nino episodes.

Ocean temperature data from SODA was used for estimating mixed
layer depth (MLD) in the ocean. MLD is the surface mixed layer of the ocean

and is estimated from density and temperature profiles. Here, the
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temperature criterion was used with a temperature difference of 1.0°C. MLD
was estimated for the El Nino periods to make comparison with SST and heat

fluxes.

Shortwave Radiation

Figures 5.14 and 5.15 show the distribution of anomalies of SST, heat
fluxes (shortwave radiation, longwave radiation, latent heat and net heat flux)
and wind speed for the 1997-98 El Nino. The positive SST anomaly began to
form at the western Indian Ocean in June 1997. But the SWR anomaly did not
show any marked positive anomaly there and was in fact negative (not
shown). As the El Nino peaks by the end of the year 1997, strong negative SST
anomaly forms at the east due to upwelling. Basin wide warming occurs in
other places except at the southwestern Indian Ocean.

During this time, a dipole-like structure also was found for the SWR
anomaly at the equatorial areas with positive anomaly at the east and
negative anomaly at the west. The increased SWR anomaly at the east could
be due to the reduction in cloud associated with the underlying cool sea
surface. There is a negative SWR anomaly at the west during this time where
the SST anomaly was positive. Hence the SWR anomaly had negative
relationship with the SST. Therefore, SWR could not explain the ENSO induced
warming in Indian Ocean as was previously thought.

Longwave Radiation

The magnitude of LWR anomaly was much less compared to other
fluxes and hence may have lesser impact on SST anomaly. The spatial
distribution of LWR anomaly was also much different from that of SST
anomaly indicating weak relationship between them.

Latent Heat

Latent heat flux (LHF) had negative anomalies at the eastern equatorial
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area. LHF is the amount of heat lost from the sea due to evaporation. Lower
LHF anomaly corresponds to lesser heat loss which supports warming and vice
versa. Low LHF anomaly was found at the eastern equatorial areas where SST
anomaly was strongly negative. This again indicates a negative relationship
between the two. Since the low SST in that area was upwelling induced, there
cannot be a positive relationship between LHF and SST. The negative LHF
anomaly there is due to the reduced SST. The relationship between SST and
LHF is also weak even in non-upwelling open ocean areas. In regions where
SST anomaly was highly positive, the LHF anomaly was not strongly negative
but even found positive. Hence a direct relationship between SST and LHF is
lacking.
Net Heat Flux

The net heat flux anomaly was computed as the algebraic sum of all the
heat fluxes. Positive (negative) values indicate a net heat gain (loss). In the
eastern equatorial areas, where SST anomaly was negative, net heat flux
shows positive values. This is due to the positive anomalies of shortwave and
LHF anomalies. In warm SST areas, net heat flux anomaly was negative. Hence,
the heat fluxes had only a weak role in the SST distribution in the Ocean.
Wind Speed

The wind speed was stronger in a narrow band at the equator
throughout the period of El Nino development. It was reported earlier that the
easterlies strengthened during El Nino periods. Winds towards north and
south of it were reduced and showed as negative anomaly. This stronger
easterly wind might have caused the coastal upwelling off Sumatra. The
distribution of positive SST anomalies in the south had a co-occurrence of
negative wind anomaly.

This suggests a better relationship between them at least in areas

where ocean advection is absent. The wind influences SST in different ways. A
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higher wind causes higher turbulent (latent and sensible) heat losses and at
the same time responsible for stronger mixing in the surface layer that further
reduces SST. Hence, the weaker wind in the south caused lesser evaporative
loss and a reduced mixing. To further understand the mixing strength, a
comparison with mixed layer depth is necessary.

Mixed Layer Depth (MLD)

To understand the role of ocean mixing, mixed layer depth (MLD) was
estimated using SODA data (Figure 5.16). MLD was estimated for the period
September to December 1997 for a comparison with SST. Lower MLD values
were noticed at southern area where the SST anomaly was positive. There was
a similarity in the orientation of the low MLD values with that of the positive
SST anomalies especially during November and December. From this
qualitative study, it was found that the unusual warming of the tropical Indian
Ocean at the western and southern areas could largely be contributed by the
reduced mixed layer than by an enhanced surface heating. However, a
quantitative study would require understanding the relative contributions of

heat fluxes and mixed layer depth on SST.
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Figure 5.14 Anomalies of SST (left panel), shortwave radiation (middle panel)
and long wave radiation (right panel) during September to December 1997
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Depth of 25°C Isotherm

The depth of 25°C (D25) isotherm was estimated using temperature
data obtained from SODA (Figure 5.17). D25 can have a good relationship with
the MLD because as MLD increases, the depth of isotherms will also increase.
Figure shows low D25 (less than 20m) values off Sumatra. This shallowing of

D25 is due to the uplift of the thermocline due to coastal upwelling.
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Figure 5.16 Ocean mixed layer depth estimated from SODA data.
MLD was estimated based on temperature criteria

This was also evident in the MLD which had lower values in this area. In
areas of warm SST anomalies, both MLD and D25 had lesser values. For

example, high positive SST anomaly at the location 20°S, 80°E was coincided
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with a low D25 and MLD. Hence this analysis further supports the role of
oceanic mixing on SST.
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Figure 5.17 Depth of 25°C isotherm using SODA data for the period
September — December 1997

5.9 Relationship of SST with Heat flux and MLD

The prediction of SST has been an important task for researchers in
climate studies. SST is primarily forced by solar heating. Vertical radiation at
the low latitudes make the SST warmer as compared to that at higher latitudes
where the inclination of solar rays makes lesser heat input to the ocean.
Concurrently the ocean loses heat in the form of long wave back radiation,
latent heat flux and sensible heat flux. The net radiation thus gained or lost

will determine the SST locally. However, various processes in the ocean can
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further modify ocean temperatures. The molecular and turbulent diffusion
downwards transport heat to deeper ocean. Ocean currents can transport
heat laterally to great distances. Vertical motions resulting from various
dynamical processes can also make a significant contribution to the SST
variability. Hence, the combined Eulerian and Lagrangian processes decide the
ultimate state of SST and subsurface ocean temperature. The rate of change

of SST can be expressed as

aT (aT aT aT> Quer
= — . T 35)

—_— = u s + w- =
ot Ox dy 0z pCyh

where ‘T’ is temperature (SST), u, v, and w are velocity components, Qnet is
the net heat flux (NHF) , ‘p’ is density of sea water, Cp is specific heat capacity
of water, ‘h’ is the mixed layer depth (MLD) and D is diffusion. This equation
predicts the change in SST (dSST) with time. The terms inside the bracket on
the right side of the equation represents the three-dimensional advection of
temperature by currents.

This equation is simplified by neglecting advection and diffusion to
isolate the role of heat fluxes on SST. Advection is neglected considering the
nearly horizontal uniformity of temperature. Even otherwise also, the
uniformity in heat fluxes also impacts a similar effect on neighboring grids.
Hence, neglecting advection would not appear to make any significant
contribution to SST variability. The temperature equation is applied to the
ocean surface mixed layer as a whole. Since mixed layer has uniform
temperature in the vertical, diffusion of heat in the vertical can also be
ignored. The equation thus becomes

dSST = (Qnet/p Cp h) dt
The value of dt is one month and is given in seconds. Density of ocean

was taken as 1025 Kg/m? and Cp was 4000 Joules/(kg °C).
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Earlier Suryachandra et al. (2012) have applied the temperature
equation to understand the long term trend in SST. They have used a constant
MLD and found a negative relationship between SST and NHF. The observed
SST trend could not be reproduced with the equation. In this study, this bulk

SST equation is used to predict the SST on annual and inter-annual time scales.

This study was carried out using gridded data sets on SST, Net Heat Flux
(NHF) and Mixed Layer Depth (MLD) from tropical Indian Ocean. Monthly SST
and NHF data of OAFlux for the period 1984 to 2000 were downloaded from
APDRC web site. Both data sets were climatologically averaged to get their
monthly mean. MLD was estimated using World Ocean Atlas 2005 (WOA 2005)
ocean temperature climatology. Temperature profile at each grid was
interpolated at 1m interval using cubic spline method. MLD was then
estimated from the interpolated data using the temperature criterion with a

difference of 0.8°C.

The relationship between SST and NHF on the climatological time scale
was obtained by applying the simplified temperature equation mentioned
above. Changes in SST (called as dSST) for a given month was estimated from
the previous month NHF and MLD data. Hence, the analysis was performed for
each month from February onwards. The predicted new SST (SSTP) for a
month was then computed by adding the estimated dSST with the previous
SST value.

This method of analysis was applied to six locations in Indian Ocean.
The geographic position of the locations is shown in Figure 5.18. The locations
are from Arabian Sea (65E, 15N), Bay of Bengal (90E, 15N), western equatorial
area (65E, 5N), eastern equatorial area (90E, 5N), south west Indian Ocean
(65E, 20S) and south east Indian Ocean (90E, 20S). The analysis was then
extended to the entire Indian Ocean and estimated SSTP at each grid point for

each month. A correlation was obtained between SST and SSTP to understand
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the role of heat fluxes (and MLD) on SST variability in Indian Ocean.
Annual Scale

Figure 5.19 shows the time series of climatological SST, SSTP and NHF at
all the six locations. Heat fluxes undergo semi-annual variability in the north
and equatorial Indian Ocean locations (Arabian Sea, Bay of Bengal and
equatorial) and a single annual cycle at south. The impact of summer with a
positive net heat flux is greatly reduced by the south west monsoon. The
reduced shortwave radiation and increase in latent heat flux might be
responsible for the reduced NHF during this northern summer peak. Maximum
heat gain was found during the pre-monsoon (April-May) and post monsoon
(September-October) seasons. It is also noted that NHF is always positive for

the north Indian Ocean.

4° 50° 60° 70° 80 80" 100" 11Q0°

-2Q°

H -30°
4Q° 50° 60° 70° 80" 80" 1007 1107

Figure 5.18 Geographic position of grids selected.
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An exception is observed in Bay of Bengal during the winter months where
NHF becomes negative. The amplitude of NHF is lesser at equatorial region as
compared to that at north. The NHF at southern area undergoes a smooth
annual cycle. The close marching of NHF with the hemispheric and warming
indicates that NHF is mainly dominated by the solar heating. Maximum heat
gain was observed during the southern summer months (December, January,

and February) and a strong cooling in winter (May, June, and July).

The SST climatology also had a similar variation to that of NHF having
semi-annual variation at northern Indian Ocean and annual variation at south.
This can mislead to the conclusion that SST is controlled to a high degree by

NHF alone.
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But using the SST-NHF equation, a better understanding of the role heat
fluxes can be obtained. It can be seen that there is a large difference between

SST and SSTP especially in the northern areas.

The relationship is better at southern latitudes where SSTP nearly
matches with the SST. As mentioned earlier, NHF at north is positive
throughout the year. This positive heat input should increase SST and is
represented by SSTP. SST will continue to increase as long as NHF is positive. A
reduction in SST is possible only with a negative NHF. Hence, the SSTP in the
north Indian Ocean will have an increasing trend throughout the year. In
reality, SST does not follow such a trend but undergo a semi-annual variation.
SST weakens during the summer monsoon season even though NHF is
positive. Hence, it can be concluded that the observed annual variability of SST
in the north Indian Ocean is not atmospherically forced though both have a
similar pattern. The decrease in SST during the southwest monsoon season;

hence should be driven by other processes such as advection.

Another source of error can be from the inaccurate estimate of MLD.
MLD is usually higher during summer monsoon with a maximum of about
100m, but was not enough to make a cooling on SSTP as that was observed.
SSTP was then computed with MLD with a higher SST difference (2°C and
more). It resulted in a higher MLD, but still was unable to make the SSTP
equivalent to that of the observed SST. It was also noticed that such a higher
MLD would weaken the SSTP during the pre-monsoon season. Hence, from
the analysis of MLD it was found that MLD should be lesser during the

warming phase and be higher during the period of low SST.

The relative roles of NHF and MLD on SST were obtained by
experimenting with reasonable values. The typical variation of NHF is from -

150 to 150 W/m? and that of MLD is from 30 to 120m. With a NHF of 150
102



W/m? and MLD 30m, the dSST obtained was 2.1°C. However, with the same
NHF and with a MLD of 130m, the dSST was 0.48. Hence, the role of MLD on

SST is found to be much lesser than that of heat fluxes.

At southern latitudes, SSTP was produced much similar to that of the
real SST. This is due to the negative values of NHF. Negative NHF produces
negative dSST from the equation which will cause a reduction in SSTP. SSTP in

both locations of the southern latitude behaved equally to the NHF.

From this analysis it is observed that in the absence of strong advection,
the local relationship of SST cannot be produced by the SST tendency
equation. The better relationship at south cannot be considered as the quality
of the equation but was produced by the negative NHF values. Hence, SSTP
can be reduced only with a negative NHF. In other words, the equation works
better for the NHF. The improvement is required in incorporating MLD into the

equation. Increased MLD cannot currently reduce SST which is unrealistic.

The temperature equation was applied to each grid in Indian Ocean and
correlation was obtained from the monthly values of SST and SSTP (Figure
5.20). High positive correlation between the two is found at southern areas
south of 20S. Weak positive relationship is observed at the northern latitudes
in Arabian Sea and Bay of Bengal. A slightly higher correlation is found in the
northeastern Bay. It is very interesting to note that the correlation is very poor
and even negative in the equatorial areas (10°S to 10°N). This is a result of the

increase in SSTP and decrease of SST during the summer season.
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Figure 5.20 Correlation coefficient between observed and predicted SST for
the annual period

Inter-annual Scale

The temperature tendency equation was then applied to the inter-
annual data. SST and NHF data for a period 5 years (1984 to 1989) was used.
The analysis was performed at all the six grids mentioned above. The time

series of SST, SSTP and NHF is shown in Figure 5.21.
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The semi-annual variation of NHF in the northern areas and annual
variation at south are evident throughout the period. The magnitude of NHF
was reduced over the equatorial area and did not show any cyclic behaviour.
NHF is positive throughout the period at north and undergoes changes in sign

almost equally at the southern latitudes.

The predicted SST (SSTP) showed unrealistic patterns for the northern
area. Like the climatological analysis made above, SST was successfully
predicted for the southern area. The positive NHF in the north results in
positive dSST and hence leads to an increasing trend in SST. Hence, it is found
that the bulk temperature tendency equation provides poor estimates of SST

at the north Indian Ocean at both annual and inter-annual time scales.

Validity of the Equation

According to the equation, positive (negative) NHF will cause positive
(negative) dSST and hence will increase (decrease) SST. This looks to be
realistic. But when NHF is zero, dSST also becomes zero and SSTP remains a
constant. Any change in MLD during this situation will not be accounted by the
equation. It is to be noted that an increase in MLD in this case would lead to a
negative dSST and hence reduce SSTP. It is also observed that according to the
equation, an increase in MLD can only reduce the magnitude of dSST and not
its sign. This is an issue because an increase in MLD would cause a deeper
mixing and reduce the SST if NHF is assumed constant or even slightly positive.
Hence, it is found that the SST tendency equation is incapable of accounting
for the impact of heat fluxes and ocean mixing on SST or the mixed layer

temperature. Hence an improvement in the equation is sought.
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5.10 Conclusions

Climate trend and climatic anomalies are crucial for the life on Earth of
which the trend may be more important for the future existence of life. It was
not sure whether there exists any relationship between them. Studies indicate
climatic anomalies do vary within a climate which has a trend. In this
chapter, the climatic anomalies in Indian Ocean SST and warm pool were
studied due to ENSO events. The dominant variabilities in each parameter
were first obtained by performing the spectral analysis. The results of this
analysis showed the dominance of annual and semi-annual cycles in each
data. The objective of the analysis was to identify oscillations with periods
higher than one year caused by inter-annual climatic events. SST only showed

a peak at this period which was found to be consistent with the ENSO events.

The magnitudes of inter-annual anomalies were compared with the
annual variability. It was found that inter-annual anomalies had lesser
magnitude than the other and their geographical occurrence has some

similarity.

The overall response of the tropical Indian Ocean to the ENSO was
positive. A warming of the Indian Ocean was found in accordance with the
warming in the Pacific. However, a temporal lag of 3-4 months was found in
Indian Ocean SST to that of Pacific. This would mean that there may be some
mechanism through which the Pacific Ocean controls Indian Ocean SST at
least on inter-annual time scales. The positive relationship between Indian
and Pacific SSTs even at non-El Nino years indicates that the cause of inter-

annual variabilities is similar for both oceans.

Evolution of SST was studied during El Nino events. Warming anomalies

begin to form by June in the western Indian Ocean during an El Nino. Warming
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extends to eastern regions as El Nino strengthens. In some years, when El
Nino co-occurred with 10D, the distribution of SST alters especially at the

eastern Indian Ocean.

The role of heat fluxes on SST variability on inter-annual time scale was
not strong. Presence of positive shortwave anomaly or negative latent heat
flux anomaly was clearly absent in areas of high SST anomaly. This may
indicate a weak role of heat fluxes on inter-annual SST variations. A better
relationship was found with wind. In areas of high SST anomalies, wind was
found weaker. Weaker wind causes less mixing in the ocean and may support
for the excess warming. The temperature tendency equation was applied to
examine the role of heat fluxes on determining SST. It was found that SST at
southern latitudes responds better to heat fluxes. Correlation between the
observed and predicted SST was high at these areas. However, the equation
performs weaker in the equatorial ocean. This would indicate the role of other

processes on the variability of SST in the equatorial areas.
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Chapter 6

Climatic Trends in IOWP

109



6.1 Introduction

Planet Earth is undergoing a warming climate change that is
unfortunately caused by human activities during the past few decades.
Warming trend is found over land and ocean, at equator and at higher
latitudes. Warming of the oceans has further implications on the planet as it
can adversely affect the life in the ocean, the weather systems and also the

climate.

Ocean warming trend in SST is likely to affect the natural modes of
variability like Indian Ocean Dipole, monsoon, cyclone etc. Hence, studies on
the ocean warming trends become an active area of climate research. The
accelerated warming since 1970s supports the role of human activities from
automobiles and industries as the cause of this change. The CO, gas, a bi-
product of these activities, gets released into the atmosphere. Being a
greenhouse gas, it traps the emitted long wave radiation from the Earth and

thus increases the planet’s mean temperature.

Ocean climate studies report warming trends in the world oceans. Role
of anthropogenic activities on the current climate change is now well
established [Levitus et al., 2001; Barnett et al., 2005; Levitus et al., 2005; Yan
and Xie, 2008; Suryachandra et al., 2012]. Warming trends has been found not
only at the ocean surface but at subsurface too [Levitus et al., 2000; Gille,

2002].

Long term data set shows an increasing trend in warming since 1900.
The accelerated warming in the 1960s and 70s shows the role human on the
climate as a consequence of his developmental activities. The study indicates
that ocean surface has warmed by 0.31°C during the past half century [Levitus

et al., 2000]. To make it more curious, warming trend did not began [begin]
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simultaneously all over the world oceans. Warming began in 1950s in Pacific
and Atlantic, and began to form after a decade in Indian Ocean [Levitus et al.,
2000]. This requires further analysis and needs to be proved that why Indian
Ocean has responded differently to a global warming situation which is

believed to be homogeneous.

Studies show that Indian Ocean was also been warming steadily over
the past several decades [Alory et al., 2007; Suryachandra et al., 2012].
However, there were contradicting evidences for the warming trend in the
oceans. Increase in greenhouse gases should lead to an increase in the net
heat gain that can increase the ocean temperature. Levitus et al. (2005) have
reported higher heat storage in the southern Indian Ocean than at the tropics.
Alory and Meyers (2009) were in favor of heat fluxes as the cause of ocean
warming. They found an excess heat input to the Indian Ocean which explains
the warming. But other studies opposed the role of heat fluxes [Alory et al.,
2007; Suryachandra et al., 2012]. They observed that the excess heat fluxes
alone are inadequate to explain the current warming trend and proposed the
role of ocean dynamics as alternative mechanism. Suryachandra et al. (2012)
have proposed a coupled ocean-atmosphere feedback mechanism through

Rossby waves for the warming trend in Indian Ocean.

Climatic trend of warm pools was also reported in few studies. As the
ocean temperature increases, a corresponding increase in the warm pool area
also happens. The attention was drawn on the trend in the expansion and
temperature of warm pools. Studies on the warm pool trend in the Indian
Ocean is scarce. Zhang et al. (2009) have studied the inter-annual variability of
IOWP. Along with large inter-annual variation, they have noticed that IOWP
undergoes a long term expansion as a response to global warming. Expansion
of the warm pool mainly occurred towards south. Suryachandra et al. (2012)

have reported a high warming rate of 0.2°C per decade in the central Indian
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Ocean. They have also found an increase in the area of warm pool since 1950.

More studies are required to understand the warming trend in Indian
Ocean, especially the delayed warming response and its future climatic
influences. The main objectives of this chapter are formulated as follows:

e Estimate the rate of warming and its regional variations

e Long term trends in warm pool characteristics

e Role of heat fluxes on long term warming trend

Long term SST data from different sources (OAFlux, HadISST, ERSST,
ECMWEF) have been used in this analysis to investigate the long term trends in
SST and warm pool parameters. Trend was estimated by applying the linear
regression. The heat flux data from OAFlux was used to obtain long term
trends in heat fluxes. Trend in wind speed was also estimated to recognize the

role of wind to the observed warming.
6.2 IOWP Area

Monthly warm pool area was estimated from the total area covered by
warm pool SST. The long term trend of warm pool area using various SST data
sets, is shown in the Figure 6.1. Linear trend is also shown for the period 1960-

2009.

Both HadISST and ERSST had longer time records. They have almost
similar magnitudes for the period prior to 1960. The warming trend in that
period was insignificant. Hence, the SST data for the period from 1960

onwards only was used in this study to estimate the long term trends.

Monthly warm pool area for the period 1960 to 2009 and the
estimated long term trend are shown in Figure 6.1. An increasing trend in the
warm pool area is evident in all the four data sets for the period chosen (1960-

2010). Apart from few low values in 1970s, IOWP had undergone a steady
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expansion till 2009. The magnitude of rate was, however, different among the
data sets. OAFlux SST showed the largest trend (1.66 x 10° km” per decade).
ECMWF showed a lesser magnitude of 1.45 x 10° km? per decade. The ERSST
had the lowest value of 0.95 x 10° km? per decade. The mean warm pool area

was increased from about 12 x 10° km? in 1960 to 20 x 10° km?in 2009.

To confirm this result, a comparison of the spatial distribution of the
annual mean warm pool during 1960 and 2010 was prepared (Figure 6.2).
From the figure it is clear that the warm pool area was much less in 1960 and
was considerably increased in 2010. The temperature of the warm pool was

well below 29°C in 1960.

Highest temperature was seen at the eastern equatorial areas. In 2010,
warm pool intensified and expanded towards west north and south. The
temperature at the eastern side of the warm pool was increased by 1°C by
reaching the 29.5 - 30.0°C range. The 29 - 29.5°C temperature band occupied

a large area during this period.
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Figure 6.1 Time series of monthly IOWP area using different SST
data products. The solid straight line represents the linear trend.
The magnitude of the trend (per decade) is displayed.
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Figure 6.2 Annual mean warm pool SST distribution during (a) 1960 and (b) 2010

6.3 IOWP Temperature

A climatic trend in the mean warm pool temperature was also
estimated using the same data sets. Monthly mean temperature of warm pool
was estimated by averaging warm pool SST and the linear trend was

estimated by linear regression. Figure 6.3 shows the time series of the mean
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warm pool temperature. Similar to its area, warm pool temperature also
displayed a long term trend. Both HadISST and ERSST showed similar pattern
during the first half of 20" century with less magnitude. The mean
temperature trend for the second half of the century was more significant.
Both OAFlux and ECMWEF SSTs showed similar magnitude of trend (0.1°C per
decade) and was the highest among other data sets. HadISST showed the
lowest trend. The mean temperature of IOWP was about 28.6°C in 1960 and
was raised to over 29.1°C by 2009. A correlation of 0.9 was found between

warm pool area and temperature.
6.4 Temperature Bands

To further understand the relative magnitude of temperatures on the
total warm pool variability, trends in the warm pool area corresponding to
each one-degree temperature band (28-29°C, 29-30°C and 30-31°C) was
obtained (Figure 6.4). The area corresponding to 28-29°C temperature band
showed only weak trend (0.01 x 10° km? per decade). Highest trend was found
for the 29-30°C band (1.34 x 10° km? per decade). The highest temperature
band (30-31°C) also had a significant contribution to the overall warming of

the warm pool. It also had large inter-annual variabilities.
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Figure 6.3 Time series of monthly IOWP mean temperature from different SST
data products. The solid straight line represents the linear trend. The magnitude of
rate of increase in temperature (in °C per decade) is displayed.
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Figure 6.4 IOWP area trend for each temperature band of
(a) 28-29°C, (b) 29-30°C and (c) higher than 30°C
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6.5 Spatial Distribution of Warming Trend

To understand the spatial variation in the warming trend, the
regression was done using data extracted from each grid. SST data from
OAFlux, HadISST, and ERSST were used for this analysis and to see the
differences among them. Linear regression was applied to monthly time series
of SST at each grid. Suryachandra et al. (2012) produced an estimate of the
warming trend in the Indian Ocean. They have observed a warming trend all
over the tropical Indian Ocean having the highest magnitude (~0.2°C per

decade) at the central Indian Ocean.

Estimates of warming trend were obtained using SST data from OAFlux,
HadISST, ERSST and ECMWEF (Figure 6.5). Trend was obtained for a common
period 1960 to 2009 to have inter-comparison among the data sets. Among
the data sets, OAFlux SST displayed the maximum warming rate
(0.24°C/decade). Lowest magnitude was observed in the ERSST data. In
general, all data except ERSST showed the highest warming trend at the
central equatorial region though there is a difference in their magnitudes. This

was in general agreement with Suryachandra et al. (2012).

Another important outcome of the study is that the higher warming
rate at the equatorial areas. This feature is very clear in all the data sets
except the ERSST data. The deviation in the distribution for this data from
others could be due to the difference in spatial resolution. There are large
differences in the values of decadal trend for other areas in Indian Ocean. The
trend values were lower at the northern Arabian Sea and Bay of Bengal for
HadISST. ECMWEF SST showed the lowest trend at the northern Bay of Bengal

compared to others.
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Figure 6.5 Geograpbhical distribution of warming trend using (a) OAFlux

(b) HadISST (c) ERSST and (d) ECMWEF SST products. Trend was estimated
for the period 1960 to 2009.

In OAFlux and ECMWF data sets, a very high warming rate was found off
Madagascar. It was lesser for HadISST and was absent in the ERSST. A high
warming rate was found at the eastern equatorial Indian Ocean only in

ECMWF data.
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6.6 Trends in Heat Flux and Wind

To understand the cause of spatial variation in the long warming trend,
trend analysis was performed on heat flux data. Heat flux on shortwave
radiation, longwave radiation, latent heat flux and sensible heat flux from
OAFlux was used. The data covers a period of 1984 to 2009 only which is
lesser than that applied for SST data. However, since the trend from 1960
onwards was nearly linear, the trend obtained on heat flux can be used to

explain the variability of SST.

Figure 6.6 shows the time series of spatially mean monthly heat fluxes
for the tropical Indian Ocean. Linear trend was estimated for shortwave,
longwave, latent heat and net heat fluxes. The figure explains the overall
trend in heat fluxes of tropical Indian Ocean. Their regional dependencies are

estimated in the following section.

Shortwave radiation did not show any appreciable long term trend. The
very low (negative) value indicates a steady heating from solar radiation. Since
the data convers a period of 26 years, longer variabilities in solar radiation

may be missing.

However, the long wave radiation had a positive trend during this
period. It was increasing at a rate of about 2 Watts/m? per decade. Positive
rate indicates an increasing heat loss from long wave radiation from the
oceans. This is against the current concept on global warming. It is now
established that the increase in carbon dioxide in the atmosphere causes the
global warming by trapping the long wave radiation emitted from land and
ocean. If this is true, then there must a reduction in the loss of long wave
radiation from the earth (and oceans). However, this study indicates an

opposing role of long wave radiation on the observed warming trend.
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Latent heat flux also showed positive trend, indicating an increase in
heat loss from the ocean. The magnitudes of the trend for LHF and LWR are
comparable. Latent heat flux was considered positive for upward (ocean to
atmosphere) fluxes. Hence, positive trend indicates an increase in the heat
loss. The magnitude of trend was 1.84 Watts/m? per decade that was lesser
than that of long wave. Increasing trend in the LHF is due to an increasing

trend in the wind speed.
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Figure 6.6 Time series of monthly mean heat fluxes (shortwave radiation, longwave
radiation, latent heat and net heat flux) and wind speed averaged over the tropical Indian
Ocean. The linear trend estimated for the period 1984 to 2009 is also shown.
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Wind speed had an increasing trend of 0.11 m/s per decade. The trend
in sensible heat flux was much less and is not shown. However, it was
considered in estimating the trend in the net heat flux. Net heat flux showed a
decreasing trend of 4.07 W/m? per decade. It is to be noted that the monthly
net heat flux was positive throughout the year for the tropical Indian Ocean
indicating a net heat input. The sign convention of net heat flux is that heat
gain is considered as positive. The negative trend of net heat flux indicates a
decrease in the net heat gain by the ocean that should cause long term
cooling of the ocean. This cooling effect was mainly contributed by the long
wave and latent heat. The increasing trend in the latent heat flux agrees with

the increasing trend of wind speed.

Figure 6.7 shows the spatial distribution of linear trend for each heat
flux data for the tropical Indian Ocean. Shortwave radiation had only a weak
trend. The zone of high SST trend at the equator nearly coincides with that in
the shortwave radiation. However, the correlation between the two was very
poor in other areas especially at the western Indian Ocean and at the
southeast Indian Ocean. SST did not show any appreciable positive trend in
those areas. Hence, the shortwave radiation in general had only a little

contribution to SST trend.

Figure 6.7b shows the long term trend in long wave radiation. It is to be
noted that these terms are the heat loss terms for the ocean but have [are]
taken as positive. The magnitude of trend in long wave was much higher than
the shortwave radiation. It had high values (above 10 Watts/m’ per decade) at
the northern Arabian Sea. There was a decrease in the long wave heat loss at

the southeast Indian Ocean.
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Figure 6.7 Spatial distribution in the long term trend of (a) shortwave
radiation (b) longwave radiation (c) latent heat
and (d) net heat flux

Latent heat flux showed positive trend (increasing heat loss) at south of
equator but was negative (decreasing heat loss) further south and also at the
northern Arabian Sea (Figure 6.7c). The increasing and decreasing trend in the
latent heat flux should be due corresponding variations in wind speed.

Net heat flux had negative trend throughout the tropical Indian Ocean
except for a positive value at the southwest Indian Ocean (figure 6.7d). This
suggests that fluxes in total contribute to a cooling effect on the north Indian

Ocean. Largest cooling trend was found at few degrees south of equator. It is
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to be noted that SST had an increasing trend at the equatorial areas. Hence,
heat fluxes do not support for the warming trends in the tropical Indian

Ocean.
6.7 Conclusions

This study was envisioned to understand the warming trend in the
tropical Indian Ocean and the Indian Ocean Warm Pool. Long term data sets
on SST, heat fluxes and wind speed, with a time span of 50 year were used in

the analysis.

Warm pool had expanded and intensified during this period. Long term
trend in increasing warm pool size is evident in all the climate data sets
analyzed. There were large differences in the rate of warming in the Indian
Ocean. Highest warming trend was noticed at the equatorial areas. To find the
cause for this warming trend, air-sea heat flux data were also subjected to
long term trend analysis. Shortwave radiation did not have any significant long
term trend. Both long wave radiation and latent heat flux together
contributed a cooling trend. The net heat flux had a negative trend
throughout the north Indian Ocean which implies a cooling impact on the
ocean. If the global warming was contributed by the increased quantity of
atmospheric carbon dioxide, then there must be a reduction in the long wave
heat loss. This analysis, however, showed an opposite effect of long wave
radiation. Hence, the increased carbon dioxide as reasoning to global warming

may need further confirmation.
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Chapter 7

Modelling SST
In a One-Dimensional
Mixed Layer Model
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7.1. Introduction

The surface layer of the ocean continuously interacts with the
atmosphere and undergoes changes. A number of processes are in action in
this layer such as solar heating, radiative heat loss, mass exchange through
evaporation, precipitation and sea spray, currents, generation of waves and
wave breaking and air-sea gas exchange. The water in the surface layer is
turbulent due to the action of wind, buoyancy, wave breaking and current
shear and is therefore called as Ocean Mixed Layer (OML). The variability in
the depth of this layer, called as mixed layer depth (MLD), has an important
role in the surface layer temperatures of the ocean and is therefore crucial to

the state of the ocean-atmosphere system.

OML is important to biological productivity of the ocean. Since sunlight
is essential for primary production, oceanic productivity is restricted to the
euphotic layer of the ocean that usually falls well within the mixed layer
[Polovina et al., 1995; Fasham, 1995]. Heat budget of the mixed layer is
important in the case of climate conditioning. Acoustic properties of OML are
important for defense application [Sutton et al., 1993]. The fate of SST is also
controlled by processes within the mixed layer. Hence, an understanding of
the processes in the mixed layer and its variability becomes an active area of

research.

SST and hence the warm pool is primarily controlled by the local heat
flux through air-sea interface. The absorbed heat at the surface of the ocean is
diffused downwards through turbulent eddies. Higher mixing will deepen the
mixed layer and reduce the mixed layer temperature and hence SST. It can
also be influenced by the three-dimensional advective processes and remotely
by the propagation of planetary waves. To quantify the role of individual

processes observations alone would be insufficient. Modeling is an alternative
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and dynamical approach the may help to understand complex systems like
ocean. Experiments with the model help us to understand the role of each

forcing terms separately.

Models of the ocean range from very simple to highly complex ones.
Simple models have limited dynamics and usually lesser in dimensions. A one-
dimensional model is the simplest possible one and a complex model will
include realistic dynamics in all the three dimensions. Here, a one-dimensional
model was used to understand the local response of the ocean in terms of SST

to atmospheric forcing from heat flux and wind stress.

The structure of the surface layer of the ocean is shown in Figure 7.1.
OML is typically few tens of meters deep. The energy for mixing comes from
various sources such as wind forcing, wave breaking, current shear and
buoyancy. As a result of mixing, the physical properties such as temperature,

salinity and density become uniform within the mixed layer.
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Figure 7.1 Vertical divisions of the ocean
[source: http://www.nptel.ac.in]
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In the tropical and subtropical areas, OML is bounded below by a
strongly stratified layer where the temperature decreases rapidly with depth,
called as thermocline. Since density is mostly controlled by temperature than
salinity, thermocline usually coincides with the density gradient which is called
as pycnocline. In areas where salinity variations are high such as that in the
Bay of Bengal, the structure of the surface layer will be modified and

additional layer such as barrier layer can also form.

OML is a layer where the mixing is high. To estimate the mixed layer depth
(MLD), it is necessary to measure the turbulent intensity. However, measuring
turbulence is a difficult task at ocean and is not practical in routine
observations at the sea. Due to this reason, mixed layer is defined based on
physical properties such as temperature, salinity and density that are
influenced by turbulent mixing. As a result of mixing, the properties become

nearly homogeneous within the surface layer.

In its simplest form, MLD is defined as the depth up to which the
temperature or density is homogeneous.Density method is often preferred
over temperature as it includes the effect of both temperature and salinity.
Since the upper ocean is not completely homogeneous, this definition is
slightly relaxed and defined as the depth where the absolute difference of a
property from that of its surface exceeds certain threshold value. However,
there is no consensus on the value of this threshold and is usually decided by
the researcher. For example, in the case of temperature, different threshold
values such as 1.0, 0.8, and 0.5°C are used [Obata et al., 1996]. The threshold
for density is about 0.125 Kg/m?, but can also vary. Table 3 and 4 show
relevant literatures on the temperature and density criteria used to compute

mixed layer depth.

Ocean surface is heated by solar radiation. Shortwave part of the
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spectrum penetrates few meters deep into the ocean, thus heating the layer
below the air-sea interface. On the other hand, the longwave part of radiation
gets absorbed within few centimeters at the surface. The cooling of the OML
comes from both radiative (long wave) and turbulent (latent and sensible)
heat fluxes. The heat absorbed from net heat is then transported deeper into
the ocean by turbulence mixing. If the net heat is negative, the convection

occurs due to instability and can cause deeper mixing.

Author At
Thompson (1976) 0.2
Lamb (1984) 1.0
Price et al. (1986) 0.5
Kelly and Qiu (1995) 0.5
Martin (1985) 0.1
Wagner (1996) 1.0
Obata et al., (1996) 0.5
Monterey and Levitus (1997) 0.5

Table 3 Temperature-based criteria used to estimate MLD
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Author A,

Miller (1976) 0.125
Levitus (1982) 0.125
Lewis et al., (1990) 0.130
Spall (1991) 0.125
Huang and Russell (1994) 0.125

Table 4 Density-based criteria used to estimate MLD

The deepening of mixed layer can occur only through an entrainment
process at the base of the mixed layer. Entrainment occurs when there is
sufficient turbulent energy to deepen the mixed layer and can result in the
overall cooling of mixed layer. The water at the deepest part of the mixed-
layer need not be re-entrained within a seasonal cycle and hence subducted.
Large subduction rates are found in regions of where horizontal gradients in
the mixed layer are large. Thus variation in mixed-layer depth is important to

the ocean thermal structure.
7.2 Mixed Layer Variability

Unlike atmospheric boundary layer, OML variability is lesser known. This is
mostly due to the limited observations in the oceans and partly due to the lack
of clarity in defining the mixed layer. By using different criteria and different
threshold values, MLD can have different values even for a single profile data.
Because of these reasons, the accuracy in the MLD is of little importance.
Diurnal Variability

On diurnal scale, OML is heated by the shortwave radiation and makes
the OML shallow during day time. At night, heat is lost from surface and the

water column becomes unstable and induces convective mixing which leads to
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an increase in the OML depth [Spigel et al., 1986].

Seasonal Variability

Seasonal variability of the OML is a prime factor that modulates air-sea
interaction at mid and low latitudes. The spring and summer warming makes
the surface water more stratified and makes the OML shallow. Stronger wind
and surface cooling deepens OML during autumn and winter. At higher

latitudes, convection further deepens OML depth.

Mixed layer has been studied for specific regions and also on global
scales. Schott et al. (2002) have studied the seasonal variation of MLD in the
north Indian Ocean. A fairly good information about the MLD in Arabian Sea
now become available from observational data [Rao et al., 1989; Rao and
Sivakumar, 2003; Sreenivas et al., 2008] and modeling [Prasad, 2004; de Boyer
et al., 2007; McCreary and Kundu, 1989]. MLD undergoes seasonal variabilities
in the north Indian Ocean. Ekman dynamics dominate MLD during summer
whereas convective process during winter. During the intra seasonal periods

MLD become shallow due to high heat input and weak wind.

Marked difference was found in the MLD distribution in Bay of Bengal
as compared to that in Arabian Sea [Gopalakrishna et al., 1988; Rao et al.,
1989; Shenoi et al., 2002; Prasad, 2004; Narvekar and Kumar, 2006]. This was
mostly due to the higher stratififaction and weak winds. MLD at the equatorial
Indian Ocean is driven by Wyrtki Jet (Wyrtki, 1973). Regional MLD studies
were also carried out at the eastern equatorial Indian Ocean [Masson et al.,
2002; Qu and Meyers, 2005; Du et al., 2005]. Kara et al. (2003) have obtained

the climatological MLD distribution over the global oceans.

Inter-annual Variability
Only few attempts were made on the inter-annual variability of OML

especially that driven by ENSO and 10D [Carton et al., 2008; Keerthi et al.,
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2012]. It was well established that the Indian Ocean experiences a basinwide
increase in SST during an El Nino event [Klein et al., 1999]. Using a general
circulation model, Keerthi et al. (2012) found that the magnitude of inter-
annual variability of MLD is higher for IOD than ENSO. However, the impacts
of such climatic events are not spatially uniform but have a strong regional
dependency. It will be interesting to find the regional impact climatic events

on SST and MLD.

7.3 Mixed Layer Model

There are two approaches to model the ocean mixed layer; bulk (or
slab) models and turbulent diffusion models. Bulk models treat the mixed
layer as a slab of water in which the governing equations are vertically
integrated. The variability of mixed layer then depends on the parameterized
value of entrainment rate at the base of the OML. Entrainment is
parameterized in terms of surface fluxes of heat and buoyancy. The mixed

layer depth is the prognostic variable in such models.

On the other hand, diffusion models consider the turbulence within the
mixed layer. Mixed layer is related to the changes in turbulence kinetic energy
budget. There are first and second turbulence closure schemes. In second-
moment closure models, the turbulence equations are closed at the second
moment level. The governing equations consist of conservation equation for

Turbulent Kinetic Energy (TKE) and a set of algebraic equations for turbulence.

A one dimensional mixed layer model, developed at the Naval Post-
Graduate School (NPS), was used to understand the SST dynamics in respect
to high frequency atmospheric forcings [Garwood, 1977]. This model was
based on the previous model formulated by Kraus and Turner (1967). The
model incorporates the production, alteration and destruction of turbulent

kinetic energy within the mixed layer. However, the model ignores the
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dissipation effect on turbulent kinetic energy budget. Later, various
parameterizations were put forwarded for the modeling dissipation. The
advantage of Garwood’s model is the application of better parameterization

schemes.

The objective here is to simulate SST and temperature profile in the
ocean with surface forcings from wind stress and heat fluxes. The model is
initialized with temperature and salinity profiles. The time step of the model is
3600 seconds. The model is forced with heat and momentum fluxes at hourly
intervals. Experiments with the model were made to understand the role of
heat flux and wind stresses on mixed layer variability and SST. Role of wind
stress was studied by running the model with different wind stress scenarios
while keeping the heat fluxes constant. Similarly, the model was forced with
different heat fluxes to understand the response of the ocean to changes in
heat exchanges alone. The model was then run with real initial conditions and

forcings to simulate the real MLD variability.

7.4 Role of Wind Stress

The model was run with idealized conditions to understand the roles of
each forcing terms. Model was initialized with standard temperature and
salinity profiles up top 200m. For this, temperature was taken constant (28°C)
from surface to 100m and allowed to decrease linearly with depth up to
200m. Since salinity variations are smaller in the ocean, a constant salinity
profile was used. Therefore, experiments with the model were not performed
with freshwater fluxes. Standard forcing of the model was then generated. As
the objective here is to experiment the model with different wind stress, heat
flux was kept constant. Different cases of wind stress such as constant and
varying were considered.

Constant Wind Stress
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To understand the role of wind stress on the ocean surface layer
variability and SST, the model was run with different wind forcing conditions
keeping constant heat fluxes. In the first run, the model was forced with a
wind stress of 0.3 dynes/cm? and is shown in Figure 7.2. A typical temperature
profile of the tropical ocean was used as initial conditions for all the cases. The
temperature is taken constant up to 100m and then allowed to decrease
linearly further with depth. The maximum depth was 200m with a resolution
of 1m. Since salinity does not have a typical profile in the ocean, a constant
salinity was assumed. Thermal forcing was done in terms of heat gain and
total heat loss. Here both terms were kept zero and hence the net heat flux

also was zero. Model was run for 20 days with a time step of 3600 seconds.
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Figure 7.2 Model run forced with a constant wind stress (Tau = 0.3 dynes/cmz).
No forcing from heat flux was included where heat gain, heat losses and hence net
heat fluxes were zero. MLD and SST are the model outputs.

Model output shows a constant MLD (~25m) during the entire period of
the model run. The wind stress used was low and hence resulted in a shallow
mixed layer. The temperature profile remained unchanged (not shown). This is

reasonable as there was no heat exchange, the temperature profile should
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remain the same and so SST.
Higher wind stress

The objective here was to observe the ocean response to a higher wind
forcing. a higher wind stress of 0.6 dynes/cm? forcing was applied to the same
condition as the first model run. Figure 7.3 shows the result of this model run.
In this case, MLD was increased in response to the higher wind stress. There
was no change in the temperature profile and SST.
Increasing Wind Stress

In this run (Figure 7.4), the model was forced with linearly increasing
wind stress. From this model run it was observed that the mixed layer
responded positively to the wind forcing with an increase. This is a good result
from the model where the mixed layer depth has changed from enhancing
turbulent mixing. SST and temperature profiles were, however, remained the

same.
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Figure 7.3 Model output with higher wind stress

138



Tau

Qs, QI

1.0

Q.5

Q.0

400
3J0Q
20Q
100 -

-10Q -
—200
—=30Q

—4Q0

Qnet

SST

Figure 7.4 Model output with linearly increasing wind stress

100

Q24

6 8101214161820

Q+

Q-

Q24

6 8101214161820

T
Q24

T T T T T T
6 8101214161820

ML D

T
Q24

1 1 L} 1 1 1

T
6 8101214161820

Q24

6 8101214161820

Days

139



7.5 Role of Heat fluxes

The objective here was to understand the response of ocean to varying
heat flux conditions. Different heat flux forcings scenarios were applied while
keeping the wind stress constant.

Constant Heat Fluxes and Zero Net Flux

Figure 7.5 shows the conditions for this model run. In this run, the
model was forced with a constant wind stress. Same profiles were used as in
the previous runs. A heat gain of about 330 W/m? was applied and was taken
constant throughout the period and also during day and night. This is a
hypothetical condition because in reality there is no solar input during night.
An equal amount of heat loss was also applied to have a zero net heat flux

between ocean and atmosphere.

The model result showed a small increase in the MLD during the period
of model run. The increase was nonlinear suggesting some dependency of
MLD on heat fluxes even though net heat flux is zero. SST remained constant
as the net heat flux was zero.

Positive Net Heat Flux

The model was initialized as before and forced with a positive net heat
flux to see the ocean's response to a positive net heat input (Figure 7.6). As
before, the heat fluxes were constant during the diurnal period and also
throughout the model run. The heat loss was taken 80% of heat gain so that
net heat flux is positive. Model produced an increase in the temperature of
the surface layer and hence SST. MLD was found almost steady during this
run. There is a good response from the model; with an excess heat input,

ocean surface turns warmer.
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Negative Net Heat Flux

In this run, heat fluxes were adjusted to have a negative net heat flux
(Figure 7.7). Heat loss was taken higher than the heat gain so that net heat is
negative. The diurnal variation in the heat flux was again not taken into

account and was rather made independent of day and night.

The model showed a different result in this case. MLD was found
increasing with time though the wind stress remained constant. The
deepening of MLD should be due to the negative buoyancy created with the
net heat loss at the surface. Due to heat loss, convective processes develop

that can increase MLD through convective mixing.

To understand the role of entrainment at the bottom of the mixed layer,
the model was run with and without entrainment (Figure 7.8). Without
entrainment, the part of the temperature profile at the bottom of mixed layer
showed an unrealistic behavior. For example, the layer below mixed layer was
totally unaffected by the changes occurring in the mixed layer. In other words,
the surface mixed layer is isolated from the layer below. This shows that
entrainment is necessary to keep the profile more realistic.

Diurnal Heat Flux with Zero Net Flux

The model was run with more realistic heat flux forcing having diurnal
variability (Figure 7.9). Shortwave radiation was assigned zero values during
night and allowed to vary during the day time. Heat gain was highest around
noon time. An equal but negative flux was assigned for the heat loss so that

net heat flux is zero at each time of the day.
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Figure 7.8 Model run without mixed layer entrainment

The response of the ocean to this hypothetical forcing was interesting. A
diurnal variability of the mixed layer was found during the period of model
run. Since wind stress was constant, the response of the mixed layer should be
due to the diurnally varying heat fluxes alone. The amplitude of oscillation was

found to increase with time.
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Diurnal Heat Flux with Positive Net Flux

In this case, a net positive heat flux was introduced in the diurnal heat flux
forcing (Figure 7.10). Heat gain was taken higher than the heat loss so that
ocean gains heat during each time of the day time. Heat loss was taken 0.6
times that of the heat gain. At night, however, both heat gain and loss terms
were set zero. This is also different from the real situation that oceans do have

a heat loss during night time mainly from the long wave radiation.

Model MLD output showed a different behavior in this case. It had
smaller values (~20m) as compared to the previous case where net heat flux
was zero. The diurnal variation of the MLD was also greatly damped. With the
positive heat input, the upper layer of the ocean responded with an unusual
increase in the temperature. The temperature up to a depth of about 70m
only was responded to this heating. This is also evident in the SST which
showed a continuous increase.

Diurnal Heat Flux with Negative Net Flux

Here, the heat loss was higher than heat gain so that net heat is
negative (Figure 7.11). Heat loss was taken 1.4 times that of heat gain. The
diurnal cycle of heat flux was retained. Model result showed an MLD that had

diurnal oscillations.
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7.6. Simulation

Here the model was run with realistic ocean and atmospheric data to
simulate SST. The model was applied to the geographic location of 8°S, 67°E.
The model was initialized with temperature profile of 16-08-2008. The
temperature data was obtained from RAMA (Research Moored Array for
African-Asian-Australian Monsoon Analysis and Prediction) buoys. RAMA
buoys are the buoy systems in Indian Ocean as part of the Global Tropical
Moored Buoy Array. The temperature profile was interpolated linearly at
each one meter depth. It was found that the interpolation by cubic spline
method was not suitable as it introduced subsurface temperature inversion
that appeared unrealistic. A constant salinity profile was used as in the
previous test runs. This was because of two reasons. One is that RAMA data
had salinity readings only up to 100m which was not sufficient for model run.
Another reason is that the RAMA salinity data up to 100m was found nearly

constant with depth.

The forcing data was obtained from OAFlux project (Yu and Weller,
2007). The daily averaged OAFlux data on Wind and heat fluxes (shortwave
radiation, longwave radiation, latent heat and sensible heat) were
downloaded from the Asia-Pacific Data Research Center (APDRC) website. The
total heat loss was computed as the sum of longwave radiation, latent heat
and sensible heat fluxes. It is to note that the model had to be forced with
hourly wind and heat fluxes. Since hourly data was not available, the daily
mean was used after interpolating at hourly intervals. This forcing does not
contain a diurnal variability and may not truly represent the real ocean. The
wind stress forcing was made using daily wind speed data of OAFlux
downloaded from APDRC website. Wind stress was computed using the bulk

formula for wind stress and was also interpolated at hourly interval. The

150



model was forced for 15 days.

The result of the model run is shown in Figure 7.12. The initial
temperature profile was similar to that of the typical profile used in the test
runs. The discontinuity below the isothermal layer is a result of linear
interpolation. Wind stress had showed a variation of about 0.2 to 0.3
dynes/cm?. Shortwave radiation had a variation from 200 to 300 W/m?. Total
heat loss also had a similar magnitude. The net heat flux varied between

100 W/m?.

MLD estimated by the model had a lower magnitude (~*20m) and was
almost steady during the period. However, there was an increase in the
isothermal layer with time. The model was validated with daily SST obtained
from OAFlux. The SST output from the model (red color) was compared with
the daily mean SST obtained during the same period from OAFlux (blue color).
From the comparison it was found that the model performance was
satisfactory, though not excellent. The absence of a close match could be due
to several reasons especially from the one-dimensional restriction that ignores
the three dimensional processes that contribute to SST variability and also

from the lack of hourly forcing data.
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Figure 7.12 Simulation of SST and temperature profile. Model SST is shown in
red color and observed SST is in blue color

7.7 Conclusions

A one-dimensional numerical ocean model [Garwood et al., 1977] was
used to study the mechanism for the evolution of SST. The model employs a
second order turbulence scheme and is forced with hourly wind stress and
heat fluxes. Hence, the model can be used to simulate the diurnal cycle of
mixed layer and SST.

The model was forced with test forcings as controlled experiments to
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understand the role of each forcing on MLD variability. Running time of the
model was up to 20 days. Role of wind stress was studied by keeping the heat
fluxes constant (zero net heat flux in this case) and applying different wind
stresses. Three cases of wind stresses were considered. In the first case, wind
stress was constant for the entire period of model run. In the second run, a
higher constant wind stress was used. Then an increasing wind stress was
used. The result showed a positive response of MLD to wind stress. As the
wind stress increased, a corresponding MLD was obtained. Since the net heat
flux was zero, there was no change in the mixed layer temperature and hence

SST.

In the second test case, role of heat fluxes were studied. Here, a
constant wind stress was used and allowed the model to respond to varying
heat fluxes. Two cases of heat flux conditions were used such as constant heat
flux throughout the period and a diurnally varying heat fluxes. In each case,
sub cases of zero, positive and negative net heat fluxes were considered. In
the constant heat flux cases, SST responded well with the net heat fluxes. As
the net heat flux was set to zero, SST remained unchanged. With positive
(negative) net heat fluxes, SST showed a continuous increase (decrease) with
time. In the diurnal forcing cases, SST behaved in the similar fashion
responding positively to heat fluxes. The MLD also had a diurnal response to
heat fluxes. As the net heat flux was positive, MLD did not show much
variation whereas when net heat flux was negative, MLD had large (> 20m)
variation in a day. This could be due to the convective mixing at night caused

by the net heat loss which the model correctly simulated.

In the real case, the model was run with daily mean forcing data as
hourly data was unavailable. Obviously, the model was not expected to
simulate the exact magnitudes of MLD and SST, but was intended to follow

only the trend. The model output of SST was compared with observation. It
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was found that the model SST pattern had a closer resemblance with that of
observation, even though the forcing was not fully realistic. Hourly forcing is

expected to give a better response from the model.
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Chapter 8
Summary and Conclusions
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Ocean temperature change is a major concern for the climate system.
The impact of the current global warming is reflected in atmosphere, ocean
and over land. Oceanic warming is now identified in all the oceans both at
surface and subsurface. The warmest waters of the ocean have further
consequences on the weather through anomalies in atmospheric convection,
cyclones and monsoons. Hence, such warm oceanic areas were studied with
special interest and are often called as ‘warm pools’. The thesis targets the
variabilities in the SST and warm pool of the Indian Ocean (IOWP) for the past

several decades.

A climatological variability of the warm pool was obtained to
understand the seasonal and annual variabilities of warm pool. It was found
that warm pools attain maximum intensity during the spring season rather
than at the peak summer season. The cause of this was found to be due to
strong advection in the ocean and also due to a reduction in solar radiation by
increase in clouds. A variation in the geographical position of the warm pool
also was identified. Wind tends to converge at core of the warm pool. Hence,
a seasonal oscillation in the wind does occur as the warm pool undergoes
seasonal variabilities in its orientation. Warm pools are zones of strong air-sea
interaction. Strong vertical movements in the air associated with deep
atmospheric convection control the weather system. Low outgoing long wave
radiation was found over IOWP that indicates strong convection. Annual heat
budget estimate was done for the Indian Ocean to understand the role of heat
fluxes on SST on annual scale. The correlation between them was found weak

over many areas.

The seasonality is a strong cycle of variability in the ocean and
atmosphere. Though it repeats each year, there can be small variations in
their magnitude from year to year, called as inter-annual variation. Even

though small in magnitude, they can have significant changes to the
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seasonality of that year. The inter-annual variability of IOWP and SST in
general was studied. A major shift in the seasonality in Indian Ocean is
associated with ENSO. ENSO is an inter-annual changes occurring in the SST of
tropical Pacific Ocean. Though geographically constrained, all the oceans are
connected to each other through atmospheric processes. Hence, anomalous
signals in one ocean can affect other oceans. It was found that inter-annual
variabilities in Indian Ocean are mostly associated with ENSO in the Pacific. In
this context, the changes to Indian Ocean SST and warm pool were studied on

inter-annual scale.

The spectral analysis showed the major variabilities in the SST data at
annual and semi-annual time scales. Weak signals of inter-annual variability
were also observed at ENSO time scale. This has confirmed the role of ENSO
on Indian Ocean SST as both had variabilities at nearly the same period. The
magnitude of inter-annual anomalies in SST was comparable to that of
seasonal. Weaker inter-annual changes occurred at the equatorial areas. The
Indian Ocean SST as a whole responded positively to developments in the
Pacific. A lag of 3-4 months between them is interesting and needs more
research to identify the mechanism that links both the oceans. Excess
warming was observed in Indian Ocean associated with each El Nino. Initial
signals of warming were found at the western Indian Ocean which spreads to
other areas as an El Nino intensifies. There had been different opinions about
the cause of anomalous warming in Indian Ocean during El Nino periods. A
heat budget analysis was performed to see the role of heat fluxes on the
anomalous warming. However, a positive relationship between them was
lacking. Role of oceans through mixing and planetary waves were found to be

as major factors for the inter-annual variations in SST.

The long term trend of warming was studied using data over 100 years.

Warming trend until 1950s was not significant but enhanced since 1960s.
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Study showed that IOWP was expanded considerably during the past 50 years.
A substantial increase (67%) in warm pool area was observed during the
period 1960 to 2010. Rate of warming was, however, found to be varying
among the data sets. The spatial bias in the warming trend was estimated. The
analysis showed a higher warming rate at the equatorial Indian Ocean. This
result is in agreement with earlier reports [Suryachandra et al., 2012]. Again,
variations in magnitude were found among the data sets. The trends in heat
fluxes and wind speed were estimated to find their role in the long term
warming trend in the ocean. The result showed very interesting and
contradicting evidence on the present concept of global warming. Due to
excess carbon dioxide in the atmosphere, a decrease in the net heat loss from
long wave back radiation was expected. However, the trend in long wave
radiation was against this concept. A higher heat loss was found in both long
wave back radiation and latent heat flux, both contributed to an increasing
heat loss from the ocean. Hence, the role of heat fluxes on the long term

trend of SST is absent and was in fact found opposing.

The role of heat fluxes was quantified using the temperature tendency
equation. The equation was simplified by neglecting advective and diffusive
effects. This is reasonable for variations over shorter time periods. The
changes in SST were considered only due to net heat fluxes and ocean mixing.
With constant mixed layer depth, the SST was reproduced well but failed
when realistic MLD was used. This may point to the importance of the terms

neglected or to a better formulation of the relationship.

A modeling study was attempted to understand the ocean’s responds
to short-term forcings. A one-dimensional mixed layer model of the ocean
with hourly forcing of wind stress and heat fluxes was used to simulate the
response of ocean to individual and combined forcings. The model was forced

with a variety of combinations of forcings. Model Ocean’s response to varying
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wind stress was satisfactory. Higher mixing occurred with increased wind
stress. Forcing from heat flux was found to influence the SST to some extent.
As the net heat flux was zero, SST remained unchanged. With positive
(negative) net heat fluxes, SST showed a continuous increase (decrease) with
time. This response of the model was encouraging and helps in explaining the
warming trend in the Indian Ocean. Diurnal oscillation in mixed layer is also
interesting and needs further study. Due to the non-availability of realistic
forcing data at hourly basis, the model was simulated with daily mean wind
stress and heat fluxes. Though the result from this model run is not fully

convincing, it inspires for a deeper study in the future.
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Abstract

Recent studies have indicated that the tropical Indian Ocean is warming
consistently with varying spatial magnitudes. Higher warming trend (0.2°C per
decade) was observed at central equatorial areas and a relatively lesser warming rate
in the northern Indian Ocean. Though the warming trend has been identified, it is not
clear whether the trend is uniformly distributed for each month or it is seasonally
biased. This paper investigates the warming trend on monthly and seasonal basis to
further understand its seasonality. The results are reviewed in light of global warming
and analyzed in relation to known variability in climatic parameters.

Introduction

Climatic variability studies have shown warming trends in tropical oceans
during the past several decades (Levitus et al. 2000, 2005; Willis et al. 2004; Webster
et al., 2006; Alory et al., 2007; Du and Xie, 2008; Zhang ef al., 2009; Rao et al.
2012). The warming trend has been identified in all types of climatic data sets.

" “Levitus er al. (2000, 2005) observed an increase in the heat content of about
2x10% Joules for the upper 3000m of oceans during a period of 50 years. This
increase in heat content was due to an increase in the warming of the water volume. It
is also interesting to note that the timing of warming trend is different for each ocean.
Warming trend in Indian Ocean began after a gap of about 10 years of that in the
Pacific and Atlantic. Willis et al. (2004) also found an increase in the heat content of
world oceans for a shorter data period of 10 years and estimated the rate as 0.86 watts
per square meter. Due to warming, the sea level also increased during the period and
that confirms warming. They found that the major part of this mean global warming
trend was contributed by the southern mid latitudes where the rate of warming is
higher.

Webster et al. (2006) detected expansion of warm pools in a 150 year long
data. Warm pool is defined as oceanic surface waters with SST higher than 28°C
(Wyrtki, 1989). Zhang ef al. (2009) studied the trend of warm pool in Indian
Ocean.Warm pools have been found to have increased by 80% in a time span of 50
years. Using historical temperature data, Alory et al. (2007) found a linear trend in the
warming of upper waters. Cause of this warming was believed to be an increase in the
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INTRODUCTION

Oceanic surface waters, having temperatures higher than 28°C are often called ‘warm pools’.
Warm pools are found in all tropical oceans and are important indices to climate and climate
changes. Higher Sea Surface Temperatures (SST) in warm pool makes it as areas of active
air-sea interaction and favor atmospheric convection [Gadgil, (1986); Graham and Barnet,

(1987)].

It has been observed recently that the Indian Ocean Warm Pool (IOWP) varies seasonally
[Vinayachandran and Shetye, (1991); Saji et al., (2013)] and expanding year by year on a
consistent manner [Alory et al., (2007); Suryachandra et al., (2012)]. The expansion has
accelerated since 1970 which supports the human contribution to the -warming phenomenon.
The increase in the area of IOWP was also confirmed with the southward and westward
displacement of southern and western edges of the warm pool respectively on interannual
time scale [Zhang et al., (2009)].

The increase in SST, as part of global warming, is considered as a consequence of human
induced climate change as suggested by Yan and Xie (2008). As reasoning to the warming,
the authors hypothesize that the increase in greenhouse'gas emissions enhances the net
downward longwave radiation which further leads to a weakening in wind speed and thereby
suppress the turbulent heat loss from the ocean.

The objective of this study is to recognize the longterm trends (per decade) in IOWP surface
area and its mean temperature. Though it was revealed that IOWP, as a whole, was expanding
over the last few decades, longterm trend in its subdivision of temperatures have not been
analyzed yet. Hence we present the trend analysis in temperature within subdivisions of the
warm pool to identify their contributions to the total warm pool behavior. Spatial distribution
too of warming trend was obtained to identify the regional differences. SST trend was
compared with that of net heat flux to find the role of heat fluxes on SST.

MATERIALS AND AND METHODS

In this study, we use the monthly, 1 x 1° gridded data sets of SST, heat fluxes (shortwave,
longwave, latent heat and sensible heat) of Objectively Analyzed air-sea Fluxes (OAFlux)
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Annual and interannual variation of Indian Ocean Warm Pool (IOWP) was studied using satellite and in
situ ocean temperature data. IOWP surface area undergoes a strong annual cycle attaining a maximum of 24

x 10%m? during April and minimum of 10 X 10%m’ in

August. Unlike surface area, warm pool was deeper

(90m) during August than in April. Higher vertical extent was found both at eastern equatorial Indian Ocean

and south-eastern Arabian Sea. Frequency distributi

30-31) exhibited independent seasonal variations.
associated with ENSO events.

on of temperatures at one degree interval (28-29, 29-30,
The interannual variation of IOWP was found to be

[Keywords: Warm Pool; Sea Surface Temperature; Indian Ocean; TIOWP]

Introduction

Warm oceanic waters are often called as warm
pools‘. Researchers have used different criteria to
define warm pool based on the lower limit of
temperature. For example, Wyrtki1 had used 28°C
as the lower limit whereas Chacko et al* used
30°C. The selection of lower temperature limit
depends on the spatial scale of the warm pool of
interest. For the study of warm pools on a larger
scale, 28°C was considered as a better choice
whereas for small scale warm pools (‘mini warm
pool’), higher cut off values can be adopted. Since
the focus of our study is on a basin scale warm
pool of Indian Ocean, we follow Wyrtki’s criteria
of 28°C to define the warm pool.

Warm pools are features of tropical oceans and
are an important entity for the climate™®. Warm
pools are identified as areas of strong atmospheric
convection, convergence of surface wind, and
high precipitation9"6. Among the warm pools,
Pacific warm pool has been studied extensively
over the last two decades due to its close
association with the formation of El Nino. Recent
studies on IOWP now confirm its role on the
climate of Indian Ocean and Indian monsoon
rainfall. Vinayachandran and Shetye'” studied the
climatological aspect of IOWP. Josephlg found
that the monsoon vortex which is essential for the
onset of summer mOnsoon rainfall over India,
forms over the warmest part of IOWP in Arabian
Sea. Zhang et al" identified the role of Indian
Ocean Dipole on IOWP variability.

Present study consists the evolution and
features of IOWP on seasonal and interannual
time scales. Climatological evolution of IOWP
studied earlier used Levitus data which had a
spatial resolution of 1° x 1°. In this study, we also
use satellite data which had a better resolution and
accuracy than Levitus data.

Material and Methods

The data used in this study consist of Sea
Surface Temperature (SST) data (monthly and
climatology) from Tropical Rainfall Measuring
Mission (TRMM) Microwave kmager (TMI) and
Levitus World  Ocean Atlas  subsurface
temperature data®  TMI 88T has a spatial
resolution of 0.25°%0.25°. Climatological version
of this data was used to study the annual
evolution of IOWP. IOWP surface area for a
month was obtained by computing the number of
grids having SST greater than 28°C and then
multiplying it with unit grid area (275 % 213
km?). Levitus climatology was used to estimate
the depth of warm pool by locating the 28°C
isotherm (D28) in the vertical. Monthly TMI SST
data for the period 1998 to 2009 was used to
study the interannual variations in IOWP surface
area.

Result and Discussions

Climatological variability

Figure 1 shows the climatological variation of
IOWP surface area. It showed a simple annual
cycle with one minimum and one maximum.
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Abstract

Oceans are currently undergoing a warming phase in response to global
climate change. Rate of warming is however not uniform within a particular
ocean and also between the oceans. Utilizing Sea Surface Temperature (SST)
data of 53 years (1960-2012), we studied the warming- trend(s) in Indian
Ocean (IO) on a monthly, seasonal and annual scale applying statistical
regression tools. Higher warming rate [0. 30°C/decade] has been identified in
the equatorial IO. Over the tropical Indian Ocean, rate of warming had varied
from 0. 05 to 0. 30°C/decade. We also find that ICOADS data has limitations
in producing the basin wide estimate of long term warming trend due to the
limited data coverage.

Keywords: Globalwarming, SST, Indian Ocean, Trend analysis

Introduction

The two key environmental issues among climate researchers in the last two decades
are global warming and climate change. Both are related in such a way that the reason
for ongoing climate changes is the impact of global warming. There is a steady
increase in the greenhouse gases since the industrial revolution and 70% increase was
noticed between 1970 and 2004 [1]. Many studies have confirmed that Indian Ocean
(IO) is warming consistently [2-6]. It is observed that the changes in net air-sea heat
flux induced by green house gases are responsible for this warming [2-5, 7]. From the
study of the linear trend over the last 100 years (1906-2005), thefourth assessment
report of the Intergovernmental Panel on Climate Change (IPCC 2007) have observed
that the global mean surface temperature have risen by 0. 74%+ 0. 18°C. This means
that the rate of warming over the recent 50 years is almost double of that over the past
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Abstract The summer monsoon contributes to about 75 % of mean annual rainfall over
the various meteorological subdivisions of India. The role of ocean—atmosphere phe-
nomena such as Indian Ocean Dipole (IOD) and El Nino-Southern Oscillation (ENSO) on
the Indian monsoon activity is intriguing. The impacts of ENSO, IOD and Equatorial
Indian Ocean Oscillation on monsoon are distinct. The ENSO (IOD) in general affects the
monsoon negatively (positively). The present study aims to understand the role of different
types of I0OD such as early IOD (EIOD), normal IOD and prolonged IOD (PIOD) on Indian
Summer Monsoon Rainfall (ISMR). We find that an EIOD, which peaks in the mid-
monsoon months (July and August), plays a significant role like PIOD in enhancing ISMR
even though it has a medium Dipole Mode Index amplitude value compared to other IODs.
During an EIOD, the combined effect of excess evaporation from Arabian Sea and the
stronger cross-equatorial flow leads to the enhanced monsoon activity. In addition, there is
a substantial decrease in the number of break spells during EIOD years.

Keywords Monsoon - Break - Indian Ocean Dipole - Indian Ocean

1 Introduction

The IOD is a coupled ocean and atmosphere phenomenon in the Indian Ocean (IO) that
affects the seasonal climate of countries that surround the Indian Ocean (Saji et al. 1999).
The intensity of IOD is represented by an index called Dipole Mode Index (DMI), which is
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