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Preface

Tropical cyclones genesis, movement and intensification are highly dependent
on its environment both oceanic and atmospheric. This thesis has made a detailed
study on the environmental factors related to tropical cyclones of North Indian
Ocean basin. This ocean basin has produced only 6% of the global tropical
cyclones annually but it has caused maximum loss of human life associated with
the strong winds, heavy rain and particularly storm surges that accompany severe
cyclones as they strike the heavily populated coastal areas.

Atmospheric factors studied in the thesis are the moisture content of the
atmosphere, instability of the atmosphere that produces thunderstorms which
are the main source of energy for the tropical cyclone, vertical wind shear to
which cyclones are highly sensitive and the Sub-Tropical westerly Jetsteram and
its Asian high speed center. The oceanic parameters studied are sea surface
temperature and heat storage in the top layer of the ocean. A major portion of the
thesis has dealt with the three temporal variabilities of tropical cyclone frequency
namely intra-seasonal (mainly the influence of Madden Julian Oscillation), inter-
annual (the relation with El Nino Southern Oscillation) and decadal variabilities.
Regarding decadal variability, a prominent four decade oscillation in the frequency
of both tropical cyclones and monsoon depressions unique to the Indian Ocean
basin has been brought out.

The thesis consists of 9 chapters. The first chapter ‘Introduction’ has given a
detailed review of the available literature on tropical cyclones as relevant to this
thesis. The climatology of tropical cyclones and the environmental parameters
of North Indian Ocean basin have been described. Details of the datasets used
in this thesis are given in chapter-2. The temporal variabilities associated with
tropical cyclones are studied in chapters 3 to 5. The influence of Madden-Julian
Oscillation of period ranging from 30 to 60 days on the genesis of tropical cyclones
is discussed in chapter-3. One of the main findings is that the cyclone genesis
preferentially occurs in the convective phase of Madden-Julian Oscillation. One
of the major global factors creating inter-annual variations in atmospheric circu-

lation and climate is the El Nino Southern Oscillation phenomenon whose period



ranges from 2 to 7 years. The inter-annual variations in the tropical cyclones
particularly its genesis, movement and intensity associated with El Nino South-
ern Oscillation have been studied in chapter-4. A very important finding of the
thesis is the establishment of a four decade oscillation in the tropical cyclones
and monsoon depressions unique to the North Indian Ocean basin. Its associa-
tion with sea surface temperature and the lower tropospheric wind particularly
the low level Jetstream of the monsoon season has been brought out.

Cyclones intensify through several stages like severe cyclone, very severe cy-
clone (hurricane intensity) and super cyclones. The maximum potential intensity
(MPI) of a tropical cyclone is dependent on the characteristics of the oceanic and
atmospheric environment. Chapter-6 has studied the MPT of tropical cyclones of
North Indian Ocean and the actual intensification of the cyclones with respect
to MPI. Several factors are found related to the intensification of the cyclones of
this basin like sea surface temperature, vertical wind shear in the atmosphere,
temperature of the cyclone outflow region in the upper troposphere, translation
speed of the cyclone over the ocean which controls the absorption of heat and
moisture fluxes from the ocean and lastly very important for the land locked
North Indian Ocean basin, the life duration of the cyclone.

Cyclone Gonu became a super cyclone on 4th June 2007 when it was located
in the Arabian Sea. It is the first cyclone which attained super cyclone intensity
in the Arabian Sea during the period of available observations spanning more
than a century. Chapter-7 has given a detail case study of the intensification
process of cyclone Gonu which occurred along with the summer monsoon onset
over India that year. Positive sea surface height anomalies (SSHA) which are
areas of high heat storage in the top layer of the ocean is found important for
the rapid intensification of cyclone Gonu. The heat storage in these warm SSHA
eddies are extracted by the deep moist convection in the central region of the
cyclone that helped in the rapid intensification of the cyclone.

The Sub Tropical Jetstream (STJ) and the troughs associated with it have
been studied in several ocean basins as associated with the movement and inten-
sification of tropical cyclones. There are very few studies on the association of the
high speed center (HSC) of STJ in the intensification of the cyclones. Chapter-8
has studied the important role played by the Asian HSC on the intensification of

vi



northward moving cyclones of Bay of Bengal. As the cyclone moves north over
the Bay, two features happen (a) the intensification of the cyclone when it enters
the divergent right entrance region of the HSC and (b) in turn the strengthening
of the HSC winds by the interaction with the cyclone heat source. Chapter-9
has given the summary and conclusions of this thesis. Important findings of this

thesis have been highlighted in this chapter.
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Chapter 1

Introduction

1.1 General details

Tropical cyclones are synoptic scale low pressure systems which form over the
warm tropical oceans characterized by strong cyclonic winds and organized con-
vection with heavy rainfall. These warm core systems are driven by the latent
heat energy released in the convective clouds in their central regions. A tropical
cyclone generates surface winds which exceed 17 ms™' (33 knots); in extreme
cases winds reach 90 ms™' (175 knots). Tropical cyclone with its tremendous
fury and destructive power has been a disastrous event for the people in coastal
areas and ships on high seas throughout the history of human race.

Tropical cyclones can impact over a wide area with its strong winds, heavy
rains and storm surges. The greatest damage to life and property is from the
storm surges associated with the cyclone, where as the storm approaches the
coast, sea level raises rapidly and the sea enters land. Death toll in a single
cyclone has reached very high figures, for example a cyclone in November 1970
which had landfall over Bangladesh coast killed nearly 300,000 people. In ar-
eas such as north Bay of Bengal, high storm surges occur due to the prevailing
bathymetry. Eight of the ten deadliest tropical cyclones globally have occurred
in the Bay of Bengal and the Arabian Sea with five impacting Bangladesh and
three making landfall in India (WMO, 2010). In the recent years, during the

2005 Atlantic hurricane season, tropical cyclones Katrina, Rita and Wilma dev-



Chapter-1. Introduction

astated the North American continent causing about 4000 deaths; these storms
were accompanied by huge damage in the coastal areas.

The life duration of tropical cyclones range from several days to several weeks.
A typical mature tropical cyclone has a low pressure central region called the
‘core’ region which in a severe cyclone develops an ‘eye’ of radius 5 to 30 km
surrounded by a ring of cumulonimbus clouds of radial width 10-15 kms called
the ‘wall cloud” (see figure 1.1). In the severest of cyclones the atmospheric
pressure inside the eye is about 10% lesser than that outside the cyclone at sea
level. With the friction in the atmospheric boundary layer winds are forced to
flow inward cyclonically (anti-clockwise in Northern Hemisphere and clockwise in
Southern Hemisphere) spiralling up to the wall cloud in the lower levels of the
atmosphere. At the wall cloud there is strong upward motion field which takes
the warm moist air upward in cumulonimbus clouds. In the upper troposphere
the mass flux from the central region of the cyclone is outward. The strongest
radial inflow of the cyclone occurs in the layer between surface and 850 hPa, while
the strongest outflow occurs between 300 and 100 hPa. The inflowing air creates
spiral bands of cumulonimbus clouds from a radial distance of about 300 kms to

the wall cloud. Maximum wind and rainfall in a tropical cyclone is in the wall

Inflow Rainbands

@The COMET Program

Figure 1.1: Vertical cross-section of a typical tropical cyclone; image source The

Comet Program.
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cloud region. In the troposphere, the cyclonic winds can extend more than 1000
km from the center of the cyclone. Tropical cyclones have radii ranging from
800 to 1500 kilometers. Cyclones of North Indian Ocean are smaller in radial
size (typically 800 kms) compared to those in the Atlantic and Pacific Oceans.
The outflow layer (300 to 100 hPa) consists of a small cyclonic central region of
radius 200 to 300 kms surrounded by a large anticyclonic vortex. The central
region of the tropical cyclone has a warm core with the eye having the highest
temperature. The measured temperature anomaly in the eye region compared to
the mean tropical atmosphere is about 10°C in the lower troposphere and 15° to
18°C in the upper troposphere in very severe cyclones.

Tropical cyclones are classified into different categories according to the max-
imum sustained surface wind speed attained in the core region (wall cloud) or
the minimum pressure reached in the eye of the cyclone (pressure drop of the
cyclone). The generic name tropical cyclone is used when the observed maximum
sustained wind speed is 17 ms™! (34 knots) or more. For measuring the maxi-
mum sustained wind speed, different averaging time periods are used around the
world. The World Meteorological Organization (WMO) convention is to mea-
sure 10 minute average surface wind speed but the United States is following a
1 minute averaging. For the North Indian Ocean Cyclones India Meteorological

Department uses a 3 minute averaging.

1.2 Classification of low pressure systems

Differences exist in nomenclature of tropical low pressure systems in different
ocean basins. In general tropical low pressure systems with maximum sustained
surface wind below 34 knots are called tropical depressions. If the maximum
wind is 34 knots and above, the system is referred as a tropical storm in North
Atlantic and North Pacific but is called as a cyclonic storm in the North Indian
Ocean and a moderate tropical storm in the Southwest Indian Ocean. Once the
system reaches maximum wind of 64 knots and more, it is called hurricane in
the Atlantic, Typhoon in the Western North Pacific and Very Severe tropical
cyclones in North Indian Ocean. Tropical cyclones in North Indian Ocean are

classified into four major categories based on maximum sustained surface wind
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Table 1.1: Classification of low pressure systems in North Indian Ocean

Type MWS (knots) T number
Low Pressure Area < 17 1.0
Depression 17-27 1.5
Deep Depression 28-33 2.0
Cyclonic Storm 34-47 3.0
Severe Cyclonic Storm 48-63 3.5, 4.0
Very Severe Cyclonic Storm 64-119 4.0, 6.0
Super Cyclonic Storm 119> 6.0 >

by India Meteorological Department (IMD). They are cyclonic storm (CS) when
the wind speed ranges from 34 to 47 knots, severe cyclonic storm (SCS) from 48
to 63 knots, very severe cyclonic storm (VSCS) from 64 to 119 knots and super
cyclonic storm (SUCS) above 119 knots.

Tropical cyclones in all the ocean basins show great similarities in their struc-
ture and organisation. By comparing characteristics of the central cloud area,
the eye and the spiral cloud bands of cyclones as abstracted from satellite cloud
pictures with the reconnaissance aircraft measurements of maximum wind speed
of the cyclone, Dvorak (1975) derived a method of estimating the intensity of
a tropical cyclone on a T-number scale of 1 to 8. Each T-number has a corre-
sponding maximum wind speed. For a cyclone of maximum wind speed 34 knots
the T-number is 2.5, for a very severe cyclone (hurricane intensity) it is 4 and a
super cyclone has a T-number of 6.5. A few North Indian ocean cyclones have
reached intensity of T-7 (maximum wind speed=140 knots) in the last 100 years;
that is the highest for this ocean basin. In Atlantic and Pacific oceans cyclones
have reached intensity of T-8 (maximum wind speed=170 knots). The complete
list of the classification followed by IMD of low pressure systems is given in table

1.1 which also give the associated T number.
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1.3 Tropical cyclone climatology

A detailed climatology of the tropical cyclones in the global ocean basins was
prepared by Gray (1979). He found that in a year about 80 tropical cyclones
form globally of which half to two thirds reach hurricane strength (maximum
sustained winds greater than 33 ms™'). About two thirds of all cyclones occur in
the Northern Hemisphere. Similarly about two thirds of tropical cyclones form
in the eastern (which includes North Indian Ocean) as compared to the Western
Hemisphere. Only about 13% of the cyclones form pole-ward of 20° latitude and
nearly all these occur in the Northern Hemisphere. Cyclone genesis generally does
not occur near the equator in the latitude belt 5°S to 5°N. Gray (1979) found that
globally tropical cyclones occur in 7 ocean basins - Northeast Pacific, Northwest
Pacific, Northwest Atlantic, North Indian Ocean, South Indian Ocean, Australian
Seas and South-west Pacific (of which 4 are in the Northern Hemisphere). Figure
1.2 represents the global distribution of tropical cyclone genesis, one dot for each
cyclone of a 20 year period (1970 - 1989) taken from Wallace and Hobbs (2006).
Figure 1.3 gives the tracks of cyclones of a 60 year period from 1947 to 2007
(Knapp et al, 2010). After their genesis cyclones move westwards initially and
then re-curve towards the poles of each hemisphere. The distribution of the mean
annual number of cyclones (about 80) among the 7 ocean basins are given in table
1.2. North Indian Ocean accounts for only about 6% of the global cyclones but

human fatalities have been maximum in this basin.

1.4 Environmental parameters influencing cy-

clone genesis

Formation of a tropical cyclone depends on mesoscale and synoptic scale in-
teractions. The essential conditions for tropical cyclone genesis were analysed
by Gray (1968, 1975, 1979) who identified 6 parameters that are important for

cyclone genesis, of which 3 are thermodynamic parameters

1. Sufficient Ocean thermal energy (A warm ocean surface layer with temper-

ature above 20°C extending to a depth of 60m from the ocean surface)
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Table 1.2: Ocean basin-wise variation of tropical cyclones by from 1958-1977
(Gray, 1979)

Year SH. IXXlV PNaE g;z(\:] Incli\ilan Indsian Aust. stxc. Total
1958 1958-59 12 13 22 5! 11 11 7 81
1959 1959-60 11 13 18 6 6 13 2 69
1960 1960-61 6 10 28 4 6 8 8 70
1961 1961-62 11 12 29 6 12 7 4 81
1962 1962-63 6 9 30 ) 8 17 3 78
1963 1963-64 9 9 25 6 9 7 7 72
1964 1964-65 13 6 39 7 6 9 4 84
1965 1965-66 5 11 34 6 12 7 4 79
1966 1966-67 11 13 31 9 5 5 6 80
1967 1967-68 8 14 35 6 11 9 8 91
1968 1968-69 7 20 27 7 8 7 8 84
1969 1969-70 14 10 19 6 10 7 6 72
1970 1970-71 8 18 23 7 11 12 3 82
1971 1971-72 14 16 34 6 7 14 6 97
1972 1972-73 4 14 28 6 13 12 10 87
1973 1973-74 7 12 21 6 4 16 8 74
1974 1974-75 8 17 23 7 6 10 3 74
1975 1975-76 8 16 17 6 8 16 ) 76
1976 1976-77 8 18 24 ) 9 12 9 85
1977 1977-78 6 17 19 5 6 7 7 67
Total 176 268 526 121 168 206 118 1583
Average 8.8 134 26.3 6.4 8.4 10.3 59 79.1
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Figure 1.2: A climatology of tropical cyclones with peak surface wind velocities
in excess of 32 ms~!, based on the years 1970-1989. Red dots indicate the genesis
regions (i.e., the positions of the cyclones on the first day during which their peak
winds exceeded 32 ms~!) and blue dots indicate the positions of the same cyclones
on all subsequent days (on which their peak winds exceeded 32 ms~!). The shading
indicates oceanic regions with sea surface temperatures in excess of 27°C. Adapted
from Wallace and Hobbs (2006).

2. Conditional (convective) instability in the atmosphere for thunderstorm gen-

eration.

3. High mid-troposphere (700 to 500 hPa) relative humidity.
and 3 are dynamic parameters, viz;

1. High lower troposphere relative vorticity (pre-existing).
2. Weak vertical shear of the horizontal wind between 950 and 200 hPa.

3. High value of Coriolis parameter in the genesis area.

Although these parameters are not completely independent of each other
(Frank, 1987), their existence provide favourable conditions for cyclogenesis over
the ocean basins. Palmen (1948) suggested that sea surface temperature (SST)
greater than 26°C are favourable for tropical cyclone formation. Warm ocean
water provides water vapour and sensible heat required for the formation of the

initial disturbance. This is the reason why majority of the cyclogenesis occur
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Figure 1.3: Observed tropical cyclone tracks and intensity for all known storms
over the period 1947 to 2008. Tracks are produced from the IBTrACS dataset of
NOAA/NCDC (Knapp et al, 2010).

in the tropical ocean compared with cold mid-latitude waters and cold tropical
oceans like South Atlantic and South-east Pacific. According to Gray (1979)
when a cyclone forms, the top oceanic layer gets mixed due to the strong winds
and unless the ocean thermal energy in the top 60 meters above 26°C is large,
there is little chance for cyclone formation. Conditional instability in the atmo-
sphere (high convective available potential energy CAPE) provides favourable
conditions for formation of cumulonimbus clouds, the latent heat release from
which is the main energy (heat) source for tropical cyclones. To maintain high
intensity levels for tropical cyclone, large amounts of latent heat release (rain) is
needed within the cyclone and this is possible only if the middle troposphere is
sufficiently moist.

Considering the dynamical parameters, pre-existence of positive lower tropo-
spheric vorticity is required for cyclone genesis. Lower troposphere with large
pre-existing cyclonic vorticity provides a favourable environment for the spin up

of the tropical cyclone to high vorticity values in the central region. Another
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major dynamic factor contributing to the cyclone spin up to large vorticity val-
ues is the existence of an initial non-negligible value of Coriolis parameter. Thus
cyclone genesis generally does not occur within 5° north and south of the equator
and usually forms over the 5° to 20° latitude belt. In order for an initial cy-
clonic disturbance to intensify, the atmospheric environment must be such that
the latent heat released in the cumulonimbus clouds by the converging moisture
must remain in the core of the system. Low vertical wind shear (VWS) between
950 and 200 hPa levels reduces the ‘ventilation effect’ of latent heat released in
the cumulonimbus clouds in the core region of the cyclone (Gray, 1979). It is
observed that cyclones do not form if the wind shear exceeds 12.5 ms™! (Zehr,
1992). Thermodynamic factors change slowly and may remain favourable for
cyclogenesis for the entire season. But the dynamic factors, other than Coriolis

parameter, can change dramatically within days (Gray, 1975; McBride 1981).

1.5 Intensification of tropical cyclones

The intensification of a tropical cyclone after its genesis is dependent on both
thermodynamic and dynamic parameters. In addition several other parameters
have been identified such as the cyclones internal dynamics, translational speed,
life duration, interaction with the upper troposphere, regional influences of in-
dividual basins like dry air advection from land and passage over oceanic heat
anomaly regions. Majority of studies on cyclone intensification have concentrated
on the role of SST in modulating tropical cyclone intensity. Holland (1997) sug-
gested that the role of the ocean is to initially contribute a favourable environment
for the development and then to provide the additional energy required for the in-
tensification into a high intensity cyclone. He also pointed out that ocean surface
with SST below 26°C provides insufficient energy for development of a tropi-
cal cyclone. Rather than a direct predictor of intensity, SST acts as a capping
function of the intensity of a tropical cyclone (Merrill, 1988).

The interaction of tropical cyclone with SST can be considered as a feedback
mechanism for the intensification of the cyclone. As explained by Ginis (1994),
SST feedback mechanism is favourable for tropical cyclone intensification in the

initial development stages. As tropical cyclone intensifies, the increasing wind
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speed enhances the evaporation rate and the increased moisture supply in-turn
increases the latent heat energy released and causes further intensification of the
tropical cyclone. As the tropical cyclone intensifies, the wind stress associated
with the surface wind generates strong turbulent mixing over the upper oceanic
layer which results in the entrainment of cooler sub surface waters into the surface
layer. This deepens the ocean mixed layer and SST decreases. Thus a reduction
of total heat flux from the ocean occurs which leads to the decrease in the storm
intensity. This SST feedback process is thus considered as a negative feedback
to the intensification of tropical cyclone. Using numerical models, Schade and
Emanuel (1999) showed that the SST feedback effect can reduce a typical hur-
ricane intensity by more than 50%. Price (1981) found that entrainment is the
primary mechanism that lowers the SST beneath a moving hurricane and air-sea
heat exchange plays only a minor role.

Tropical cyclones convert large amounts of available ocean thermal energy into
mechanical energy which drives the entire system. Thus the total energy of a trop-
ical cyclone depends on the energy availability from the ocean which is a direct
function of its SST. Emmanuel (1999) observed that the evolution of hurricane in-
tensity depends on the initial intensity, thermodynamic profile of the atmosphere
and the heat exchange between tropical cyclone and upper ocean. Other factors
such as VWS and dynamic interactions with the environment appear influencing
the storm during the formative stages when the storm is comparatively weak.
Emmanuel (1986, 1991) found that the energy in a tropical cyclone comes from a
cyclone heat engine performing a Carnot cycle. By this theory, a tropical cyclone
is regarded as an ideal Carnot heat engine gaining energy from the disequilib-
rium between the atmospheric boundary layer and the ocean surface and losing
energy in the upper-level outflow layer. If the heat source at the ocean surface
at temperature is Tg (SST) and heat sink in the lower stratosphere is at a much

colder temperature Ty, then the efficiency e of the cyclone heat engine is given

Ts —Tj
Ry 1.1
=\ "% (1)

by the expression

10
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An important problem here is the upper bound of cyclone intensity i.e. the
maximum potential intensity (MPI) a cyclone can reach in a given environmental
condition. Emanuel (1987) defined a MPI based on SST, temperature of the upper
troposphere temperature and the thermodynamic structure of the atmosphere.
This air-sea interaction theory of the tropical cyclone intensity has been further
elaborated subsequently by Emanuel (1988, 1991, 1995). He formulated equations

to calculate the MPI of cyclones in terms of maximum sustained wind speed as

Vinaz = Is _Cx (CAPE* — CAPE) (1.2)
T Cp "

where Cg is the exchange coefficient for enthalpy, Cp is a drag coefficient, CAPE*
is the convective available potential energy of air lifted from saturation at sea
level in reference to the environmental sounding, and CAPE is that of boundary
layer air. High SST allows for higher rate of energy transfer from the ocean,
which in turn increases the MPI. Studies by DeMaria and Kaplan (1994), Schade
and Emanuel (1999) pointed out that even though SST is important in tropical
cyclone intensification, the heat content of the ocean mixed layer must be consid-
ered. Accurate prediction of hurricane intensity requires accurate measurements

of upper ocean thermal structure ahead of the storm (Emanuel, 1999).
In order to resist the weakening due to the negative feedback from the ocean,
a warm upper ocean layer is also an essential condition for the intensification of
the cyclone (Gray, 1968; Leipper and Volgenau, 1972; Gray, 1978). The extent of
interaction of tropical cyclone with the upper ocean also depends on the trans-
lation speed of the tropical cyclone over the ocean. Chang and Anthes (1979)
commented that appreciable weakening of a hurricane due to the negative SST
feedback will not occur if it is translating at typical speed. Price (1980) proposed
that the SST response is a lively function of hurricane strength and translation
speed and of the initial mixed layer depth and the upper thermocline temper-
ature gradient. Black (1983) suggested that the maximum SST decreases were
primarily a function of the storm translation speed and the storms moving faster
(slower) than 3 ms™! produce a SST change of 1°C to 3°C (3°C to 5°C) within

one-half day after storm passage. For rapidly moving storms, if the oceanic mixed

11



Chapter-1. Introduction

layer is deep, then the SST feedback effect has only minor importance (Schade
and Emanuel, 1999).

Although there is an observed relation of tropical cyclone intensity with SST,
it cannot exclusively determine the total intensity (Merrill, 1988; Evans, 1993;
DeMaria and Kaplan 1994). Tropical cyclones are found to weaken in the environ-
ment with high vertical shear of horizontal winds. To an extent the uncertainties
in the proper prediction of tropical cyclone intensity is caused due to uncertain-
ties in the forecast of VWS (Emmanuel et al, 2004). According to Gray (1979) in
an environment of high VWS, heat and moisture will be ventilated away from the
system. Resistance of tropical cyclones to VWS depends on the size (Wong and
Chan, 2004) and intensity of the tropical cyclone. Although the critical values of
VWS can vary in different ocean basins (Ritchie, 2002), it is observed that gen-
erally VWS below 12 ms™! favours cyclone intensification (Zehr, 1992; DeMaria
and Kaplan, 1994; Whitney and Hobgood,1997; and Gallina and Velden, 2002).

Upper tropospheric divergence which maintains the mass balance in the cy-
clone has a role in the intensification of cyclones. Gray (1979, 1998) found that
for proper maintenance and intensification, tropical cyclone must be developing in
areas where upper tropospheric anticyclonic flow is significant. Studies by Sadler
(1976), Hanley et al (2001) explained the positive influence of tropical upper tro-
pospheric trough (TUTT) on cyclone intensification. This is further analysed by
Wu and Cheng (1999) in an observational study of the environmental influences
on the intensity changes of Typhoons Flo and Gene (1990). They pointed out
that the influence of upper level environmental feature like upper level eddy flux

convergence (EFC) has a major role in tropical cyclone intensification.

1.6 Tropical cyclone climatology over North In-

dian Ocean

North Indian Ocean is divided into two sub-basins namely Bay of Bengal and
Arabian Sea. Bay of Bengal is more productive than Arabian Sea in respect of
tropical cyclones. North Indian Ocean is bounded by land to the north, west and

east which limits the lifetimes of cyclones in this basin. Tropical cyclone frequency

12
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Figure 1.4: Number of depressions and tropical cyclones in North Indian Ocean
in each month using data of 1891 to 2011 (data from IMD).

in North Indian Ocean is known to have a bimodal structure (figure 1.4). They
occur from mid-September to December with a primary maximum in November
and from April to mid June with a secondary maximum in May. During the Asian
summer monsoon season (June-September), adverse conditions, especially high
VWS reduce cyclogenesis over North Indian Ocean. During this season, winds
in the North Indian Ocean are dominated by the Tropical Easterly Jetstream
(TEJ) (Koteswaram, 1958) in the upper troposphere with wind maximum in the
150 to 100 hPa level and the westerly Low Level Jetstream (LLJ) in the lower
(Joseph and Raman, 1966; Findlatter, 1969; Joseph and Sijikumar, 2004) with
wind maximum around 850 hPa level. Thus high VWS prevails over the region
making it difficult for the genesis of tropical cyclones.

During the Asian summer monsoon season another type of low pressure sys-
tem known as Monsoon Depression forms over North Bay of Bengal. Monsoon
Depressions are cyclonic disturbances weaker than tropical cyclones in wind and

central surface pressure anomaly that form over the North Bay of Bengal and hav-

13
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ing a northwestward track over the Indian subcontinent. They are one of the main
rain producing systems of the monsoon. Also the genesis of monsoon depression
is close to the coast (head Bay of Bengal) and the vortex rapidly moves over to
land which is another factor other than VWS that does not allow intensification
of monsoon depression into tropical cyclone intensity. There is significant differ-
ence in the structure of monsoon depressions when compared to that of tropical
cyclones. Lower tropospheric wind field of monsoon depression is highly asym-
metric around the centre of the vortex with maximum winds and vorticity to the
south of the monsoon depression vortex center. In the south west sector temper-
atures are low at 850 and 700 hPa and high in the northwest sector (Joseph and
Chakravorty, 1980). Thus advection of vorticity and temperature control rainfall
dynamics in monsoon depression in addition to boundary layer friction. Heavy
rainfall occurs in the south west sector of monsoon depression. The vertical axis
of monsoon depression vortex slopes towards southwest considerably, whereas the

axis of tropical cyclone remains vertical.

1.7 Spatial variability of the environmental pa-

rameters over North Indian Ocean

With the presence of the Asian summer monsoon system, North Indian Ocean
basin has considerable seasonal variability in the atmospheric circulation. Seasons
over North Indian Ocean basin are classified into four; Pre-monsoon (March to
May -MAM), Monsoon (June to September- JJAS), Post-monsoon (October to
December-OND) and Winter (January to February - JF). With the changes in
the seasons most of the environmental parameters show large variations. The
environmental parameters and their variations in the North Indian Ocean basin
are discussed in this section.

Lower tropospheric circulation features over the North Indian Ocean basin for
the four seasons are depicted in figures 1.5 and 1.6 which shows the 850 hPa wind
and vorticity, composited for the years 1948 to 2010 using NCEP/NCAR reanaly-
sis data. During the JF season, the North Indian Ocean is dominated by easterly

winds. Cyclonic vorticity exists close to the equator. During MAM, westerly flow

14
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Figure 1.5: Composites of 850 hPa wind for (a) January-February (b) March to
May (c) June to September (d) October to December.

is established near the equator and a region of cyclonic vorticity is found north
of the equator. During JJAS, Asian monsoon exists over south Asia along with
a cross-equatorial LLJ with strong westerly winds over the North Indian Ocean
with a region of high cyclonic vorticity north of the LLJ axis in Arabian Sea and
the Bay of Bengal. Compared with the pre-monsoon, the strength of the westerly
flow is more during the OND and thus the cyclonic vorticity is also more.
Upper tropospheric features are analysed using the 200 hPa wind and mean
for the period 1948 to 2010 is given in figure 1.7 for the four seasons. During the
JF and MAM, the Sub-Tropical Jetstream (STJ) is strong over the high latitudes
of North Indian Ocean (Krishnamurthi, 1961). The strength of STJ is highest
during JF. The scenario changes during the Asian monsoon season where a strong
TEJ gets established over the entire North Indian Ocean. During this period the
STJ gets shifted to a position north of Himalayas. The core of TEJ lies close to
and north of the equator during the season. During MAM and OND, STJ axis

15
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Figure 1.6: Same as figure 1.5 but for vorticity

lies south of the Himalayas as in the JF season, but is weaker. The existence of
TEJ and STJ in the upper troposphere and LLJ in the lower troposphere provide
a highly variable VWS environment over North Indian Ocean. It is found that
during the MAM and OND seasons cyclones while they move northwards, at
times enter the high VWS region associated with the STJ and they weaken or
die. Figure 1.8 gives the VWS between 850 and 200 hPa for the 4 seasons as
average of the period 1948 to 2010. A large and strong VWS area covers the
whole of North Indian Ocean during JJAS which precludes genesis of tropical
cyclone. During this season the VWS over north Bay of Bengal is much weaker
which permits formation of systems of intensity lower than tropical cyclone like

monsoon depressions.
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Figure 1.7: Same as figurel.5 but for 200 hPa wind.

1.8 Temporal variability of tropical cyclones

Tropical cyclones show large temporal variability globally in their genesis and
intensity since the environmental parameters show large variations in intra-seasonal,

inter-annual and decadal time scales.

1.8.1 Intraseasonal variations

Since about 90% of the tropical cyclone genesis occur within the tropical belt
20°S to 20°N latitudes, genesis events are highly modulated by the equatorial
waves that propagate zonally (Frank and Roundy, 2006). Roundy and Frank
(2004) analysed the contributions to the total variance in Outgoing Longwave Ra-
diation (OLR) by each of the five prominent wave types with periods of two days
or longer. These are Madden-Julian Oscillation (MJO), equatorial Rossby waves,
mixed Rossby-gravity waves, Kelvin waves and westward propagating tropical

depression-type wave which is referred to as easterly waves or African easterly
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Figure 1.8: Same as figure 1.5 but for VWS.

waves. They found that MJO and equatorial Rossby waves together explain at
least 15% of the total OLR variance between 20°N and 20°S latitude, and in some
regions they explained at least 50% of the sub-seasonal local variance.

MJO is the largest mode of intra-seasonal variability in the tropics involving
large-scale coupling between atmospheric circulation and tropical deep convec-
tion. Convection associated with MJO originates over the equatorial western
Indian Ocean, propagates eastward and enters the Pacific Ocean crossing the
maritime continent. This eastward propagating tropical disturbance with period
in the range of 40 to 50 days was first identified by Madden and Julian (1971).
Further studies showed that MJO has a broadband spectral period ranging from
30 to 60 days and has a global wave number one structure with a spatial wave-
length of roughly 12000-20000 km (Nakazawa, 1988). This oscillation is associated
with eastward moving convection with an enhanced convective phase followed by
a non-convective (suppressed convection) phase at any one location. The low

level wind fields associated with MJO are characterized by fluctuations between
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easterly and westerly phases and can be observed in several other parameters such
as surface pressure, upper tropospheric wind and proxies for deep convection such
as OLR.

Gray (1979) found that the global tropical cyclone formation can be grouped
into temporal clusters with an active period of cyclogenesis of a few weeks followed
by a few weeks of relatively less cyclogenesis. The relation between MJO and
tropical cyclones was analysed by Nakazawa (1986) for the year 1979 who found
that the genesis and growth of tropical cyclones occur globally during the active
phase of intraseasonal variations associated with the 30 to 60 day oscillations in
OLR. Liebmann et al (1994) studied the relationship between tropical cyclones
of the western Pacific and Indian Ocean with MJO and found that the absolute
number of storms and typhoons are enhanced during the convective phase of the
MJO compared with the non-convective phase. They reported that there exist
more storms and typhoons because of more depressions in the convective phase.
Later studies found significant relation between tropical cyclones and MJO over
the global ocean basins; such as Maloney and Hartman (2000a) for Gulf of Mexico,
Maloney and Hartman (2000b) for eastern North Pacific, Hall et al (2001) for
the Australian region, Maloney and Hartman (2001) and Hartman and Maloney
(2001) for north Pacific Ocean, Bessafi and Wheeler (2006) for south Indian
Ocean, Kim et al (2008) for the western north Pacific, Klotzbach (2010) for the
Atlantic Ocean and Kikuchi and Wang (2010) for North Indian Ocean. Kikuchi
and Wang (2010) have studied cyclogenesis in North Indian Ocean associated
with both the northward moving Boreal Summer Intra Seasonal Oscillation and

the eastward moving MJO.

1.8.2 Interannual variations

Major modes of interannual variations in North Indian basin are El Nino South-
ern Oscillation (ENSO) and Indian Ocean Dipole (Saji et al, 1999). Interannual
variability of weather systems around the world is influenced by ENSO and its
associated teleconnections. The oceanic part of ENSO is characterized by warm-

ing (cooling) of equatorial eastern Pacific during El Nino (La Nina) years and
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the atmospheric part is characterized by a sea-saw of reversing wind and pres-
sure patterns between the eastern and western tropical Pacific. ENSO affects the
global weather patterns through the modulation of SST, atmospheric circulation,
land-surface temperatures and precipitation (Diaz et al, 2001; Alexander et al,
2002). Gray (1984) observed a decrease in tropical cyclone frequency over the
Atlantic during the El Nino years. Subsequently several studies have analysed
different aspects of ENSO related variabilities affecting tropical cyclone activity
over the ocean basins and it is observed that the relationship between El Nino
and tropical cyclone activity varies from one basin to other. A detailed review of
the available literature on the modulation of tropical cyclone activity by ENSO

over different ocean basins given by Camargo et al (2010) is reproduced in table

1.3.

Table 1.3: Summary of the ENSO impacts on tropical cyclone activity in the

different regions, including references (Camargo et al, 2010).

Basin Characteristic ENSO Change References (e.g.)
Western North ~ Number of TCs Strong EN increase Wang and Chan (2002)
Pacific Number of TCs Summer decrease Chan (1985), Wu and Lau
following EN  (1992), Chan (2000)
Mean genesis location ~ EN/LN Displacement to the ~ Chan (1985), Chen et al.
Southeast/ (1998), Wang and
Northwest Chan (2002), Chia and
Ropelewski (2002)
Lifetime EN/LN Increase/decrease Wang and Chan (2002),
Camargo and Sobel
(2005)
Number of intense EN/LN Increase/decrease Camargo and Sobel
typhoons and ACE (2005), Chan (2007)
Track types EN Long tracks, recurve ~ Wang and Chan (2002),
northeastward and Wu and Wang (2004),
reach more Camargo et al. (2007e)
northern latitudes
Eastern North ~ Number of intense EN/LN Increase/decrease Gray and Sheaffer (1991),
Pacific TCs Frank and Young
(2007)
Mean genesis location ~ EN Westward shift Irwin and Davis (1999),
Kimberlain (1999)
Tracks EN Longer westward Chu (2004), Camargo
direction et al. (2008a)
Central North ~ Number of TCs EN Increase Wu and Lau (1992), Chu

Pacific

and Wang (1997),
Clark and Chu (2002),

Continued on next page
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Table 1.3 — Continued from previous page

Basin Characteristic ENSO Change References (e.g.)
Camargo et al. (2007a)
Atlantic Number of TCs, EN/LN Decrease/Increase Gray (1984a); Gray et al.
number of (1983); Landsea et al.
hurricanes, number (1999); Bell et al.
of intense (2000)

hurricanes, number
of hurricane days,

number of tropical

storms, ACE
US landfalls EN/LN Decrease/increase OBrien et al. (1996);
Bove et al. (1998);
Pielke and Landsea
(1998); Larson et al.
(2005)
North Indian Number intense TCs EN Decrease (Bay of Singh et al. (2000)
Bengal)
South Indian Number of TCs east LN Increases Kuleshov (2003)
of T0°E
Peak of the season EN/LN February/January Kuleshov (2003)
Start of the season LN 1 month earlier Kuleshov (2003)
Mean genesis location ~EN Westward shift Ho et al. (2006)
increase (decrease)
west (east) of 75°E
Tracks EN Movement further Ho et al. (2006),
east Kuleshov et al. (2008)

Singh et al (2000) found that the North Indian Ocean tropical cyclones shows
a prominent ENSO scale variation with a reduction in the number of tropical
cyclone in May and November during the warm phases of ENSO. The effect of
dynamical factors related with ENSO on the cyclogenesis in North Indian Ocean
was analysed by Ng and Chan (2011) by taking the number of tropical cyclones,
severe cyclones and the Accumulated Cyclone Energy (ACE) for the years 1983
to 2008. El Nino is influencing the post monsoon Bay of Bengal cyclogenesis
during October-November-December (OND) by variations in the atmospheric
flow patterns and moist static energy that are apparently forced largely by the
El Nino (Ng and Chan, 2011).

Indian Ocean Dipole is a coupled ocean and atmosphere phenomenon in the

equatorial Indian Ocean that affects the climate of the countries that surround
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the Indian Ocean basin. Positive (negative) 10D is characterized by anoma-
lous cooling (warming) of SST in the south eastern equatorial Indian Ocean and
anomalous warming (cooling) of SST in the western equatorial Indian Ocean. It
is commonly measured by an index that is the difference of SST; the western
(50°E to 70°E and 10°S to 10°N) minus the eastern (90°E to 110°E and 10°S
to 0°S) equatorial Indian Ocean. This index is also called Dipole Mode Index
(DMI). A possible relation between 10D and tropical cyclone is suggested by
Singh (2008) who showed that the circulation patterns associated with negative
IOD is favourable for cyclone genesis in Bay of Bengal. During the positive (neg-
ative) phase of IOD, an anomalous anticyclonic (cyclonic) circulation is created
over the Bay of Bengal. Thus the anomalous cyclonic circulation during the neg-
ative phase may support the formation of cyclones over the Bay of Bengal as the
anomalous cyclonic vorticity triggers the genesis of cyclones. Although Ng and
Chan (2011) could not find a strong relationship between IOD and North Indian
Ocean cyclogenesis, they concluded that IOD may affect the relationship between

tropical cyclone activity and ENSO by influencing the large-scale parameters.

1.8.3 Decadal variations

Tropical cyclone frequency over the ocean basins have shown long-term trends
and multidecadal oscillations. Multidecadal modes of tropical cyclone activity
are associated with climatic oscillations like Pacific Decadal Oscillation (PDO),
Atlantic Multidecadal Oscillation (AMO), North Atlantic Oscillation (NAO) etc.,
which influence directly or through global teleconnections. Variations in tropical
cyclone frequency and intensity in a decadal scale were reported by several studies
especially in Pacific (Chan and Shi, 1996; Chu and Clark, 1999; Chu, 2002;
Matsura et al, 2003) and Atlantic (Elsner et al, 2000; Goldenberg, 2001; Bell
and Chelliah, 2006). Aiyyer and Thorncroft (2011) analysed the interannual to
multidecadal variabilities in VWS and associated tropical cyclone activity over
the global oceans and observed that apart from interannual variations associated
with El Nino, the major variability is accounted by Pacific Decadal Oscillation
(PDO) and Atlantic Multidecadal Oscillation (AMO). Interdecadal variations of

monsoon depression of North Indian Ocean basin has been studied by Kumar
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and Dash (2001) and Dash et al (2004) and they found that monsoon depression
frequencies are decreasing from the decade 1969-1978 till the most recent decade.
Singh et al (2000) and Singh (2007) found statistically significant increasing trend
in the frequency of severe cyclonic storms of the Bay of Bengal during the period
1887 to recent years. Jadav and Munnot (2008) have shown that in the recent
decades monsoon depression frequency has shown a decreasing trend while SST
over the area of their genesis has shown increasing trend.

Singh et al (2000) used 122 years (1877-1998) data of tropical cyclone over
North Indian Ocean and analysed the significant oscillations which affect it. They
showed that the number of tropical cyclone forming over the Bay of Bengal in
November and May have a significant increasing trend although Arabian Sea has
not shown any significant trend. They have shown that Bay of Bengal cyclone
data shows a 29 year oscillation in the May and a 44 year oscillation during
November and Arabian Sea shows significant 13 year and 10 year periodicity
during May-June and November respectively. Joseph and Xavier (1999) identified
a decadal oscillation in the number of tropical cyclones and monsoon depressions
occurring in the North Indian Ocean basin with a period close to 36 years. In
the case of monsoon depression this 36 year oscillation is superposed on the
long-term decreasing trend in the annual frequency of monsoon depression. The
reason for the decreasing trend in monsoon depressions was studied by Dash
et al (2004) who attributed it to the weakening of the atmospheric dynamical
parameters which favor formation of monsoon depressions. Pattanaik (2005)
using 113 years of data (1891-2003) studied the long term variations in the tropical
cyclone characteristics. The data is divided into high frequency period (HFP)
and low frequency period (LFP) and analysed the change in the dynamical and
thermodynamic parameters related to them. The HFP is from 1969 to 1978 and
LFP is from 1993 to 2002 which is almost consistent with Joseph and Xavier
(1999).

1.9 Tropical cyclones in a warming environment

Changes in tropical cyclone number and intensity during a warming environ-

ment is a matter of current debate and is extensively studied in the recent liter-

23



Chapter-1. Introduction

ature. Variability due to both anthropogenic and natural causes tends to modify
the environment in which a tropical cyclone has genesis and intensification. Very
limited (in time) and accurate records available from global cyclone basins re-
stricts the studies on natural climate variability to the recent decades only. It
is a well accepted fact by the scientific community that the human induced an-
thropogenic warming by the increase in the amount of greenhouse gases is a
reason for the observed increase in global mean surface temperature of the at-
mosphere and ocean. The Intergovernmental Panel on Climate Change (IPCC)
report (Solomon et al, 2007) concludes that most of the globally averaged tem-
perature increase since the mid-20th century is very likely (>90% chance) due to
the observed increase in human-generated greenhouse gas concentrations. Several
studies pointed out that the associated changes can also be observed in global
mean ocean temperature. The SST over most tropical ocean basins has increased
by 0.25° to 0.5 °C in past 50 years (Kumar et al, 2004; Webster et al, 2005; Santer
et al, 2006).

Webster (2005) reported an increase in the global tropical cyclone intensity
in the recent decades although Landsea (2006) questioned the reliability of the
data used due to false intensity estimations caused by problems in observational
methods. Emmanuel (2005) defined a potential destructive index (PDI) which
is the cube of the maximum winds of a cyclone integrated over its life-time. He
showed that this index has been increasing markedly since the mid-1970s for the
West Pacific and Atlantic Ocean basins. Vecchi and Soden (2007) found that,
apart from a uniform increase in global temperature, regional SST structures are
also important in long-term variations in potential intensity of tropical cyclones.
Based on these and other studies several assessment reports are available dis-
cussing the changes in tropical cyclone intensity (Henderson-Sellers et al, 1998;
WMO, 2006; Solomon et al, 2007). Henderson-Sellers et al (1998) concluded that
although substantial multidecadal variability is found in some regions, there is no
clear evidence of long-term trends in tropical cyclone activity. Later assessments
by WMO (2006) and Solomon et al (2007) concluded that the detection of a reli-
able trend in the tropical cyclone activity cannot be accepted with confidence in

the present scenario.
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An approach to study the future changes in the intensity and frequency of
tropical cyclones is to use the climate models with respect to the increased CO,
concentrations. The main restricting factor is the horizontal resolution of the
current generation of global climate models which is insufficient to simulate the
complex inner core structure of intense tropical cyclones. With this limitation,
many studies have reported the climatic changes associated with the simulated
tropical cyclone like disturbances in climate models (Sugi et al, 2002; Oouchi et al,
2006; Yoshimura et al, 2006; Bengtsson et al 2007). A net increase in the intensity
of tropical cyclones is predicted by models in an environment with higher amount
of COy (Henderson-Sellers et al; 1998, Knutson et al; 1998, Knutson and Tuleya;
1999, Knutson et al; 2001). A critical review on future changes in tropical cyclone
by Knutson et al (2010) reported that although the models project a reduction
in the global averaged frequency of tropical cyclones, there is a possibility that

the storms may shift into stronger intensity categories.
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Data

2.1 General

Tropical cyclone data from India Meteorological Department (IMD) and Inter-
national Best-track Archive for Climate Stewardship (IBtRACS) have been used
for studying the frequency and intensity variations of tropical cyclones of North
Indian Ocean. Monsoon depression frequency data provided by IMD are also
used. Daily and monthly wind and humidity data from National Centers for Envi-
ronmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis; daily fields from European Centre for Medium-Range Weather Fore-
casts interim reanalysis (ERA-interim) and NCEP FNL analysis; Outgoing Long
wave Radiation (OLR) data from National Oceanic and Atmospheric Adminis-
tration (NOAA); Hadley Centre Sea Ice and Sea Surface Temperature (HadISST)
data and Extended Reconstructed Sea Surface Temperature (ERSST) data; SST
from NOAA Optimum Interpolated Sea Surface Temperature (OISST) data; SST
and Vertical Integrated Moisture data from TMI; Sea surface height Anomaly
(SSHA) data from AVISO are used in the thesis. Available indices such as ENSO
index from NOAA-Climate Prediction Center, IOD index from Japan Agency for
Marine-Earth Science and Technology (JAMSTEC) and MJO index from Bu-
reau of Meteorology (BOM), Australia are also used. The details regarding the

datasets are given in the following sections.
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2.2 Tropical cyclone datasets

The process of understanding the tropical cyclone structure and intensity started
long before the satellite era where routine ship and aircraft observations in a
number of basins enabled the scientists to study the basic structure, dynamics
and energetics of the system. There is still a debate about the quality of tropical
cyclone data prior to the satellite era since only a few cyclone basins were properly
monitored at that time. Adopting proper monitoring tools enabled the scientific
community to observe the tropical cyclones closely, starting from the ship reports
and land-based observations to the unmanned drones flying into the cyclones.
These platforms include radiosondes, dropsondes, radar, satellite and aircraft re-
connaissance depending on the parameters measured. Inhomogeneities in quality
of data occurs since there are large regional variations in the observation methods
in different ocean basins.

Before 1940s the only observations available on cyclones were based on avail-
able ship records and land-based stations. Many cyclones formed over open ocean
which did not affect any coastal region and thus went undetected before the satel-
lite era (Landsea, 2004). Aircraft reconnaissance of tropical cyclones started over
western North Pacific and North Atlantic regions beginning around 1945 and im-
proved the storm detection and monitoring. The detection rate reached close to
100% only after 1970s when satellite observations became available. Geostation-
ary satellites can provide continuous observations of different types of images in
high temporal resolution of about 15 to 30 minute intervals. Along with the low
earth orbiting satellites which provides high resolution spatial data, satellites are
one of the most important tools for tropical cyclone observation. Also by using
Dvorak (1975) method the cyclone intensity can be estimated from geostationary
satellites by analysing the visible and infrared images and deriving a T-number.
Currently organized aircraft reconnaissance, coastal radar network, and weather
satellites with visible and infrared sensors are used to monitor cyclone track, eye,
wall cloud, maximum wind speed and other storm parameters accurately.

World Meteorological Organization (WMO) has designated certain centers as
the official warning centers with forecasting capabilities. There are six tropi-

cal cyclone Regional Specialized Meteorological Centres (RSMCs) together with
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five Tropical Cyclone Warning Centres (TCWC) around the world. The RSMC-
tropical cyclones New Delhi operated by India Meteorological Department is the

official warning center for North Indian Ocean.

2.2.1 India Meteorological Department data

The cyclone atlas (IMD, 1979) and later atlases published by the India Me-
teorological Department were used to obtain the numbers of tropical cyclones,
severe tropical cyclones and depressions formed over North Indian Ocean from
1891. Cyclone and monsoon depression data of recent years have been collected
from Mausam which is the quarterly research journal of India Meteorological De-
partment. The frequency data of monsoon depressions is highly reliable (1891 to
date) since the monsoon depressions form near the coast and move quickly into
the land which has a dense network of observatories (Joseph and Xavier, 1999).

The basic data for MD and tropical cyclone of North Indian Ocean basin were
taken from the atlas (Atlas IMD, 1979) of “Tracks of storms and depressions in
the Bay of Bengal and the Arabian sea 1877-1970” and other sources as described

above. In the introduction portion of this atlas is given the following.

From the India Weather Review it was found that 1150 cyclonic dis-
turbances occurred over the area during the period (1891 to 1970).
Of these about 250 disturbances where either stationary or short lived
(less than 1 day) or had no well-defined tracks and as such were left

out from the atlas.

Cyclonic disturbances as mentioned in the atlas are of 3 categories, depressions,
tropical cyclone and severe tropical cyclone. Monthly frequencies of these three
categories are given in table 1 of the atlas. Appendix 1 at the end of the atlas
has given the list of only the cyclonic disturbances whose tracks are given in the
atlas. In the earlier decades, the frequencies of cyclonic disturbances with tracks
drawn in the atlas are much less than the frequencies of cyclonic disturbances as
shown in table 1 of the atlas.

For a climate change studies, cyclonic disturbances which are short lived or

those without track cannot be omitted. Rao (1976) has given the total number
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Table 2.1: Decadal distribution of monsoon depressions reported and those with-

out tracks or short lived.

Decade | No. of MD (a) | No of MD with full tracks (b) | (b/a) x 100 (%)
1891-1900 115 7 67
1901-1910 107 95 o1
1911-1920 87 95 63
1921-1930 105 76 72
1931-1940 92 84 91
1941-1950 99 92 93
1951-1960 73 69 95
1961-1970 76 76 100
1971-1980 78 78 100
1981-1990 52 52 100
1991-2000 31 31 100
2001-2009 34 34 100

of monsoon depressions during each monsoon season, whether track is marked in
the IMD atlas or not. The numbers of monsoon depressions and tropical cyclones
given in IMD atlas is same as that of Rao (1976). Bhalme (1972) and Joseph and
Xavier (1999) have also used similar counts in their studies. This makes a very
significant difference for the decades of the period 1891 to 1960 as may be seen
from the table 2.1 in respect of monsoon depression frequency. In the thesis the
number of monsoon disturbances as given in table 2.1 of the IMD atlas and other

later sources is used.

2.2.2 International best Track Archive for Climate Stew-
ardship data

Tropical cyclone data from the International best Track Archive for Climate
Stewardship - IBTrACS (Knapp et al, 2010) version v02r01 from 1979 to 2008

is used in the study. For the Indian Ocean basin, this data set is derived from

29



Chapter-2. Data

various sources like Joint Typhoon Warning Center (JTWC) (Pearl Harbour,
Hawaii) and the Regional Specialized Meteorological Center (RSMC) New Delhi.
The data discrepancy between different sources used in IBtRACS dataset is dis-
cussed in Knapp and Kurk (2010). Tropical cyclone data from IBtRACS-WMO
which includes data only from the WMO RSMCs is also used for the cyclone
intensification study for years from 1990 to 2010 (21 years).

2.3 National Centers for Environmental Predic-
tion/National Center for Atmospheric Re-

search reanalysis data

The NCEP/NCAR reanalysis data (Kalnay et al, 1996; Kistler et al, 2001) is
a joint venture by the National Centers for Environmental Prediction (NCEP)
and National Center for Atmospheric Research (NCAR) in order to produce a
retroactive record global analyses of atmospheric fields. This data set is avail-
able from 1948 with a resolution of 2.5° latitude-longitude grids and with vertical
resolution of 17 standard pressure levels (from surface to 10 hPa). Temporal
resolution of the data is 6 hours. Daily and monthly means are also available.
Reanalysis uses an atmospheric general circulation model which is coupled to a
data assimilation system. Reanalyses are particularly suited for the detection of
long-term changes or oscillations in the atmosphere and are widely used. As the
reanalysis data includes assimilation of data products from different sources, long-
term studies have to take into account the possible introduction of artificial jumps
and trends into the reanalysis by changes in observing systems (Trenberth et al,
2001; Marshall, 2002; Bengtsson et al, 2004). There were major concerns about
the changes regarding the use of satellite data (especially satellite radiances) in
reanalysis (Kanamitsu et al, 1997) after the mid- 1970s, when reliable satellite
data became available. Kanamitsu et al (1997) observed that use of radiance in
the analysis has a very large impact on the analysis which tends to enhance hori-
zontal temperature gradients and disturbance intensity where other observations

are not available. Also inclusion of satellite data was particularly useful over the

30



Chapter-2. Data

southern hemisphere where reanalysis skills were much more improved by the use
of satellite observations (Mo et al, 1995; Kistler et al, 2001).

The accuarcy and bias of the output variables are different. The gridded
variables have been classified into three classes (Kalnay et al, 1996): type A
variables, which are generally strongly influenced by the available observations
and are therefore the most reliable product of the reanalysis including upper air
temperatures, rotational wind, and geopotential height. Type B variables, which
are influenced both by the observations and by the model, and are therefore less
reliable including moisture variables, divergent wind, and surface parameters.
Type C variables are completely determined by the model such as surface fluxes,
heating rates, and precipitation and should be used with caution when compared
with model-independent estimates.

In the present study NCEP/NCAR data has been used to analyse the differ-
ent aspects of environmental conditions modulating topical cyclone activity over
North Indian Ocean. Daily and monthly mean data such as wind, air tempera-
ture, specific humidity at different atmospheric levels and surface pressure have

been used for analysis and for other computations.

2.4 European Centre for Medium-Range Weather

Forecasts — Interim Reanalysis data

ERA-Interim (Simmons et al, 2006) is the latest global atmospheric reanal-
ysis produced by the European Centre for Medium-Range Weather Forecasts
(ECMWF) which was actually prepared as an ‘interim’ reanalysis in preparation
for the next-generation extended reanalysis to replace ERA-40. It has several
advantages compared with ERA-40 reanalysis such as use of 12 hour 4D-Var
assimilation system, better (T255) horizontal resolution, Better formulation of
background error constraint, new humidity analysis, improved model physics,
variational bias correction of satellite radiance data, more extensive use of ra-
diances and improved fast radiative transfer model. The data is available from
1979 to present day with a spatial resolution of 1.5° x 1.5° lattitude-longitude
grid and 6 hourly data is available from ECMWF data server.
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2.5 National Center for Environmental Predic-

tion Final Analysis data

Objectively analyzed data of final analysis (FNL) is given by National Center
for Environmental Prediction (NCEP). This data has 1° x 1° latitude-longitude
horizontal resolution and a vertical resolution of 26 levels. It is available from

July-1999 to present at 6 hour time intevals.

2.6 National Oceanic and Atmospheric Admin-

istration Outgoing Long-wave Radiation data

Outgoing Long-wave Radiation (OLR) data (Liebmann and Smith, 1996) from
National Oceanic and Atmospheric Administration (NOAA) is used in the thesis.
The data is measured by Advanced Very High Resolution Radiometer (AVHRR)
aboard the NOAA Polar Orbiting satellites available from 1974 onwards with
gaps filled with temporal and spatial interpolation. The data contains a major
gap of several months during 1978 due to the failure of satellite. The data has
a spatial resolution of 2.5° latitude-longitude grids and monthly and daily fields
are available. Generally geostationary-derived OLR data is suitable for cyclone
studies requiring high temporal resolution, but they lack global coverage. Com-
pared with it NOAA interpolated OLR provide better accuracy, global coverage
and have multi-decade record which makes it suited for studies of low-frequency

variability.

2.7 Hadley Centre Sea Ice and Sea Surface Tem-

perature data

Hadley Centre sea ice and sea surface temperature data (Rayner et al, 2003)
version 1.1 (HadISST V1.1) developed at the Met Office Hadley Centre for Cli-
mate Prediction and Research is used in this thesis. The data has global coverage
with a resolution of 1° x 1 ° latitude-longitude grid and is available from 1871.

Gaps in the SST data have been interpolated. Care has to be taken when using
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HadISST-1 for studies of climatic variability, particularly in some data sparse
regions, because of the limitations of the interpolation techniques (Rayner et al,
2003).

2.8 Extended Reconstructed Sea Surface Tem-

perature data

The extended reconstructed sea surface temperature (ERSST) (Smith and
Reynolds, 2003) was constructed based on the International-Comprehensive Ocean-
Atmosphere Data Set (I-COADS). ERSST Version 3 (Smith and Reynolds, 2008)
is used in this thesis. The data has a spatial resolution of 2 ° latitude-longitude
and monthly means are available. Although there are differences due to both
the use of different historical bias corrections as well as different data and anal-
ysis procedures, the large-scale variations of ERSST are broadly consistent with
those associated with the HadISST (Smith and Reynolds, 2003). Each month
the ERSST analysis is updated with the available GTS ship and buoy data. The
anomalies are computed with respect to 1971-2000 month climatology (Xue et al,
2003). ERSST version 2 was an improved extended reconstruction of ERSST ver-
sion 1. However ERSST version 3 differs form ERSST version 2 by the inclusion

of satellite data.

2.9 Optimum Interpolated Sea Surface Temper-

ature data

Daily high resolution SST data from NOAA Optimum Interpolated Sea Surface
Temperature Version-2 (OISST-V2) (Reynolds et al, 2007) is used for analysing
the daily oceanic conditions. The data have a spatial grid resolution of 0.25° x
0.25° latitude-longitude grid and a temporal resolution of 1 day. NOAA OISST
has two versions; one uses the Advanced Very High Resolution Radiometer (AVHRR)
infrared satellite SST data and other uses AVHRR and Advanced Microwave
Scanning Radiometer (AMSR) on the NASA Earth Observing System satellite

SST data. Both products also use in situ data from ships and buoys and include
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a large-scale adjustment of satellite biases with respect to the in situ data. The
AVHRR-only product was used in the thesis. The AVHRR-only product uses
Pathfinder AVHRR data and operational AVHRR data from 2006 onwards.

2.10 Tropical Rain Measuring Mission Microwave

Imager data

Tropical Rain Measuring Mission (TRMM) is a joint NASA Japan Aerospace
Exploration Agency (JAXA) mission. TRMM Microwave Imager (TMI) is a pas-
sive microwave sensor on-board TRMM which measures the intensity of radiation
at five separate frequencies 10.7, 19.35, 22.235, 37.0 and 85.5 GHz to estimate the
SST, rain rate, vertical integrated moisture, near surface wind speed and cloud
liquid water content. These data are acquired on a 0.25° x 0.25° latitude-longitude
grid resolution globally from 39°S to 39°N latitudes and the data is available since
November 1997. Daily ascending and descending passes and three day averaged

data can be obtained from remote sensing systems (http://ssmi.com).

2.11 Aviso Sea Surface Height Anomaly Data

Merged Sea Surface Height Anomaly (SSHA) is the data in which sea surface
height from satellites Jasonl, Envisat and GFO (Geosat Follow On) are merged
together. This data is available on 1/3 ° mercator grid horizontal resolution. The
near real time merged SSHA data from SSALTO/DUACS which is distributed
by Aviso and available at http://www.aviso.ocean.obs.com is used in this the-
sis. Details of the satellite data merging process is given in SSALTO/DUACS
handbook (2010). Combining data from different satellites significantly improves
the estimation of mesoscale signals in SSHA (Le Traon and Dibarboure, 1999; Le
Traon et al, 2001; Pascual et al, 2006).

34



Chapter-2. Data

2.12 Madden Julian Oscillation index

The real-time multivariate MJO index (RMM) developed by Wheeler and Hen-
don (2004); available at http://cawcr.gov.au/staff/mwheeler /maproom/RMM/ is
used in this thesis. This index is developed based on the first two empirical or-
thogonal functions (EOF) of the combined fields of equatorially averaged 850 hPa
zonal wind, 200 hPa zonal wind, and OLR. The two leading principal components
(PC) corresponding to the two EOFs, known as Real-Time Multivariate MJO se-
ries 1 and 2 (RMM1 and RMM2 respectively) is used to calculate the phase and
amplitude of eastward MJO propagation. The amplitude and the phase of MJO

for each day in the entire time period are provided in the dataset.

2.13 National Oceanic and Atmospheric Admin-
istration - Climate Prediction Center Nino
3.4 index

The monthly Nino 3.4 SST indices obtained from the NOAA Climate Prediction
Center (CPC) website (CPC, 2011) is used for defining the El Nino and La Nina
years. The index is created from ERSST version 3b and the SST anomalies are
calculated for the Nio 3.4 region (5°N — 5°S, 120° — 170°W) based on centered
30-year base periods updated every 5 years. El Nino (La Nina) years are defined
such that the October-December averaged SST anomaly of the region is above
(below) a threshold value of 0.5°C and the condition should persist for a minimum

of 5 consecutive over-lapping months.

2.14 Indian Ocean Dipole index

The IOD index, also known as Dipole Mode Index (DMI) is obtained from
Japan Agency for Marine-Earth Science and Technology (JAMSTEC) website
(JAMSTEC, 2011). Intensity of the IOD is represented by anomalous SST gradi-
ent between the western equatorial Indian Ocean (50°E—70°E and 10°S—10°N)
and the south eastern equatorial Indian Ocean (90°E—110°E and 10°S—0°N).
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When the DMI is positive then, the phenomenon is refereed as the positive 10D
and when it is negative, it is refereed as negative IOD. The index used in the

thesis is derived from HadISST and monthly index is available from 1958.
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The Influence of Madden Julian
Oscillation in the Genesis of
North Indian Ocean Tropical

Cyclones

3.1 Introduction

The relation between MJO and tropical cyclones can be attributed to the deep
convection in the convective phase and the associated strengthening of equatorial
lower tropospheric westerly wind towards the west of the area of convection (Rui
and Wang, 1990). Such a situation leads to an increase in cyclonic vorticity in
the atmospheric boundary layer of the low latitude regions north and south of the
equator. MJO is also characterized by enhanced upper level divergence associated
with the convective phase.

Liebmann et al (1994) observed that the cyclones preferentially occur during
the convective phase of MJO, and cluster around the low-level cyclonic vorticity
and upper level divergence anomalies that appear poleward and westward of the
large-scale convective anomaly along the equator. Later studies have shown the
importance of eddy kinetic energy associated with the convective phase of MJO
in the formation of cyclones. Maloney and Hartman (2001) noticed that when

850 hPa wind anomalies of MJO are westerly, small-scale slow-moving eddies
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grow through barotropic eddy kinetic energy conversion from the mean flow and
these growing eddies, together with strong surface convergence, 850 hPa cyclonic
wind shear (vorticity) and high mean SST, create a favourable environment for
tropical cyclone formation. Leroy and Wheeler (2008) developed a statistical
scheme to predict the tropical cyclone activity in the southern hemisphere using
five predictors in which two represents the eastward propagation of the MJO,
two represents the leading patterns of interannual SST variability in the Indo-
Pacific Oceans and one represent the climatological seasonal cycle of tropical
cyclone activity in each zone. They found that inclusion of indices of the MJO
as predictors leads to increased skill out to about three weeks.

Roundy (2008) discussed in detail the interaction of convectively coupled
Kelvin wave with MJO in North Indian Ocean basin and has shown that the
MJO phase modulates the intensity of moist deep convection associated with
the Kelvin waves. The role of convectively coupled waves like MJO, convec-
tively coupled equatorial Rossby, Kelvin, and mixed Rossby-gravity waves in the
modulation of south Indian Ocean tropical cyclones were analysed by Besafi and
Wheeler (2006) who studied the dynamical controls of these waves on tropical
cyclone through wave-induced perturbations to the dynamical fields of low-level
vorticity, vertical shear, and deep convection. They have shown that large-scale
atmospheric variability caused by MJO and equatorial Rossby waves is important
for the modulation of tropical cyclones in south Indian Ocean and can be used
for prediction purposes extending up to few weeks.

The cyclones having their genesis in the area bounded by latitudes 0° to 15°N
and longitudes 60°E to 100°E has been studied as outside this area very few
cyclones have their genesis in the pre-monsoon and post-monsoon seasons. In
the Indian summer monsoon season (June to September) monsoon depressions
(cyclonic systems weaker than tropical cyclones) are formed and their genesis area
is north of the area chosen for the study. During the monsoon season very few of
the cyclonic systems formed develop into cyclone intensity due to the prevailing
high VWS in the environment, with LLJ in the lower troposphere and the TEJ
in the upper troposphere.
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3.2 Methodology

The MJO days can be clustered into 8 phases (P1, P2, P3,...; P8 hereafter)
depending on the phase angle variations in the phase space created by the RMM1
and RMM2 indices (Wheeler and Hendon, 2004). Each phase represents the
geographical location of the enhanced convection of the MJO with respect to the
phase space. On this, the phases P1, P2, P3 and P4 represent the convective
phase of MJO where the equatorial Indian Ocean is dominated by convection.
Similarly the phases P5, P6, P7 and P8 represent the period when convection
is suppressed in the equatorial Indian Ocean. The genesis dates of cyclones are
clustered into these 8 groups based on the MJO phase in which a cyclone genesis
date resides. The genesis date of a cyclone is defined as the first day of the cyclone
reported in the IBTrACS dataset. Following Hall et al (2001) a statistical analysis
of the significance of the number of tropical cyclone in each MJO category is done.
Here a Z statistic is calculated for the 8 phases of MJO taking the null hypothesis
that cyclones are equally distributed in all the phases. The statistic is given as

PP
Z=———0 (3.1)

(- R)

Where P and Py are expected and observed proportion of cyclogenesis days
within a particular MJO category respectively and N is the number of days in
the category. It was tested at the 95%, 98% and 99% levels, using a two-tailed
test, with critical values of Z = 4+ 1.96, + 2.326 and + 2.576 respectively.

3.3 Results and discussion

3.3.1 Genesis and distribution of cyclones

From IBTrACS cyclone data, cyclonic systems with maximum sustained wind
speed of 34 knots or above, which is the criteria used by India Meteorological
Department for North Indian Ocean cyclones; are used in the study. Using this
criteria, 118 cyclones were identified which satisfy the intensity criteria for North
Indian Ocean basin from 1979 to 2008. Out of the 118 cyclones selected, 96
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Table 3.1: Summary of the distribution of cyclones from January to December.
Here the first row represents the total 118 cyclones formed during the period of
study (1979 to 2008). The second row shows the distribution of 96 cyclones which
formed in the genesis area selected for the study (0-15°N, 60°E-100°E).

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

118 4 0 3 5 21 10 1 1 7 21 34 11

96 4 0 2 > 17 6 0 0 3 16 | 32 11

cyclones had their genesis in the study region. Figure 3.1 gives the distribution
of the genesis points of cyclones in which the area inside the box (0-15°N and
60°E-100°E) represents the area of cyclogenesis selected for the study. Figure
3.1a represents the total 118 cyclones formed and figure 3.1b gives the cyclones
which originated during June to September (JJAS). It can be seen that majority
of the JJAS cyclones had their genesis outside the study area. The month-wise
distribution of the total 118 cyclones selected and the 96 cyclones having their
genesis located in the study region are given in table 3.1. It may be seen that
during the monsoon season (June to September) very few cyclones have formed.
Similarly there are few cyclones in February and March. Cyclone prone months
are April and May and October to December which account for the majority of
cyclogenesis in the area.

A phase space diagram is created using the RMM1 and RMM2 index to rep-
resent the different phases of MJO. The phase space diagram along with the
distribution of cyclones is given by figure 3.2. In figure 3.2 the circle in the center
of phase space with radius 1 represents days with MJO amplitude 1 and less.
The back dots represent the date of cyclogenesis. Any day falling inside this
circle is considered as a weak MJO day. From the phase-space diagram, it can
be seen that cyclogenesis dates are clustered on the convective phase of MJO (P1
to P4). Although cyclogenesis occurred in the suppressed convection phases of
MJO, majority of the days are under MJO amplitude 1.

The distributions of cyclones in different MJO categories were studied by set-
ting different amplitudes of MJO. The MJO amplitudes, total number of cyclones
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Figure 3.1: Tropical cyclone genesis location (dots) for the three decades from
1979 to 2008. The rectangular area marked in the figure shows the region selected
for the study (0-15°N, 60°E-100°E) (a) Total 118 cyclones formed during 1979 to
2008 (b) Cyclones which formed from June to September.

formed under each amplitude and distribution of cyclones in each MJO phase are
given in table 3.2. The first column in table 3.2 represents the MJO amplitude
and the second column gives the total number of cyclones for the corresponding
phase. Columns from 3 to 10 give the distribution of genesis days within the eight
phases of MJO. The MJO amplitude 0.5 covers approximately 89% of the total
days selected which include the majority of the cyclogenesis days and accounts
for 83 cyclones out of the total 96 cyclones formed in the study area. Out of this
83 cyclones, 7 (8.4%) formed in P1, 15 (18%) in P2, 22 (26.5%) in P3, 20 (24.1%)
in P4. For MJO amplitude 1, which includes approximately 61% of the total
days, 54 cyclones are formed. Out of this 54 cyclones, 5 (9.3%) formed in P1, 10

41


3_Intraseasonal/figures/Fig-1.eps

Chapter-3. The Influence of MJO in the Genesis of North Indian Ocean Tropical Cyclones

Table 3.2: Summary of the distribution of tropical cyclone genesis days in the
different categories of MJO for the various amplitudes taken. Here the first column
represents the MJO amplitude and the second column gives the total number of
cyclones for the corresponding amplitude. Columns from 4 to 7 give the distribution

of genesis days with in the four categories of MJO.

MJO Amplitude | No. of Cyclones | P1 | P2 | P3| P4 | P5 | P6 | P7 | P8
0.5 83 7115122120 8 | 45| 2
1 54 5 101316 5 | 2

1.5 27 3 4 8 8 2 1 0 1

(18.5%) in P2, 13 (24.1%) in the P3, 16 (29.3%) in the P4. Convective phase of
MJO (P1, P2, P3 and P4) accounts for 44 (81.5%) of cyclones formed under MJO
amplitude 1. Using the statistic defined earlier the number of cyclones phases
P3 and P4 are found to be significantly high at 98% significance level. For MJO
amplitude of 1.5 which includes 33.4% of the total days 27 cyclones formed. Here
22 out of 27 cyclones originated in the convective phase of MJO. In all cases, it
is seen that the number of cyclogenesis days are more in the convective phase of
compared with the suppressed convection phases.

The month wise distribution of the tropical cyclone genesis in each phase is
given in table 3.3. As seen from table 3.3, the monthly distributions of cyclones
within the MJO phases are also showing the bimodal structure similar to the
general North Indian Ocean cyclone variability. As we can see the bimodal peak
has its largest amplitude during November to December which accounts for 25
cyclones followed by May-June accounting 20 cyclones. For P3 more number of
cyclones formed in May-June period; but for P4, majority of cyclones are formed
in November-December period. Thus we have two distinct periods (May-June
and November-December) of cyclogenesis for each MJO phase which is used to
analyze the prevailing synoptic conditions for the phases.

The spatial distribution of cyclogenesis with the genesis points and tracks of
tropical cyclones in each MJO phases are shown in figure 3.3. Here only the

days with MJO amplitude 1 or above is considered. Figure 3.3a to figure 3.3d
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Figure 3.2: Phase amplitude diagram constructed with the principal components
RMM1 and RMM2 of MJO from 1979 to 2008. The black dots represent the

cyclogenesis days. Eight categories are defined according to the phase angle in

which a day resides. The circle in the center with amplitude 1 represents days with

weak MJO activity.

represents the convective phases of MJO and figure 3.3e to figure 3.3h represents

the suppressed convection phase. For phases P1 and P2 although the number of

tropical cyclones are less, they are distributed almost equally in the Arabian Sea

and Bay of Bengal. But for phases P4 and P5, more cyclones are formed in the

Bay of Bengal comparing with Arabian Sea. For phases P5 to P8 the cyclogenesis

occurred mainly in the Bay of Bengal. The spatial distributions of cyclones are

found to be highly influenced by the synoptic conditions associated with the

MJO categories. A detailed discussion about the synoptic conditions leading to

cyclogenesis and distribution during the phases are given in the following section.
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Figure 3.3: Tropical cyclone genesis location (dots) and tracks (lines) for different
MJO Phases.
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Table 3.3: Month wise distribution of cyclones in each phase of MJO. Here the
first column represents the MJO Phase. Columns from 2 to 13 give the distribution
of genesis days with in the eight categories of MJO. The last row gives the total
distribution of cyclones (above MJO 1 amplitude) in the 12 months.

Phase | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
1 — — — 1 2 — — — — — 2 —
2 — — 1 — 2 1 — — 1 1 4 —
3 2 — — — 6 2 — — — — 1 2
4 — — — 1 3 2 — — — — 9 1
) — — — — — — — — — — 4 1
6 1 — — — 1 — — — — — — —
7 — — — — — — — — — 1 1 —
8 - - — — 1 — | - — — — — —
Total 3 0 1 2 15 ) 0 0 1 2 21 4

3.3.2 Synoptic conditions

Synoptic conditions associated with each phase of MJO are studied by com-
positing the different parameters related with cyclogenesis such as OLR, SST, 850
hPa wind flow, 850 hPa vorticity and the VWS between 200 hPa and 850 hPa.
SST of the study region has remained higher than 28°C in all the MJO phases
during November-December. In May-June SSTs are still higher. Our study has
shown that SST is not an important factor for cyclogenesis in the study region
with respect to the phases of MJO. However, the large scale circulation patterns
and associated changes in environmental parameters such as 850 hPa relative vor-
ticity and VWS are important in modulating the tropical cyclone activity over
the ocean basins (Chand and Walsh, 2009; Belanger et al, 2010). Composites
of these fields were analysed in the study to bring out the favourable conditions
which led to cyclogenesis. For each phase, the days having MJO amplitude 1
or above is composited for the months under consideration. The anomalies were
calculated from these fields by subtracting the climatological mean of the months
from 1979 to 2008.
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Figure 3.4: OLR anomaly composites of November-December associated with
MJO phases 1 to 8. The negative contours are shaded and the positive anomaly

contours are hatched. The contour interval is 7.5 Wm 2.

The OLR anomaly patterns for November-December are given in figure 3.4.
The eight phases of MJO convection is depicted in the figure which shows the
temporal varying patterns for the season. It is seen that during the phases P1
to P4, the area of convection is located over the Indian Ocean. During P1 the
convection is in its initial phase with a small patch extends over the Arabian Sea.
During P2 the convection has shifted to central Indian Ocean and from there it has
shifted to eastern Indian Ocean during P3. This convection further extends in P4
covering the entire eastern Indian Ocean and maritime continent. During P5 the

convection over maritime continent strengthens but there is suppressed convection
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Figure 3.5: Same as figure 3.4, but for May-June.

generating over the western Indian Ocean. This suppressed convection follows
the same development pattern as in the convective phase of MJO by subsequent
development of suppressed convection from P5 to P8. The May-June convection
patterns for the same phases are given in figure 3.5 which is identical with those
given in Wheeler and Hendon (2004). Similar to P1 of November-December, the
first phase (P1) of MJO consists of weak convection over the Arabian Sea. During
P2 this further extends into central Indian Ocean. In P3 convection covers the
entire Indian Ocean and reaches up to the maritime continent. This convection
moves further eastward during P4 with a slight northward movement with an
elongated patch reaching Western Pacific and covering the entire Indian Ocean.

From P5 to P8, suppression phase of MJO exists over the Indian Ocean with its
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Figure 3.6: Composite 850 hPa wind and vorticity anomalies of November-
December associated with MJO phases. Wind magnitude and direction is shown
by the arrows. Reference vector is given in the upper right corner. Contours of

cyclonic vorticity are also shown as shaded. Vorticity values are scaled by 1x107°

and the contour interval is 1x107°s~!. The cyclogenesis points are given as black

dots.

development patterns similar to the convective phases.

Wind anomaly patterns associated with the MJO convection during November-
December is given in figure 3.6. The cyclone genesis points are also given in the
figure for each phase as black dots. Only the positive vorticity anomaly (cyclonic
vorticity) regions are shown in the diagram as shaded regions. It is seen that the
cyclones are clustered around the cyclonic vorticity anomaly formed during the
passage of MJO convection. In P1, as the convective region is generated over

Arabian Sea, easterly wind anomaly exits over the North Indian Ocean. Two cy-
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Figure 3.7: Same as figure 3.6, but for May-June.

clones had genesis in the equatorial Arabian Sea and Bay of Bengal near areas of
cyclonic vorticity. As the convection moves eastward in P2, anomalous westerly
flow is generated in the North Indian Ocean especially in Arabian Sea and the
cyclones get formed in the cyclonic vorticity region associated with this. As the
MJO convection shifts further eastward during P3 the westerly flows enter the
Bay of Bengal creating a favourable vorticity region for the genesis of cyclones
there. The anomalous westerly flow is strengthened further in the entire North
Indian Ocean during P4, which account for 10 cyclones formed in its cyclonic
vorticity region. As the convection moves to the western Pacific the westerly
wind strengthens over the Bay of Bengal and 5 cyclones are formed. Thus P5 is
favourable for cyclogenesis in North Indian Ocean particularly the Bay of Ben-

gal although the convection is suppressed there. In effect the phases P1 to P5
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Figure 3.8: Composite VWS associated with MJO phases during November-

December. The cyclogenesis points are given as black dots.

favours cyclogenesis in North Indian Ocean. From P6 to P8 although vorticity is
favourable, the other environmental factors like suppressed convection and VWS
(discussed later) inhibit cyclogenesis in North Indian Ocean.

Composites for May-June are shown in figure 3.7. Similar to November-
December, the westerly wind anomalies are generated which moved eastwards
along with the convection. Westerly wind maximum occurs during the phases
P3 and P4 which accounts for the maximum cyclogenesis in North Indian Ocean.
During P3 vorticity maximum exits over the Arabian Sea and Bay of Bengal
accounting for 8 cyclones. In P4 the vorticity maximum region shifts eastwards
and 5 cyclones are formed in the Bay of Bengal. During the phase P5, cyclonic

vorticity is strong over Bay of Bengal but there is no cyclogenesis. In phases P5
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Figure 3.9: Same as figure 3.8, but for May-June.

to P8 there is little cyclogenesis as both vorticity and VWS (discussed later) are
unfavourable along with the suppressed convection existing over North Indian
Ocean.

Figure 3.8 and figure 3.9 represents the VWS composites for November-
December and May-June seasons respectively. During November-December the
VWS is found to be favourable for the study region in MJO phases P2 to P5 and
cyclogenesis occures with VWS less than 8 ms™'. In the other phases VWS is
more that 8 ms™! and there is very little cyclogenesis in the study area. Compar-
ing with November-December, the VWS over the study region is higher during
the May-June. Cyclones have occurred in large numbers during the phases P3
and P4. In these phases VWS is in the order of 8 to 16 ms™!. Cyclones have

occurred with these high shear values in this season, most likely due to the high
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cyclonic vorticity available there at 850 hPa (See figure 3.7).

3.4 Conclusion

Formation of cyclonic storms over North Indian Ocean in the area bounded
by latitudes 0 and 15°N and longitudes 60°E and 100°E during the period 1979
to 2008 have been studied with respect to the eastward passage of Madden-
Julian Oscillation. In this study, MJO intensity with amplitude 1 and above is
considered, which includes 61.24% days of the whole period. There were a total
of 118 cyclones in the three decades out of which 96 formed in the study region.
The relationship between these cyclones with the different phases of MJO has
been studied.

The cyclones are clustered in eight phases of MJO and have been analysed
by selecting different amplitude criteria. The number of the MJO days for each
amplitude varies significantly from one to another. However irrespective of the
amplitudes chosen, it is observed that cyclogenesis over North Indian Ocean basin
preferentially occurred during the convective phase of MJO (P1 to P4). By se-
lecting MJO amplitude 1 and above 81.5% of the cyclones formed was under
the convective phase of MJO. Further increasing the amplitude to 1.5, convec-
tive phase of MJO dominates by accounting 22 out of the 27 cyclones formed.
The study has also shown that P3 and P4 of MJO have the highest favourable
environment for cyclogenesis in Bay of Bengal.

The spatial distribution of the cyclogenesis is seen to be highly associated with
the synoptic conditions existing over the North Indian Ocean during the phases.
Phases P1 and P2 are associated with the initial phase of the MJO cycle where
active convection occurs over equatorial Indian Ocean. This active convection
area will induce strong equatorial westerlies to its west and associated cyclonic
vorticity. The cyclogenesis location is seen to be distributed in the Arabian Sea
and Bay of Bengal almost equally. In the next three phases of the MJO cycle
(P3 to P5) the equatorial area of active convection has moved to the Bay of
Bengal and the adjoining western Pacific and the associated westerlies in the
lower troposphere cover the whole of equatorial Indian Ocean and is particularly

strong over the equatorial areas south of Bay of Bengal. These phases are thus
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most favourable for cyclogenesis in the Bay of Bengal. The cyclogenesis locations
are seen to be distributed more in the Bay of Bengal comparing with Arabian
Sea. In phases P6 to P8 the equatorial convection has moved further east and
the subsiding motion in the North Indian Ocean leads to suppressed convection
and thereby develops unfavourable conditions for cyclogenesis.

The cyclogenesis parameters were composited and analysed for the different
phases of MJO particularity 850 hPa wind and vorticity. The cyclonic vorticity
appearing the north and south of the flow induced by the westerly phases of
MJO are significantly influencing the cyclogenesis. The axis of the 850 hPa wind
maxima particularly the zonal component is seen to be shifting from Arabian
Sea to Bay of Bengal changing the location of cyclogenesis. Vertical shear of
zonal wind is found to be favorable during the P3 and P4 phases of November-
December and May-June seasons which account for the maximum number of
cyclone formation in those phases.

In this study intensification trends or the direction of movement of tropical
cyclones in any category were not examined. Although the convective phase of
MJO is found to be favourable for cyclogenesis, further studies are needed for

using MJO as an effective predictor of cyclogenesis in North Indian Ocean.
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Chapter 4

Interannual Variations of
Tropical Cyclone Activity over
the North Indian Ocean

4.1 Introduction

For the Indian Ocean basin, inter-annual climate variability is highly influenced
by ENSO. Variability of Indian summer monsoon rainfall (ISMR) in interannual
timescales is modulated by ENSO (Sikka, 1980; Pant, 1981; Ashok et al, 2001) al-
though the relationship varies between decades (Kumar et al, 1999). Indian Ocean
Dipole (IOD) (Saji et al, 1999), which is another mode of interannual variability
in Indian Ocean, characterized by east-west SST anomaly over Indian ocean is
highly related with ENSO. A large percentage of positive IOD (negative 10D)
years are El Nino (La Nina) years (see table 4.1). Available literature on ENSO-
tropical cyclone interaction over North Indian Ocean is mainly concentrated on
the Bay of Bengal cyclones during the post-monsoon (October-December) season
(Gupta and Muthuchami, 1991; Ng and Chan, 2011; Girishkumar and Ravichan-
dran, 2012). Gupta and Muthuchami (1991) observed that during El Nino years
tropical cyclones formed over Bay of Bengal landfalls south of 17°N and the num-
bers of these storms are highly correlated with the southern oscillation indices.
Singh et al (2000) found that the frequency of tropical cyclones in North Indian
Ocean during May and November reduces during warm phases of ENSO. Ng and
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Chan (2011) showed that apart from the local SST, moist static energy and at-
mospheric flow patterns forced by ENSO modulates the interannual variability
of tropical cyclones over Bay of Bengal during the post-monsoon season. Using
30 years of IBtRACS cyclone data, interannual variations in genesis region, di-
rection of movement and intensity of post monsoon (October-December) tropical

cyclones over north Indian Ocean basin associated with ENSO is analysed.

4.2 Methodology

Interannual variation in these cyclones have been studied with respect to, El
Nino and La Nina of the years 1979 to 2008. The monthly Nino 3.4 SST indices
obtained from the NOAA Climate Prediction Center (CPC) website are used
for defining the El Nino and La Nina years, and are listed in table 4.1. The
positive /negative 10D years obtained from JAMSTEC website are also listed
in 4.1. El Nino (La Nina) years are defined such that the October-December
averaged SST anomaly of the region is above (below) a value of 0.5. Thus the
years 1982, 1986, 1987, 1991, 1994, 1997, 2002, 2004 and 2006 are considered as
El Nino-0 years and 1983, 1984, 1988, 1995, 1998, 1999, 2000, 2005 and 2007
years are considered as La Nina years. Thus we have 9 years each of El Nino and
La Nina in the 30 years 1979 to 2008. El Nino spans two consecutive years, the
first year of which (warming phase) is called El Nino-0 year.

The tropical cyclone Genesis Potential Index (GPI) developed by Emmanuel
and Nolan (2004) is used in the study. Camargo et al (2007) subsequently used
this index to analyse the effects of ENSO on GPI over the global ocean basins.
The GPI is given by

HN\? (Ve \° i
ori- () (%) 0ovr 0

where n is the absolute vorticity at 850 hPa , H is the relative humidity at 600
hPa in percent, V,,,, is the potential intensity Emanuel (1995), and Ve is the
magnitude of the VWS between 850 hPa and 200 hPa. The value of V,,,, is

calculated as
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Table 4.1: List of years when El Nino or La Nina and/or negative or positive IOD

occured.

Year El Nino/La Nina PIOD/NIOD
1979 - -
1980 - NIOD
1981 - -
1982 El Nino PIOD
1983 La Nina -
1984 La Nina NIOD
1985 - -
1986 El Nino -
1987 El Nino PIOD
1988 La Nina -
1989 - -
1990 - -
1991 El Nino PIOD
1992 - NIOD
1993 - -
1994 El Nino PIOD
1995 La Nina -
1996 - NIOD
1997 El Nino PIOD
1998 La Nina NIOD
1999 La Nina -
2000 La Nina -
2001 - -
2002 El Nino PIOD
2003 - PIOD
2004 El Nino -
2005 La Nina NIOD
2006 El Nino PIOD
2007 La Nina -
2008 - -
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Vi = 1/ 25— YK (0 apR+ — cAPE) (4.2)
T, Cp m

where Tg is the SST, Ty is the mean outflow temperature (temperature at the
level of neutral buoyancy), Ck is the exchange coefficient for enthalpy, Cp is a
drag coefficient, CAPE* is the convective available potential energy of air lifted
from saturation at sea level in reference to the environmental sounding, and
CAPE is that of boundary layer air.

For analyzing the parameters related to the tropical cyclones, several parame-
ters such as 850 hPa wind, 850 hPa vorticity, 200 hPa wind, 200 hPa divergence,
SST and GPI are composited and analysed. Anomalies of these parameters are
computed with respect to a climatological field, which is an averaged field of the
season (October-December) from 1979 to 2008.

4.3 Results and discussion

4.3.1 Changes in lower tropospheric circulation

The ENSO is characterized by easterly-westerly fluctuations in the lower tropo-
sphere wind over the equatorial Pacific. During a La Nina year or a normal year,
large area of warm water over the Western Pacific causes the wind to converge
over this region, which becomes the upward limb for Indian Ocean and Pacific
Walker cell. During this time, lower tropospheric winds are westerly over the
Indian Ocean and easterly over the equatorial Pacific. As the westerly wind flow
is established in equatorial Indian Ocean, it enhances cyclonic vorticity north
and south of this flow. This will create an increase in cyclonic vorticity over the
cyclogenesis region over North Indian Ocean since it is in the wind shear region
of these winds. In order to analyse the lower tropospheric circulation patterns,
850 hPa wind and vorticity are composited for El Nino-0, El Nino-1, El Nino+1
and La Nina years.

The changes in lower tropospheric Indian Ocean Walker circulation patterns

and their anomalies associated with ENSO are depicted in figure 4.1. During Fl
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Figure 4.1: Composites of circulation and vorticity patterns and their anomalies
associated with different phases of ENSO a) El Nino-1 b) El Nino-0 ¢) El Nino+1

d d) La Ni .
and d) La Nina years 53


4_interannual/figures/vort.eps

Chapter-4. Interannual Variations of Tropical Cyclone Activity over the North Indian Ocean

Nino-1, El Nino+1 and La Nina years there is strong westerly wind flow over
the equatorial Indian Ocean as can be seen from figure 4.1a, 4.1c, 4.1d. There is
strong cyclonic vorticity over the North Indian Ocean especially in Bay of Bengal.
The anomalous wind and vorticity field also shows the same features. There is
strong westerly anomaly and associated increase of the cyclonic vorticity over
Bay of Bengal during the non El Nino years. During the El Nino-0 years the
convection is shifted to the central Pacific Ocean changing the normal circulation
patterns in the whole Indo-Pacific region. Along with this shift, the upward limb
of the Walker circulation over the north Indian Ocean shifts to the central Indian
Ocean. These changes are depicted in figure 4.1b,4.1f where the reduction in the
westerly wind and associated decrease in cyclonic vorticity over the Indian ocean
are shown. The anomalies of wind and vorticity also shows the same signal in
which a large negative vorticity anomaly region in over the Bay of Bengal. Thus
the decrease in the available vorticity for the cyclogenesis is reduced considerably
during the El Nino-0 years which lead to the reduced cyclogenesis over the region.
Most of the El Nino-0 years are positive IOD years which further reduces the

magnitude of the lower tropospheric westerlies over the region.

4.3.2 Changes associated with cyclogenesis

In order to differentiate the general characters of tropical cyclones between El
Nino and non El Nino years, composites of tracks are made and analysed.The
tropical cyclone tracks composited shows large differences in basic characteristics
such as genesis, tracks and intensity of a tropical cyclone during the El Nino and
non El Nino years. Figure 4.2 gives the composite of genesis points and tracks
of tropical cyclones during October to December for El Nino-1, El Nino-0, El
Nino+1 and La Nina years. The first reported point of the cyclone is given as
black dot and the colour of the track represents maximum intensity reached by
a cyclone. Cyclones are grouped into four categories; Cyclonic storms (CS) (34
to 47 knots), severe cyclonic storms (SCS) (48 to 64 knots), very severe cyclonic
storms (VSCS) (64 to 119 knots) and super cyclonic storm (SUCS) (above 119
knots) based on the maximum intensity following IMD classification for Indian

Ocean.
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Figure 4.2: Cyclogenesis points and tracks associated with a) El Nino-1 years b)
El Nino-0 ¢) El Nino+1 and La Nina years. The different colours in tracks represent

the different intensity categories of the storm.

From figure 4.2, it can be seen that the tropical cyclone activity over the North
Indian Ocean basin in comparatively low during the El Nino-0 years. Also the
genesis region shifts westward during the El Nino-0 years which is consistent with
the result from Girishkumar and Ravichandran (2012). During El Nino-1 and El
Nino+1 and La Nina years, cyclone genesis is distributed over the entire Bay of
Bengal region. But during El Nino-0 years, cyclogenesis are more constrained
in the southern Bay of Bengal as seen from figure 4.2c. Camargo et al (2007)
observed that there is a shifting of GPI from northern Bay of Bengal to southern
Bay of Bengal during El Nino-0 years. They attributed these changes to the
variations in wind shear. The genesis character over the Arabian Sea does not
show much change over the years. The variations in GPI associated with ENSO

will be discussed in detail on later sections.
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Figure 4.3: Composite GPI patterns and their anomalies associated with different
phases of ENSO a) El Nino-1 b) El Nino-0 c¢) El Nino+1 and d) La Nina years.
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4.3.3 Changes in genesis potential index

The variation in the mean genesis regions are analysed using a genesis potential
index calculated from the environmental parameters. Camarago et al (2007) used
this index to study the ENSO related variations in tropical cyclone genesis around
the globe. Menkes et al (2012) evaluated the performance of four cyclogenesis
indices in different ocean basins and found that genesis potential calculated by
Emmanuel and Nolan (2004) and Tippett et al (2011) are best adjusted indices
for North Indian Ocean.

The October-December GPI is composited for different phases of ENSO. Fig-
ure 4.3 depict the changes in the genesis potential index and its anomaly asso-
ciated with the El Nino-1, El Nino-0, El Nino+1 and La Nina years. During
El Nino+1 and La Nina years, high values of GPI are available over the North
Indian Ocean especially over the Bay of Bengal region. Although there are posi-
tive GPI values over Bay of Bengal during El Nino-0 years, the values are much
less compared with the La Nina years especially over the northern Bay of Ben-
gal. The composite anomalies of GPI are given in figure 4.3e to 4.3f. During FEl
Nino-0 years large area of negative GPI anomaly is over the Bay of Bengal. Thus
the reduced cyclogenesis potential during El Nino-0 is causing the reduction in
tropical cyclone activity. For La Nina years the entire pattern is opposite and
there is a high value of positive GPI anomaly over Bay of Bengal. From both FEl
Nino-0 and La Nina events it can be seen that the area of activity is enhanced
over the western Bay of Bengal which explains the shift in the cyclogenesis area.

The reasons for the reduction in GPI during El Nino-0 years is examined
by considering the individual parameters used for calculating the GPI. Relative
contributions of each of the 4 parameters used in GPI are examined by the method
given in Camarago et al (2007). For each variable, the relative contribution is
analysed by recalculating GPI, taking actual varying values of one variable and
for other 3 variables, long-term unvarying monthly climatological fields are used.
The procedure is then repeated for all the variables. The relative contributions of
the four variables are composited for El Nino-0 and non El Nino years. For all the
parameters the composite anomaly for El Nino-0 and La Nina years are depicted

in figure 4.4. Of the thermodynamic parameters, 600 hPa relative humidity shows
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a maximum (minimum) over the eastern Bay of Bengal during the La Nina (El
Nino-0) years. Maximum potential intensity parameter has not much variability
between the periods. The relative contribution of vorticity at 850 hPa is showing
a positive (negative) anomaly in Bay of Bengal during La Nina (El Nino-0) years.
This is due to the reduced 850 hPa vorticity over Bay of Bengal during the FEl
Nino years. During El Nino-0 years, the relative contribution from VWS shows
large positive values over the southern Bay of Bengal and Arabian Sea. This
favorable condition during El Nino-0 years is due to the decrease in VWS since
both the lower and upper tropospheric wind over Bay of Bengal weakens during
the El Nino-0 years. Thus it is inferred that the large contribution from relative
humidity and 850 hPa vorticity in the eastern Indian Ocean causes the shifting of
genesis region during the El Nino-0 years. Also the southward shifting of VWS
component during El Nino-0 years enhances the cyclogenesis over the southern

Bay of Bengal which was also observed by Camarago et al (2007).

4.3.4 Changes in intensity

There is strong interannual variation in the intensity of North Indian Ocean
cyclones as observed from figure 4.2. Intensity of tropical cyclones are reduced
considerably during an El Nino-0 year compared with non El Nino years. The
number of tropical cyclone in each intensity category which are formed in different
phases of ENSO is given in table 4.2. The total number of tropical cyclones formed
during El Nino-0 years are almost equal to the La Nina years with a difference of
4 tropical cyclones. The major difference is in the intensity during the El Nino-0
years since there is a significant decrease in the tropical cyclones with intensity
above VSC category. During the El Nino-0 years 95% of cyclones (18 out of 19)
formed are under the VSC category but during La Nina years it is only 52% (12
out of 23) and remaining 48% (11 out of 23) are above the VSC.

The maximum potential intensity estimated by Emmanuel (1994) does not
consider dynamic influences like VWS which restricts the development of the
storm. From the composites of MPI (not shown) it is observed that there are
not much differences between the values during El Nino-0 and La Nina years.

Also during the El Nino-0 years, VWS is favourable for cyclogenesis in North
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Figure 4.4: Anomalies in genesis potential index owing to the four parameters a)

vorticity b) VWS c¢) relative humidity and d) potential intensity during El Nino-0

(left panel) and La Nina (right panel).
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Table 4.2: The distribution of tropical cyclone intensity categories in the different
phases of ENSO

Category Total CS SCS VSC SUCS
El Nino-1 23 9 9 5 0
El Nino 0 19 12 6 1 0
El Nino+1 27 15 7 4 1
La Nina 23 8 4 9 2

Indian Ocean. Although VWS and thermodynamic MPI are favourable, there
is a decrease in the intensity of tropical cyclones during El Nino-0 years. Since
North Indian Ocean is bounded by land to the north, the change in the direction of
tracks affects the intensity. This is more evident in Bay of Bengal since westward
moving storms makes landfall faster than the northward moving storms. The
genesis region during El Nino-0 years shifts to the eastern Bay of Bengal and the
direction of movement is westward comparing with the northward moving tropical
cyclones in non El Nino years. If we set 17°N as a threshold point for land fall, it
is seen that most of the tropical cyclones make land fall below this in El Nino-0
years which is consistent with the observation of Gupta and Muthuchami (1991).

Tropical cyclones formed during La Nina years moves northward and makes
landfall over north Bay of Bengal. As the tropical cyclones remains over the
ocean for a long duration before the landfall, the intensity of the cyclones are
increased. A similar type of intensification mechanism was observed in Western
North Pacific by Emmanuel (2000) and Camarago et al (2007). Camarago et al
(2007) found that although the potential intensity (Emmanuel, 1986) is less over
the Western North Pacific, the increase in intensity of tropical cyclones during Fl
Nino-0 years is due to the longer lifetimes that occur as a result of the eastward
displacement in mean genesis location. Girishkumar and Ravichandran (2012)
reported a similar intensification mechanism for Bay of Bengal cyclones. The
shifting of genesis region is found to be caused by variations in vorticity, VWS

and relative humidity.
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4.4 Conclusion

The interannual variations in the genesis, intensity and tracks of the post-
monsoon (October-December) north Indian Ocean tropical cyclones with respect
to the ENSO are analysed using data of 30 years. It is observed that there is
a reduction in the intensity and frequency of tropical cyclones formed over the
north Indian Ocean during the El Nino-0 years compared with the non El Nino
years. Due to the changes in circulation patterns associated with El Nino-0, the
850 hPa equatorial westerlies over the north Indian Ocean reduces considerably
which in turn reduces the vorticity over the tropical cyclone genesis region. A
southward shifting of the genesis region is observed during the El Nino-0 years
along with a zonal shift towards east.

Analysis using a genesis potential index (GPI) shows that anomalous negative
values of GPI exists over the northern Bay of Bengal during the El Nino-0 years
which inhibit cyclogenesis over the region. The relative contribution of individual
parameters are examined and it is found that low values of VWS over southern
Bay of Bengal during El Nino-0 years favours the southward shift of genesis
region. Vorticity and relative humidity parameters are found to be favourable for
La Nina years and higher contributions of these parameters are responsible for the
westward shift of mean genesis region over the Bay of Bengal. The tropical cyclone
tracks are west bound during the El Nino-0 years compared with the northward
moving tropical cyclones during La Nina, which is caused by the changes in upper
tropospheric circulation patterns. Although the VWS is less favourable compared
with El Nino-0 years, tropical cyclones during La Nina intensifies more since the
duration of northward moving tropical cyclones over the oceanic region is more

due to their northward motion.
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Chapter 5

Decadal Variation in the
Intensity and Frequency of
Tropical Cyclones and Monsoon
Depressions of North Indian

Ocean

5.1 Introduction

The North Indian Ocean cyclones are known to have a bimodal distribution
with a primary maximum around October to December and a secondary maxi-
mum around March to May (Atlas IMD, 1979; McBride, 1995). The two sub-
basins of North Indian Ocean, viz., Arabian Sea and Bay of Bengal, show major
differences in tropical cyclone activity. The cyclone activity is more over Bay of
Bengal compared to that of Arabian Sea. In the present study we examined the
variability of tropical cyclones and monsoon depressions of North Indian Ocean
basin. There are two types of climatic variations (a) Type-1: decadal changes (a
few decades of increased activity followed by a few decades of decreased activity)
a sort of long duration oscillation, and (b) Type-2: long term increase or decrease
(trends).
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5.2 Results and discussion

5.2.1 Decadal variations of monsoon depressions

Several studies reported that the annual frequency of monsoon depressions has
a large decreasing trend (eg: Bhalme, 1972; Joseph and Xavier, 1999; Kumar
and Dash, 2001; Dash et al, 2004). Joseph and Xavier (1999) analysed the
annual frequency of tropical cyclones and monsoon depressions of North Indian
Ocean for the period 1891-1998 and found that the third harmonic (of period 36
years) has the largest amplitude. The present study focused on the variations in
the annual frequency of occurrence of monsoon depressions from 1891 to 2009.
Annual frequency of monsoon depressions from 1891 to 2009 is given in figure
5.1. There is a statistically significant and strong decreasing linear trend with
a superposed multidecadal oscillation as shown by the 5-year moving average.
Harmonic analysis indicates a prominent third harmonic of period 39 years as
marked in the figure. We designated this feature as a Four Decade Oscillation
(FDO). The frequency of monsoon depressions had reduced from a large number
of occurrences (= 12 per year) in the 1890’s to a much small number (3-4 per
year) in the recent years. The major part of the decrease in monsoon depressions
has occurred after 1950s. Separate linear trends for the periods 1891-1960 and
1950-2009 are also shown in figure 5.1. The FDO signal has amplitude of about 1
depression above or below its mean state. In the recent period, FDO amplitude
attained the maximum around 1970 and minimum around 1990. During the last
60 years (1950 to 2009) high quality re-analysed data are available (Kalnay et
al, 1996). Monsoon depressions and tropical cyclones of the period 1965 to 2009
have been monitored using data obtained from weather satellites. Thus the FDO
cycle from 1965 to 2009 had very reliable observational data.

Studies have attributed the changes in the frequency of monsoon depressions
to the climate change in the Indian Ocean region especially the changes in SST
(Rajeevan et al, 2000; Jadhav and Munot, 2008). Dash et al (2004) found a
decrease in the horizontal and vertical wind shears of the mean monsoon flow
over India as well as over the Bay of Bengal and decrease in the moisture and

convection over the Bay of Bengal area. According to Sikka (1977) one of the
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Figure 5.1: Annual frequency of monsoon depressions from 1891 to 2009.

major synoptic conditions for the genesis of monsoon depression is the strong
flow of monsoon LLJ through peninsular India and Bay of Bengal. Monsoon
depression is known to be formed in the cyclonic vorticity area associated with
LLJ (Sikka, 1977). Studies reveal that the intensity of the LLJ had a decreasing
trend during 1950 to 2002 (Joseph and Simon, 2005).

The decrease in the intensity of LLJ (June-September averaged zonal wind
through an area bounded by latitudes 10°N to 20°N and longitudes 75°E to 90°E
from 1950 to 2009 is shown in figure 5.2. A 5-year running mean is marked in
the figure. A 35-45 year filter has been applied to the data and this variation is
also marked. It is hypothesized that the FDO and decreasing trend in monsoon
depressions are caused by the change in intensity of the monsoon LLJ. In order to
find out the strength of the relationship, a correlation analysis has been carried
out between the strength of LLJ and the frequency of monsoon depressions during

each monsoon. The correlation coefficient increases from 0.35 to 0.56 when 5 year
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Figure 5.2: Strength of monsoon LLJ (zonal wind in ms™! ) averaged over an
area 10°N-20°N, 75°E-90°E. The linear trend (dashed line), 5-year moving average

(blue curve) and 35 to 45 year filtered data (red curve) are indicated.

running mean is considered, which is high and statistically significant.

5.2.2 Rapid warming of the Indian Ocean as related to

monsoon depressions

Joseph and Sabin (2008) reported a rapid increase in the SST of the equatorial
Indian Ocean during the monsoon season from 1950 which resulted in an increase
in the convection over the area. This increased convection resulted in the weak-
ening the monsoon Hadley circulation and the consequent weakening of the LLJ,
TEJ and the southern hemisphere STJ (Joseph and Sabin, 2008). The weakening
of the LLJ could be the possible cause for the decreasing trend in the frequency

of monsoon depressions. The decrease in the intensity of TEJ associated with
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Figure 5.3: Annual frequency of monsoon depressions from 1891 to 2009.

the weakening of monsoon causes a major reduction in the VWS over the region.
According to Rao et al (2008) there is a possibility of increasing intensity of the
cyclonic disturbances over North Indian Ocean during the summer monsoon. In
support of this view, they have shown that a super cyclone Gonu formed over
the Arabian Sea in 2007 for the first time in the recorded history.

The rapid warming of the Indian Ocean and the corresponding changes in the
frequency of monsoon depressions is shown in figure 5.3, 5.4 respectively. For
SST, the June-September average over an area bounded by latitudes 5°S to 5°N
and longitudes 60°E to 90°E is taken. The SST showed only a small increas-
ing trend prior to 1950 and correspondingly monsoon depressions is also having
a small decreasing trend. But after 1950, the SST showed a rapid increasing
trend, whereas monsoon depressions showed a rapid decreasing trend during the

corresponding period, from about 10 depressions in 1950s to about 3 in 2000s.
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Figure 5.4: SST of equatorial Indian Ocean averaged over the area 5°S-5°N, 60°E
-90°E.

5.2.3 Decadal variation in tropical cyclones

Similar to the climate change in monsoon depressions, the frequency of tropical
cyclones in North Indian Ocean basin shows a long-term decreasing trend and
a distinct multi-decadal oscillation. Comparing with monsoon depressions, the
decreasing trend is smaller in the case of tropical cyclones. The annual frequency
of tropical cyclones which formed over the North Indian Ocean basin from 1891 to
2009 is shown in figure 5.5. The filtered 39 year oscillation, 5 year running mean
of cyclone frequency and the linear trend are also illustrated. The average number
of cyclones has decreased from about 6 in 1890s to nearly 4 in the recent decades.
Similar to the decadal oscillations in monsoon depressions, frequency of tropical
cyclones also shows multidecadal oscillations with period close to four decades
as earlier shown by Joseph and Xavier (1999). The FDO in tropical cyclones
has a High Frequency Period (HFP) followed by a Low Frequency Period (LFP).
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Figure 5.5: Annual frequency of tropical cyclones from 1891 to 20009.

Similar to monsoon depressions, the FDO signal in tropical cyclones is also having
amplitude of about 1 cyclone above or below its mean. In the recent years FDO
had its HFP in the decade 1965-1974 and LFP during 1985-1994. These two
decades are well covered with the reanalysis datasets and satellite observations.

Although there are multi-decadal modes in the frequency of tropical cyclones
reported in other ocean basins, related to Pacific decadal oscillations, Atlantic
multidecadal oscillation, and North Atlantic oscillations, none of these is related
to the frequency of tropical cyclones and monsoon depressions of North Indian
Ocean. The temporal phases of tropical cyclones and monsoon depressions, both
are close to each other; there is only a small phase difference of about 4 years,
with tropical cyclones leading monsoon depressions as can be seen in figure 5.6
which gives the third harmonic of frequencies of both these systems.

Xavier and Joseph (2000) reported a decadal scale variation in VWS over
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Figure 5.6: Third harmonics of annual frequency of monsoon depressions and
tropical cyclones.

North Indian Ocean which possibly influences the decadal oscillation in frequency
of tropical cyclones. Pattanaik (2005) found that it is not SST but the large scale
atmospheric circulation that is responsible for the interdecadal variability of cy-
clones of North Indian Ocean. The FDO in tropical cyclone frequency was studied
in detail by considering the variations in Gray (1979) parameters associated with
cyclogenesis. Cyclogenesis parameters such as SST, wind at 850 hPa and 200
hPa, VWS, vorticity at 850 hPa, divergence at 200 hPa, and humidity at dif-
ferent levels were analysed. The cyclogenesis parameters were analysed for the
area bounded by latitudes 7.5°N-15°N and longitudes 80°E-92.5°E. The cycloge-
nesis parameters were analysed for this area for the October-December season
of 1948 to 2009. Among these variables, VWS and vorticity at 850 hPa has
shown a multi-decadal oscillation consistent with the FDO in tropical cyclones.
The decadal oscillation in VWS was further analysed for Bay of Bengal consid-
ering a larger area bounded by latitudes 7°N-25°N and longitudes 80°E-100°E.
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Figure 5.7: The 11-year moving average of VWS over Bay of Bengal (7°N-25°N;,
80°E-100°E ).

The 11-year running mean of VWS over this area is depicted in figure 5.7. This
clearly shows a decadal oscillation in the VWS in phase with the observed FDO
in tropical cyclone frequency.

In order to understand the decadal variation in 850 hPa wind flow and vor-
ticity, composites of the parameters are analysed for the HFP and LFP. The dif-
ference in 850 hPa wind field between the composites of HFP and LFP is shown
in figure 5.8. The normal 850 hPa wind pattern over Indo-Pacific region has
westerlies over equatorial Indian Ocean region and easterlies over the equatorial
Pacific Ocean which is the lower tropospheric part of the Walker circulation. But
from the difference between HFP and LFP (HFP - LFP) (see figure 5.7), it can
be seen that the equatorial westerlies over the Indian Ocean region are stronger
during HFP compared to the LFP. The equatorial wind averaged over an area

bounded by latitudes 2.5°S to 7.5°N and longitudes 50°E to 100°E (marked by a

1)
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Figure 5.8: The difference in 850 hPa circulation between HFP (1965 -1974) and
LFP (1985-1994).

box in figure 5.8) shows an FDO in-phase with the tropical cyclone frequency and
the vorticity in the cyclone genesis region. The 11 year moving average of North
Indian Ocean tropical cyclone frequency, 850 hPa wind over the equatorial Indian
Ocean and vorticity at 850 hPa over the cyclone genesis region are shown in figure
5.9. All these parameters are having the same phase. The cyclone genesis region
is located just to the north of the area of the equatorial westerly wind which is
the cause of the cyclonic vorticity over the genesis region.

The multi-decadal variability in the equatorial westerlies over North Indian
Ocean has been analysed in relation to the variations in SST over a large area of
the Indian Ocean. The difference between SST of two areas, box-A (5°N- 20°N |
80°E- 100°E) and box-B (10°S- 5°N, 50°E-70°E) (marked in figure 5.10 on either

side of the anomalous equatorial westerly wind was calculated. It is hypothesized
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Figure 5.9: The 1l-year running mean of tropical cyclone, equatorial Indian

Ocean westerlies and vorticity over the genesis region.

that higher SST values over box-A can cause an increase in convection over box-A
compared to box-B, which in turn can enhance the westerly flow over the equato-
rial Indian Ocean. The SST differences between the boxes using HadISST as well
as ERSST have been calculated. The 11 year moving averages of the SST dif-
ference between the two boxes for the season October-December of 1891 to 2009
are shown in figure 5.11. It can be seen that the SST difference is also showing
a decadal oscillation almost similar to the FDO in tropical cyclones. The three
cycles of the FDO in tropical cyclones are thus associated with the SST. Accord-
ingly, there is a possibility that the SST difference is forcing decadal changes in
atmospheric circulation over North Indian Ocean causing the decadal variation
in tropical cyclones. The cause of the FDO in the SST difference between boxes

A and B is however not known.

5.2.4 Decadal changes in intensity of tropical cyclones

The long-term trends in the intensity of tropical cyclones are a matter of de-
bate because of the data reliability issues. Although certain studies have shown

an increase in intensity of tropical cyclones over the years in some ocean basin
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(Emmanuel, 2005; Webster, 2005), reliability of the observed long-term data is
a matter of concern. Knapp and Kossin (2007) observed that, Indian Ocean has
been poorly monitored until the launch of the MeteoSat-7 satellite in 1998 and
the view-angle between the existing satellites and storms in Indian Oceans was of-
ten highly oblique. Also studies reveal that the existing global hurricane records
are too inconsistent to accurately measure trends from the data (Kossin et al,
2007). Using the available tropical cyclone intensity data from India Meteorolog-
ical Department, the variations in the intensity of North Indian Ocean tropical
cyclones are analysed. Based on the maximum sustained wind associated with the
cyclone, two categories of tropical cyclones were studied; cyclonic storms (with
maximum sustained wind between 34 and 47 knots) and severe cyclonic storms
(with maximum sustained wind above 48 knots).

In order to investigate the climate change in the intensity, ratio of the annual
frequencies of severe cyclonic storms to the cyclonic storm of North Indian Ocean
basin has been calculated from 1891 to 2009. This ratio and its 5 year moving
average are given in figure 5.12. The linear trend of this ratio for the full period

1891 to 2009 is marked in this figure. Linear trends representing two different
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0 — |
i B L
20S I I
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Figure 5.10: The two areas (A and B) chosen for SST studies.
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Figure 5.11: The SST difference between the two areas during October to De-

cember.

periods; (a) from 1891 to 1964 where satellite observations were not available and
(b) from 1965 to 2009 where satellite data was used in determining the intensity
of the cyclone are also shown in the figure.The ratio varied between 20% and
50% in the earlier period. It increased to 50% to 80% in the later period. The
observed shift in the intensity of tropical cyclones around 1965 may be due to the
better monitoring capabilities of the satellite era. Even in the satellite era, studies
(Landsea et al, 2006) have questioned the possibility of false trends arising due to
the methods of intensity estimation using Dworak technique, since in the earlier

stages of satellite era there were only few satellites with very low resolution.

5.3 Conclusion

Tropical cyclone frequency of North Indian Ocean basin is small compared with
other ocean basins,but these cyclones have caused large loss of life to those living
around the Indian Ocean. Monsoon depressions are important rain producing
systems of the monsoon. An attempt is made to study the multidecadal oscilla-

tions and long-term trends in the occurrence of these systems using the historical
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Figure 5.12: The ratio of cyclones to severe cyclones.

datasets archived by the India Meteorological Department. Although the long-
term trend in both tropical cyclones and monsoon depressions shows a decrease
in their annual frequency, decrease of monsoon depression frequency is large and
statistically significant. The multidecadal variation in both tropical cyclones and
monsoon depressions has a Four Decade Oscillation (FDO) with almost the same
amplitude and temporal phase. Since the two systems tropical cyclones and mon-
soon depressions occur in different seasons and with mostly different atmospheric
and oceanic environment, the physical parameters related to these systems were
studied separately.

Of the several parameters analysed, it is found that the intensity of the mon-
soon LLJ is the main factor affecting the variability in monsoon depression fre-
quency. The weakening of meridional monsoon Hadley circulation associated
with the rapid warming of the equatorial Indian Ocean has been found related
to the weakening the monsoon LLJ. This weakening is a most likely cause of the

decreasing trend in the frequency of monsoon depressions. Also, the FDO in the
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frequency of monsoon depressions is found to be related to the decadal changes in
the strength of LLJ passing through peninsular India and the Bay of Bengal. In
order to study the multidecadal variations in tropical cyclones, the cyclogenesis
parameters were analysed for the October-December season, which is the primary
season for tropical cyclone activity in North Indian Ocean. For tropical cyclones
the rate of decrease in annual frequency is small compared with that of monsoon
depressions. But the predominant variation is a multidecadal variability (FDO).
FDO in tropical cyclone frequency are not shown by the cyclogenesis parameters
of Gray (1979) except the vertical wind shear (VWS) between 850 hPa and 200
hPa and the 850 hPa vorticity over the tropical cyclone genesis region of Bay of
Bengal.

The VWS averaged over an area bounded by latitudes 7°N-25°N and longi-
tudes 80°E-100°E shows a multidecadal oscillation which has the same phase as
the FDO in tropical cyclones. The decadal oscillation in 850 hPa vorticity is found
to be associated with the changes in atmospheric circulation patterns. An area
of anomalous equatorial westerly wind flow exists during the High Frequency Pe-
riod (HEFP) of tropical cyclones over the equatorial Indian Ocean which is causing
the FDO in vorticity over the tropical cyclone genesis region. The multidecadal
variability in the difference of SST between two areas in the eastern and western
parts of North Indian Ocean, shows a irregularity which seems to be causing the
FDO in the equatorial westerlies. The three major FDO cycles in the annual
frequency of tropical cyclones can be clearly seen in the decadal variations of the

SST difference between the two areas.
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Chapter 6

Intensity of North Indian Ocean
Tropical Cyclones

6.1 Introduction

Intensity of tropical cyclones is dependent on several parameters both ther-
modynamic and dynamic. It includes thermodynamic factors like SST, depth of
warm ocean layer at the top, and dynamic factors like VWS and cyclone transla-
tion speed. Apart from this several other parameters are identified in subsequent
studies such as changes in internal dynamics, translational speed interaction with
the upper troposphere and regional influences of individual basins like dry air
layer advection and oceanic heat anomaly regions. As pointed out by Emmanuel
(2000), the lack of understanding the tropical cyclone dynamics and their in-
teraction with the underlying ocean is a cause for the poor forecasting skill of
the cyclone intensity. Kotal et al (2009) studied the relation between cyclone
intensity and SST of North Indian Ocean basin and derived an empirical relation
between SST and MPI of tropical cyclones over the Bay of Bengal using a sample
of 60 cyclones. They found that relation between SST and MPI was linear. Their
result showed that about 18% of cyclones reached more than 80% of their MPI
and about 38% of cyclones reached more than 50% of their MPI at their peak

intensity.
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In this study, using 21 years (1990-2011) of daily data, with a sample of 77
cyclones from IBtRACS-WMO data, the factors influencing the intensification of

North Indian Ocean tropical cyclones are analysed. The details of the tropical

cyclones selected for the study are given in table 6.1

Table 6.1: Details of 77 cyclones considered in the study.

maximum
Year Period Initial lat/lon sust.alned
wind
(msw) (knots)
1990 4 May-10 May | 8.5°N/ST°E 127
1990 14 Dec-18 Dec 7°N/88.5°E 55
1991 24 Apr-30 Apr 8.5°N/89°E 127
1991 31 May-2 Jun 13.5°N/90.5°E 45
1991 11 Nov-15 Nov 10°N/91.5°E 45
1992 15 May-19 May |  9.5°N/89°E 35
1992 8 Jun-12 Jun 11.5°N/60°E 45
1992 1 Oct-3 Oct 16°N/67°E 45
1992 20 Oct-22 Oct 18°N/88.5°E 35
1992 3 Nov-7 Nov 15°N/90°E 45
1993 12 Nov-16 Nov 11°N/69.5°E 65
1994 29 Apr-2 May 8.5°N/92°E 115
1994 5 Jun-9 Jun 15.5°N/73°E 55
1994 29 Oct-31 Oct 9.5°N/85°E 60
1994 15 Nov-20 Nov 10°N/66°E 65
1995 12 Oct-17 Oct 16.5°N/70°E 45
1995 7 Nov-10 Nov 11°N/91.5°E 7
1995 21 Nov-25 Nov 6.5°N/91°E 102
1996 12 Jun-16 Jun 11°N/86°E 45
1996 17 Jun-20 Jun 17.5°N/69.5°E 60
1996 22 Oct-27 Oct 14°N/69°E 60
1996 4 Nov-7 Nov 16°N/88°E 7
1996 28 Nov-6 Dec 11.5°N/86.5°E 65
1997 15 May-19 May 6.5°N/90.5°E 90
1997 23 Sep-27 Sep 15.5°N/82.5°E 55
1998 17 May-20 May 14.5°N/88°E 60
1998 4 Jun-10 Jun 10.5°N/69.5°E 90
1998 11 Oct-17 Oct 14°N/67.5°E 35
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Table 6.1 — Continued from previous page

Year Period Initial lat/lon msw
1998 13 Nov-16 Nov 13°N/87.5°E 77
1998 13 Dec-17 Dec 11°N/68.5°E 55
1999 1 Feb-3 Feb 9°N/89°E 50
1999 16 May-22 May 12.5°N/72°E 105
1999 15 Oct-19 Oct 13.5°N/92.5°E 90
1999 25 Oct-31 Oct 12°N/98.5°E 140
2000 27 Mar-30 Mar 7.5°N/90°E 45
2000 15 Oct-19 Oct 14.5°N/88.5°E 35
2000 25 Oct-29 Oct 13.5°N/93°E 35
2000 26 Nov-30 Nov 8.5°N/91.5°E 102
2000 23 Dec-29 Dec 8°N/86°E 90
2001 21 May-29 May 13.5°N/69°E 115
2001 24 Sep-27 Sep 17°N/69.5°E 35
2001 8 Oct-10 Oct 18.3°N/71°E 35
2001 14 Oct-16 Oct 13.5°N/84°E 35
2002 6 May-10 May 11°N/67°E 35
2002 10 Nov-12 Nov 12°N/82.5°E 55
2002 23 Nov-28 Nov 10°N/87°E 35
2002 21 Dec-25 Dec 4°N/T7°E 35
2003 10 May-19 May 6°N/90.5°E 75
2003 12 Nov-15 Nov 6.5°N/61.5°E 55
2003 11 Dec-16 Dec 4.5°N/90.5°E 55
2004 5 May-10 May 11.5°N/73.5°E 55
2004 16 May-19 May 17°N/91.5°E 90
2004 30 Sep-3 Oct 16°N/69°E 55
2004 29 Nov-2 Dec 3.5°N/64°E 55
2005 13 Jan-17 Jan 5.5°N/87°E 35
2005 17 Sep-21 Sep 20°N/90.5°E 35
2005 28 Nov-2 Dec 10.5°N/90.5°E 45
2005 6 Dec-10 Dec 10.5°N/89.5°E 45
2006 25 Apr-29 Apr 9.5°N/90.5°E 100
2006 21 Sep-24 Sep 19.5°N/66°E 55
2006 29 Oct-30 Oct 14°N/80.5°E 35
2007 12 May-14 May 15°N/90.5°E 45
2007 1 Jun-7 Jun 15°N/68°E 127
2007 25 Jun-26 Jun 23.5°N/67.5°E 35
2007 11 Nov-16 Nov 10°N/92°E 115
2008 27 Apr-3 May 12°N/87°E 90
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Table 6.1 — Continued from previous page

Year Period Initial lat/lon msw
2008 25 Oct-27 Oct 16.5°N/86.5°E 45
2008 13 Nov-16 Nov 11.5°N/85.5°E 40
2008 25 Nov-27 Nov 8.5°N/81°E 45
2009 14 Apr-17 Apr 12.5°N/88°E 40
2009 23 May-26 May 16.5°N/88°E 60
2009 9 Nov-11 Nov 11°N/72°E 45
2009 10 Dec-15 Dec 6.5°N/85°E 45
2010 19 May-22 May 10.5°N/54°E 40
2010 17 May-21 May 10.5v/88.5°E 55
2010 31 May-7 Jun 15°N/64°E 85
2010 20 Oct-23 Oct 17.5°N/91.5°E 105

6.2 Results and discussion

6.2.1 Thermodynamic conditions
6.2.1.1 Sea surface temperature

The maximum intensity of a tropical cyclone is known to have a direct relation-
ship with SST (Palmen, 1948). The earlier maximum potential intensity theories
used only SST as the parameter related to intensity (Merrill, 1988; DeMaria and
Kaplan, 1994; Whitney and Hobgood, 1997). The relation between the observed
maximum intensity of North Indian Ocean tropical cyclones with SST at the loca-
tion of maximum intensity is studied and a scatter between these two parameters
is depicted in figure 6.1. It is seen that the SST distribution has a broad range
from 25°C to 32°C for the North Indian Ocean cyclones. The correlation between
cyclone intensity and SST is 0.237 for the full range of SST.

When the maximum attained tropical cyclone wind speeds are below 64 knots,
the SST is mainly in the range of 25.5°C and 29.5°C, with more cyclones forming
with higher SST environment. For cyclones of intensity 64 knots and above,
the SST range is found to be 28°C to 31°C and for this range the correlation

coefficient between SST and cyclone intensity is 0.43. In other ocean basins like
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Figure 6.1: Scatter diagram with intensity (maximum sustained wind speeds in

knots) and associated Sea surface temperature (°C) of the 77 tropical cyclones.

Atlantic and Pacific the SST associated with cyclones cover a wide range from
15°C to 31°C and many cyclones become extra tropical vortices in their lifetime
(Whitney and Hobgood, 1997; Zeng et al, 2007). North Indian Ocean basin is
land locked except to the south and this result in short cyclone tracks and many

cyclones have landfall as they intensify and they do not reach high intensities.

6.2.1.2 Thermodynamic efficiency

Thermodynamic conditions are mainly dependent on the SST and upper tro-
pospheric outflow layer of the atmosphere. The combined effect of SST and
temperature of outflow layer is considered by Emmanuel (1986) and he proposed

a thermodynamic efficiency term e

[Ts —Tj
=4/ = 6.1
c Ts (6:1)
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Figure 6.2: Scatter diagram with intensity (maximum sustained wind speeds in

knots) and associated thermodynamic efficiency of the 77 tropical cyclones

where T is the SST and T is the temperature at outflow layer of the atmosphere.

A scatter plot against thermodynamic efficiency and maximum wind speed
is shown in figure 6.2. It is found that the thermodynamic efficiency values are
between 0.75 and 0.77 for cyclones with maximum wind speed 64 knots and above
and the range is higher for weaker cyclones. North Indian Ocean is thermody-
namically favourable for a tropical cyclone to attain its maximum intensity most
of the time. The relative contributions of dynamic factors are described in the

following sections.

6.2.1.3 Thermodynamic maximum potential intensity

On a given thermodynamic condition, the maximum potential intensity which a
tropical cyclone can attain is derived by Emmanuel (1995). Thermodynamic max-
imum potential intensity is calculated for each day following Emmanuel (1995)
(EMPT hereafter) and is given as
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Figure 6.3: Scatter diagram with intensity (maximum sustained wind speeds
in knots) and associated calculated thermodynamic maximum potential intensity

(knots) of the 77 tropical cyclones

Vi = 1/ 25 = YK (0 apR+ — cAPE) (6.2)
T, Cp m

where Tg is the SST, Ty is the mean outflow temperature (temperature at the
level of neutral buoyancy), Cg is the exchange coefficient for enthalpy, Cp is a
drag coefficient, CAPE* is the convective available potential energy of air lifted
from saturation at sea level in reference to the environmental sounding, and
CAPE is that of boundary layer air.

A scatter diagram of observed maximum intensity against the EMPI is shown
in figure 6.3. The intensity values remain highly scattered for the low inten-
sity cyclones. The correlation between the two for the full range is 0.16 and for
cyclones with maximum wind 64 knot and above, the correlation is 0.45. For
higher intensity levels, EMPI is mainly between 100 knots to 140 knots. With-
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Table 6.2: Correlation coefficient between intensity (maximum sustained wind

speeds in knots) and other parameters

Thermodynamic Dynamic
SST efficiency VWS | Efficiency | EMPI | MMPI*
All 2370 228° -.215 .226° 163 208
64> knots | .431° 266 4450 | 419° 450" | .530°

“Modified Maximum Potential Intensity (discussed later in section 6.2.3)
bCorrelation is significant at the 0.05 level (2-tailed)
¢Correlation is significant at the 0.01 level (2-tailed)

out the inclusion of other dynamical parameters, the calculated intensity shows
larger values compared with the actual observed intensity especially in the lower

intensity categories.

6.2.2 Dynamic conditions

6.2.2.1 Translational speed

Tropical cyclone must move with an optimum speed over the ocean in order to
ensure the proper exchange of heat and moisture fluxes between the ocean and
the atmosphere. Since the North Indian Ocean basin is bounded by land region to
the north, tropical cyclone with high translational speed will make landfall faster
than a slow moving cyclone. Thus fast motion will limit the maximum intensity
the cyclone can attain. Another factor is the negative feedback from the ocean
which becomes important for slow moving cyclones. In other ocean basins such
as Western North Pacific and Atlantic, a translation speed of 3 to 8 ms™! is the
most favourable range for intensification (DeMaria and Kaplan, 1994; Whitney
and Hobgood, 1997; Zeng et al, 2007). In this study, the translation speeds
of tropical cyclones are calculated by finding the great circle distance between
two consecutive observations. From figure 6.4, it is observed that the maximum
favourable translation speed of tropical cyclones over North Indian Ocean is in
the range of 2 to 6 ms™!. It is found that the range of translational speed narrows

for higher intensity tropical cyclones.
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Figure 6.4: Scatter diagram with intensity (maximum sustained wind speeds in
knots) and associated translational speed of tropical cyclones (ms~!) of the 77

tropical cyclones

6.2.2.2 Vertical wind shear

The scatter plot between VWS and observed maximum wind is shown in fig-
ure 6.5. The correlation between VWS and maximum wind is -0.21 for the full
range of intensities and for storms of maximum wind 64 knots and above -0.45
significant at .05 level. The maximum intensity of the tropical cyclones increases
with decreasing VWS. Cyclones of maximum wind speed 64 knots and above are
associated with VWS between 5 and 15 ms™" (between levels 850 and 200 hPa).

6.2.2.3 Dynamic efficiency

An empirical method for determination of dynamic efficiency using VWS and
translational speed was given by Zeng et al (2007) for Western North Pacific. Yu
and Wang (2009) subsequently used this index to study the changes in North
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Figure 6.5: Scatter diagram with intensity (maximum sustained wind speeds in

knots) and associated vertical wind shear (ms~!) of the 77 tropical cyclones

Indian Ocean tropical cyclone potential intensity in a global warming scenario.

The dynamical efficiency is defined as

1
S — 6.3
" 1+ UST/U() ( )
where
Usr = \/0'6‘/32hear + (V;rans - 5)2 (64)

where Vpeqr is the VWS defined as the difference of wind speeds between 200 hPa
and 850 hPa, and V.., is the translational speed of the targeted tropical cyclone
and Uy = 60 ms™! as given by Yu and Wang (2009). The average translational

speed of the cyclones for the entire lifetime is used for calculating the dynamical
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Figure 6.6: Scatter diagram with intensity (maximum sustained wind speeds in

knots) and associated dynamical efficiency of the 77 tropical cyclones

efficiency. The variation in dynamic efficiency with the maximum intensity of
the cyclones are given in figure 6.6. The dynamic efficiency is highly dependent
on the VWS of the environment. In this analysis values in the range of 0.75 to
0.95 are observed in North Indian Ocean for the tropical cyclones. If the dynamic
efficiency is maximum, tropical cyclones will be able to reach its maximum EMPI.
For cyclones below 64 knots the lower limit of dynamic efficiency is 0.77. But for
tropical cyclones above it the dynamic efficiency are in the range of 0.85 to 0.95.
As seen in the case of VWS, the net dynamic efficiency is favouring high intensity
cyclones. The correlation between maximum cyclone intensity and dynamical
efficiency for the full range of cyclone intensity is 0.23 and for cyclones with

maximum wind speed 64 knots and above the correlation coefficient is 0.26.
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6.2.3 Modified maximum potential intensity

Accounting for both the changes in thermodynamic and dynamic parameters
for maximum potential intensity of tropical cyclones, Zeng (2007) and Yu and
Wang (2011) proposed a modified index. The modified maximum potential inten-
sity (MMPI) of the tropical cyclones including the dynamical efficiency parameter

is calculated as

MMPI =1.Vipa (6.5)

where V., is the thermodynamic maximum potential intensity (EMPI). The
variation of MMPI with the observed maximum intensity is given in figure 6.7.
The MMPI calculated is scaled by the dynamic factor and in most cases it leads
to a reduction in EMPI. It is observed that some of the lower intensity tropical
cyclones are not accounted even after the inclusion of dynamic factors. Thus
the maximum intensity of the North Indian Ocean tropical cyclones cannot be
completely accounted by the parameters considered. The correlation between
the observed intensity and MMPI is only 0.21 for the entire range of intensities.
But if we consider only cyclones with maximum intensity above 64 knots, the
correlation values increases up to 0.53 and is significant at 0.01 level. There is
thus a possibility that the life span of the tropical cyclone and thermal structure
of the upper ocean may also have a significant role in modulating the maximum

intensity of the tropical cyclones.

6.2.4 Relative intensity

The observed intensity and the calculated intensity both with and without
dynamic factors show some relations. To quantify this relation a relative intensity
is defined which is the ratio of calculated intensity to the observed maximum
intensity. Thus it will give a measure of the total percentage of available intensity

a cyclone attained. .e.

7 :
RI ObservedIntensity

= 100 6.6
CalculatedIntensity (6.6)

93



Chapter-6. Intensity of North Indian Ocean Tropical Cyclones

160
140 °
[} ° °
[ ]
120 e o * . ° .
e 0 °
—_ [ 3
§ [ ] . (] ' ¢ °® o
= ' ®e. L L4 ®
o 100 g °
= ° ] ° s
= ° 3.
[}
° [ ] [ ]
80
] °
60 °
[ ]
T T T T T T T T T T T T 1
40 60 80 100 120 140 160
msw (kt)

Figure 6.7: Scatter diagram with intensity (maximum sustained wind speeds
in knots) and associated modified maximum potential Intensity (knots) of the 77

tropical cyclones

A scatter diagram of the intensity of the 77 cyclones with the relative intensity
is depicted in figure 6.8. The black dots represent the relative intensity with
respect to the EMPI and the red triangles represent those calculated with the
modified index. It is observed that the relative intensity increases linearly with
the observed intensity in both the cases. Lower intensity cyclones are able to
attain only 20-60 % of its MPI. The relative intensity then increases linearly
and attains 80-120% of its MPI in cases above 100 knots. Inclusion of dynamic
factors has slightly modified the index but is unable to account for the inability
of cyclones to reach their MPI.

6.2.5 Life span of tropical cyclones

For the steady development and intensification, tropical cyclones must stay

over the warm ocean surface. This ensures the inflow of maximum heat and
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Figure 6.8: Scatter diagram with intensity (maximum sustained wind speeds in

knots) and associated relative intensity of the 77 tropical cyclones

moisture fluxes into the cyclone which helps the intensification process. Figure
6.9 depicts the life time of tropical cyclones under consideration. For the cyclones
considered in this study the life time ranges from 1 to 10 days. It can be seen
that the maximum intensity of the tropical cyclones shows a linear increase with
the life time. Below the 64 knot intensity category the life span of tropical
cyclones is about 2 to 5 days. But for tropical cyclone above 64 knots the life
span increases. Thus even though the environmental conditions are favourable,
the tropical cyclones must stay for sufficient time in order to intensify. In a warm
ocean basin like North Indian Ocean, the life span has more importance. Figure
6.10 represents the variation in tropical cyclones intensity with the SST, VWS,
EMPI and MMPI with life span included. The color of the dots represents the
life span of the tropical cyclone in days. From earlier sections, we have seen
that although the environment is favourable and sufficient energy is available,
some tropical cyclones do not intensify much. In figure 6.10a it can be seen that

although SST values are high, lower intensity cyclones are not intensifying due
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Figure 6.9: Scatter diagram with intensity (maximum sustained wind speeds in

knots) and associated life time (hours) of the 77 tropical cyclones.

to shorter life span (usually less than 4 days). Similarly for VWS, in spite of the
lower VWS values, due to the shorter life span the cyclones are not intensifying.
In the calculated intensities also a similar pattern is seen. Table 6.3 represents
the correlation values when the tropical cyclones with life span less than 4 days
are excluded. There is significant and high correlation between the environmental

parameters and the intensity of the cyclones.

Table 6.3: Correlation values when cyclones with lifetime less then 4 days removed

Thermodynamic Dynamic
SST efficiency VWS Efficiency EMPI MMPI
0.339 0.449 -0.430 0.286 0.362 0.437
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Figure 6.10: Scattered plot between intensity (maximum sustained wind speeds
in knots) and a) SST b) VWS ¢) EMPI and d) MMPI. The colours of the dots

represents the lifetime of the cyclones in days.

6.3 Conclusion

Using 21 years data, the observed maximum intensity of North Indian Ocean
tropical cyclones are analysed. Environmental conditions leading to the intensifi-

cation of these cyclones are then analysed by calculating the maximum potential
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intensity (MPI) possible. The MPI values are calculated thermodynamically and
analysed with and without the inclusion of dynamic factors. Both the thermody-
namic efficiency and dynamic efficiency favours the intensification process. SST
values of 28°C and above are found to be associated with tropical cyclones with
intensity more than 64 knots. Thermodynamic efficiency values are also favouring
the tropical cyclone intensification although the variations in this parameter are
small for North Indian Ocean. Only a small fraction of the North Indian Ocean
tropical cyclones are found to have attained its maximum available intensity. The
optimum value of translation speed of North Indian Ocean is found to be 2 to 6
ms~! for the proper intensification.

Dynamical efficiency showed similar trend like thermodynamic efficiency but
the values were in the range 0.75 to 0.95. The trend in dynamical efficiency is
highly influenced by the relative influence of VWS. A value of VWS below 15
ms~! is another important contribution which is essential for the intensification
process. The final modified potential intensity which is the product of dynam-
ical efficiency and the thermodynamic potential intensity showed only a small
variation when the entire range of intensities are considered. But for cyclones
with maximum intensity above 64 knots, the correlation between observed and
calculated intensities are high (0.53). Thus even with the inclusion of dynamic
factors the entire intensity range is not accounted. This is evident from the rela-
tive intensity values where only cyclones with lower intensities attain 20 to 60%
of the calculated intensity.

The life span of the tropical cyclones is found to have a large importance
in the intensification of North Indian Ocean tropical cyclones. Cyclones with a
life time above 4 days are found to have better relationship with the calculated
intensity and there is high correlation between the observed intensity and the
parameters considered. Thus although the environment is favourable, the lower

intensity cyclones are unable to intensify due to their shorter life span.
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Chapter 7

Rapid Intensification of Tropical
Cyclone Gonu over the Arabian
Sea in June 2007

7.1 Introduction

In the year 2007 southwest monsoon set in on 28 May over Kerala located
at the south peninsular part of the Indian subcontinent. The track of cyclone
Gonu which formed and moved over the Arabian Sea from June 1-7 is illustrated
in figure 7.1 (data from IMD sources). On 01 June there was an area of active
convection over south-east Arabian Sea north of a well formed monsoon LLJ. A
low-pressure area formed in the area of active convection on the cyclonic shear
side of the LLJ on the morning of 01 June 2007. By 1800 UTC of that day,
this system was declared a depression by the India Meteorological Department
when its center lay at 15.0°N, 68.0°E. It intensified into a cyclonic storm and was
named Gonu by 0700 UTC of 02 June with its center at 15.0°N, 67.0°E. According
to Dvorak classification it then had a T-number of 2.5. Moving northwards, by
00 UTC of 3 June Gonu had intensified into a severe cyclonic storm (T 3.5)
centered at 15.4°N, 66.6°E. By 1800 UTC of 03 June the system intensified into
a very severe cyclonic storm (hurricane intensity) with T number 4.0. It rapidly
intensified and by 1200 UTC of 4 June became a super cyclone (T 6.5) and was
located at 19.9°N, 64.1°E. Thus within 18 hours (1800 UTC of 3 June to 12 UTC
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Figure 7.1: Track of cyclone Gonu from 1 June to 7 June 2007. Dots represent
positions of center of cyclone as determined by IMD. The T numbers showing the

intensity of the cyclone are also marked.

of 4 June) the cyclone intensity increased by 2.5 T numbers on the Dvorak scale
(T 4.0 to T 6.5). A detailed description of Gonu and its intensification into a
super cyclone may be seen in Tyagi et al (2010). According to them numerical
cyclone models could not forecast the intensification of Gonu to a super cyclone.

Dvorak’s (1975) study has shown that 70% of the cyclones in Atlantic and
Pacific Oceans intensify through one T-number in 24 hours. Thus Gonu’s inten-
sification rate was 3 times higher than that of a typical cyclone. By 2000 UTC
of 4 June, Gonu weakened to T-number 6.0. Continuing to weaken, the system
had intensity of T 5.0 at 12 UTC of 5 June and T 4.5 at 00 and 12 UTC of 6
June when its center moved through the Gulf of Oman, very close to the coast of
Oman. By 00 UTC of 7 June the system further weakened into a cyclonic storm
and it crossed the Mekran coast along longitude 58°E by 03 UTC of 7 June.
According to IMD, the lowest estimated central pressure of the cyclone was 920

hPa and the estimated maximum sustained wind speed was 127 knots (65 ms™1).
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Cyclonic storm Gonu is reported to be the worst natural disaster on record
in Oman. Strong waves and heavy rain caused severe damage along the Oman
coast. In Muscat winds reached 54 knots (28 ms™'). As per IMD and also Tyagi
et al (2010) Gonu is the first reported super cyclone in the Arabian Sea. This
devastating cyclone killed 49 persons and 27 were reported missing. Over 20,000
people were adversely affected by cyclone Gonu and the damage in Oman was
estimated to be close to 4 billion US dollars. (Source - Wikipedia report on super
cyclone Gonu,).

Available studies show that the upper bound of the intensity of a cyclone is
a function of SST, relative humidity of the atmospheric column and temperature
in the atmospheric outflow layer. Studies by Demaria and Kaplan (1994), Schade
and Emanuel (1999) pointed out that even though SST is important in tropical
cyclone intensification, the heat content of the ocean mixed layer must be consid-
ered. Accurate prediction of hurricane intensity requires accurate measurements
of upper ocean thermal structure ahead of the storm (Emanuel,1999).

As a cyclone moves along a warm oceanic surface, it causes turbulent mixing
in the oceanic mixed layer. This cools the oceanic mixed layer. This is treated
as a negative feedback when considering the intensification of a cyclone. But if
the warm water is deep (usually determined by the depth of 26°C isotherm), the
oceanic heat content may be large (Leipper and Volgenau, 1972) and the cooling
of the mixed layer is inhibited leading to the intensification of cyclone. A good
example is the hurricane Opal (Shay et al, 2000), which rapidly intensified from
a central pressure of 965 hPa to 916 hPa in 14 hours as it crossed a warm ocean
eddy in the Gulf of Mexico.

Similar studies done on hurricanes Opal, Bret, Mitch and Typhoon Imbedo
(Goni and Trinanes, 2003), Supertyphoon Meami (Lin et al, 2005) and cyclone
Nargis (Lin et al, 2009) have shown the presence of warm oceanic eddies in the
path of these cyclones. Preliminary results show that the intensification of most
hurricanes in the tropical Atlantic and Gulf of Mexico during the period 1993-
2000 are linked to the variability of the integrated vertical temperature of the top
layer of the ocean in the storm track (Goni et al, 2000). Numerical simulations of
hurricane Meami and Opal by Wu et al (2007) showed that interaction of warm

eddies with tropical cyclones are critical for rapid intensification of the cyclone.
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Further studies by Wada and Usui (2007) and Mainelli et al (2008) explained the
role of upper ocean thermal structure in intensification of cyclone in numerical

experiments.

7.2 Results and discussion

7.2.1 Genesis of GONU

Daily 850 hPa wind field over Arabian Sea for 01 to 06 June 2007 are given
in figure 7.2. Since monsoon set in over Kerala on 28 May, a well-formed LLJ
(Findlater, 1969; Joseph and Sijikumar, 2004) was present in the Arabian Sea
south of latitude 10°N on 01 June 2007 when a feeble cyclonic circulation formed
over south east Arabian Sea which intensified into a cyclonic storm Gonu on
the afternoon of 2 June. The vortex associated with Gonu and the maximum
organization of the vortex when the system was declared as a super cyclone is
presented figure 7.2 in which LLJ can be clearly observed. During the formation
of Gonu the LLJ was to its south and Gonu grew in intensity on the cyclonic shear
side of the LLJ in an environment of large cyclonic vorticity in the atmospheric
boundary layer.

The wind flow at 200 hPa during the cyclone is depicted in figure 7.3. STJ
present over the latitude belt 20°N to 30°N moved towards north from 3 June.
Consequent to this, the VWS over the north Arabian Sea decreased considerably
as shown in figure 7.5. On 1st and 2nd June, the low VWS zone was between
10°N and 20°N. The SST field on 1 to 6 June 2007 is given in figure 7.4. Monsoon
onset over Kerala is associated with very warm SST (of the order of 31°-32°C)
in Southeast Arabian Sea (Joseph et al, 2006). In the case of Gonu also the
SST over this part of the Arabian Sea was very high. The convective activity
associated with monsoon onset occurs over the SST gradient area south of the axis
of maximum SST. It is seen that Gonu had it genesis over the Southeast Arabian
Sea in the SST gradient area of the warm pool. The high SST in this region and
the cyclonic shear vorticity associated with the LLJ have been favourable factors
for the genesis of cyclones in south-east Arabian sea at the time of monsoon onset

over Kerala.
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Figure 7.2: Daily horizontal variations in the 850 hPa wind associated with the

development of Gonu from 1 June to 6 June 2007.
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Figure 7.3: Daily horizontal variations in the 200 hPa wind associated with the

development of Gonu from 1 June to 6 June 2007.
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Figure 7.4: Daily horizontal variations in the SST associated with the develop-

ment of Gonu from 1 June to 6 June 2007.
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7.2.2 Intensification of GONU

A comparison of the mean intensity of the recent 30 cyclones of the north
Indian Ocean as derived by Bhowmik et al (2007) at 6 hour intervals with that
of Gonu has been made and the intensity variations are depicted in figure 7.6. It
is evident that the intensity of Gonu was below the average cyclonic intensity in
this region in the first 30 hours. In the next 30 hours the intensity of Gonu is on
par with that of an average cyclone. After Gonu attained hurricane intensity (T
4) its rate of intensification became much higher than that of the average cyclone
in north Indian Ocean. During the 78-84 hours of its formation Gonu attained
the peak intensity much above that of an average cyclone.

Tropical cyclone is known to pump upwards large amounts of moisture into the
troposphere and even into the lower stratosphere. Daily variations of vertically
integrated moisture and the wind divergence at 200 hPa are shown in figure
7.7. Figure 7.7 shows that a large area of high vertically integrated moisture
(VIM) was associated with the cyclone. From figure 7.7 it can be seen that
monsoon current (LLJ) to the south of Gonu is also feeding moisture into it.
LLJ is found to be associated with high values of VIM. Thus LLJ with high
values of VIM advecting moisture into the cyclone field and the vertical pumping
of moisture from oceanic boundary layer to the higher levels within the cyclone
has ensured high moisture content in the cyclone field, which is necessary for
cyclone intensification. It is one of the important factors that led to the rapid
intensification of Gonu. Such a condition should normally be available for cyclones
forming on the cyclonic shear side of LLJ.

On 3rd and 4th of June, with the northward movement of the STJ, low VWS
was present around the cyclone area (see figure 7.5, particularly the map of 4
June with the track of Gonu marked on it) helping it to intensify fast.

The most important factor that must have created the rapid intensification
of Gonu to a super cyclone on 4th June 2007 was the availability of large heat
storage in the top layer of the Arabian Sea around Gonu on that day. Figure 7.8
shows the daily sea surface height anomaly during 1 to 6 June 2007. The track
of Gonu is also shown in the figure for 4th June along with SSHA. The blue lines

drawn to the north and south of the track are 150 km from the cyclone track.
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Figure 7.5: Daily vertical wind shear from 1 June to 6 June 2007. The blue
shaded areas are having VWS (between 200 hPa and 850 hPa) of 12 ms™! or less

at intervals of 2 ms™!. The track of Gonu is also marked in the figure for 4 June.

Between these lines there are a few warm ocean eddies with high SSHA and also
a cold eddy in the track of Gonu. The area of active convection in a tropical
cyclone is within a radius of about 300 km from the cyclone center (Gray, 1979).
The maximum of convective activity is within a radius of 100 km, which includes
the eye wall cloud convection. The effect of high heat storage in the warm ocean
eddies is to increase convection in the wall cloud and the spiral bands within a
radius of 300 km. Figure 7.9 gives the 6 hourly maximum wind of Gonu from 2 to
7 June 2007 as derived from the T numbers of cyclone intensity provided by IMD,
using the conversion table provided by Dvorak (1975). The other three curves

in the figure give the mean of SSHA averaged over latitude-longitude squares
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Figure 7.6: Six hourly intensities of Gonu and of an average cyclone over North
Indian Ocean as derived by Bhowmik et al (2007). After reaching hurricane inten-
sity (T 4) Gonu intensified rapidly.

around the 6 hourly position of the cyclone center 1, 1.5 and 2 degrees around
the cyclone center. It is a simple area average giving equal weightage to all data
points in the area. It is found that all the curves are found to follow the intensity
changes of the cyclone but the maxima are displaced 6 to 12 hours in the first
two curves. The average of 2 degrees around the cyclone center is found to follow
best the intensification and decay of Gonu particularly in the time of occurrence
of maximum intensity. By the averaging process adopted in our study the effects
of the positive and negative anomaly areas in a specified area around the cyclone
center are taken into consideration. It is interesting to note that the depth of
26°C isotherm and the TCHP above the 26°C isotherm in the Arabian Sea were

very high around cyclone Gonu on 4 June 2007 (figures not shown in the paper,
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Figure 7.7: Daily horizontal variations in vertical integrated moisture associated

with the development of Gonu from 1 June to 6 June 2007
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Figure 7.8: Daily SSHA from 1 June to 6 June 2007 at intervals of 2cm. The
blue shaded areas are having negative SSHA. The track of Gonu is also marked in
the figure for 4 June. The blue lines are at distance of 150 km from the centers of

Gonu.

but are available at the website http://www.aoml.noaa.gov/phod/cyclone/data/).

7.3 Conclusion

The study has shown that in the rapid intensification phase of Gonu (from

the hurricane stage T 4.0 to the super cyclone stage T 6.5), the central region
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Figure 7.9: The black line gives the 6 hourly intensity of cyclone Gonu in terms
of the maximum wind (derived from the T-number). The other lines give the area
averaged SSHA for lat-lon squares of side 1 degree (100 km), 1.5 degree (150 km)

and 2 degree (200 km) centered on the cyclone center.

of the cyclone was situated in an area with (a) low VWS and (b) positive upper
tropospheric divergence (at 200 hPa). These factors are known to be favourable
for intensification of a cyclone. The rate of intensification of the cyclone appears
to be related to the heat storage in the upper layer of the ocean over which the
central region of intense convection associated with the cyclone moved. Areas
of positive SSHA (eddies) are assumed to be areas of large heat storage in the
ocean. Since these eddies are small in horizontal dimensions and the heat from
the ocean surface layer is extracted and fed to the deep moist convection in the
cyclone central region, we used an area average of the SSHA around the cyclone

center as described earlier.
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The convection in a cyclone is high in an area of 100 km around the eye wall
cloud and decreases outwards rapidly to become practically zero about 300 km
from the cyclone center. The SSHA averaged in boxes of side 200 km and 300
km around the cyclone center follow the intensity of the cyclone but with a lag
of 6 to 12 hours. The zero lag intensity curve is for an average of the SSHA for
a box around the cyclone center of side 400 km. Such an area covers most of the

areas of intense convection in the cyclone.

112



Chapter 8

Interaction of Bay of Bengal
Tropical Cyclones with the

Subtropical Jetstream

8.1 Introduction

Upper tropospheric circulation and the STJ are important for tropical cyclones
of the North Indian Ocean as they provide a channel for the mass outflow from
the systems. Tropical cyclone intensification is a result of complex interactions
between different dynamical and thermodynamical parameters. In this chapter
the role of the STJ and the high speed center embedded in it (the Asian high
speed center) have been studied. Tropical cyclones posses high inertial stability
in the lower troposphere and hence it is resistive to the horizontal forcing by
external weather systems. But since the inertial stability does not extend up to
the upper troposphere, the upper part of a tropical cyclone is vulnerable to the
influences of upper tropospheric environment (Holland and Merrill, 1984). Upper
level forcing for tropical cyclone intensification is mainly focused on two con-
cepts; enhancement of tropical cyclone outflow by pre-existing outflow channels
in the upper troposphere and the intensity changes induced by dynamic forcing
from upper troposphere involving eddy flux convergence of angular momentum
(EFC) in regions of weak inertial stability or superposition of potential vorticity

anomalies over the cyclone.
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Significant relationships between upper tropospheric outflow channel in the
intensification of tropical cyclones were identified by Cheng and Gray (1984)
during First Garp Global Experiment (FGGE). For North Indian Ocean tropical
cyclones, Lee et al (1989) showed an increase in intensity of the tropical cyclone
under the influence of an upper tropospheric outflow channel. Studies such as
Challa and Pfeffer (1980), DeMaria et al (1993), Hanley et al (2001) and Yu and
Kwon (2005) found that positive EFC of angular momentum is a favourable factor
for tropical cyclone intensification. When an upper troposphere trough becomes
superposed with the warm outflow from the tropical cyclone, a positive eddy
momentum flux convergence contributes to a cyclonic spin-up of the inner vortex
leading to a favourable condition for cyclone intensification (Hanley et al, 2001).
Molinari et al (1998) found that the super-position of positive upper tropospheric
potential vorticity anomaly contributes to the intensification of tropical cyclone
along with the EFC.

Another approach has focused on the divergence field associated with the
upper troposphere troughs and high speed centers in Jetstreams. High speed

centers (HSC) of Jetstreams are known to have divergence in the right entrance

Conyergence| Divergence
AN AN
7 7
Divergence |Converdgence

Figure 8.1: The convergence and divergence patterns associated with the four

quadrents of a westerly high speed center
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and left exit regions and convergence in the left entrance and right exit regions
(Bebee and Bates, 1955; Uccellini and Johnson, 1979, Shapiro and Kennedy,
1981; Ziv and Padlor, 1999; Webster and Fasullo, 2003), see also figure 8.1.
Upward motions are associated with divergent regions and downward motions
are associated with convergent regions of HSCs. The divergence field around a
HSC depends on the structure of the jet, whether it is a straight or a curved one.
For a HSC with cyclonic or anticyclonic curvature the divergence field is much
different than that of a straight jet (Bebee and Bates, 1955). When the center of
the tropical cyclone is located in the right-entrance region of a HSC, the upward
motion enhances the deep convection associated with the central region of the
cyclone leading to its intensification. In addition, the pre-existing outflow channel
in the upper troposphere (for North Indian Ocean the STJ) creates favourable
outflow channel for the tropical cyclone mass flux which also is a factor favouring
intensification of the cyclone.

Although upper troposphere Jetstream HSCs influence weather systems like
tropical cyclones, these systems in turn are found to modify the strength of the
Jetstream while interacting with it. Convective heating associated with tropical
cyclone involving latent heat release intensifies the HSC (Maddox, 1979; Keyser
and Johnson, 1984; Uccellini and Kocin, 1987; Market, 1999). The Jetstream
which contributes to the upper tropospheric activity in North Indian Ocean basin
is the subtropical Jet stream (STJ) during the north Indian Ocean tropical cyclone
seasons March to May and October to December. Its maximum wind is close to
the 200 hPa level.

The three wave pattern of the global winter STJ has been studied by Krishna-
murthi (1961) and shown in figure 8.2. The climatological STJ has three troughs
and three high speed centers associated with it. STJ over Asian continent has
a well defined trough over the Arabian Sea and a high speed center near Japan
(the Asian HSC). It is a semi-permanent feature but its maximum winds in the
Asian HSC have large temporal fluctuations. North Bay of Bengal is situated in
the divergent region of the Asian HSC (right entrance). The Asian HSC has the

maximum wind speed of the STJ system.
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Figure 8.2: A schematic illustration of Subtropical westerly Jetsterams and asso-

ciated high speed centers during northern hemispheric winter; from Krishnamurthi

(1979).

8.2 Results and discussion

130

For the analysis of the interaction between the Asian HSC and the tropical

cyclones of Bay of Bengal , 30 years of tropical cyclone data (1979 to 2008) from

IBtRACS have been used. Only the tropical cyclones formed over Bay of Bengal
which reached their maximum intensity north of latitude 15°N are considered in
this study. Three categories of tropical cyclones are studied; those with maximum

wind speed between 34 to 47 knots (category-1; Cat-1 hereafter), 48 to 63 knots

(category-2; Cat-2 hereafter) and above 64 knots (category-3; Cat-3 hereafter).

For these 30 years, there were 34 tropical cyclones which satisfied the above

criteria. Out of these, 8 tropical cyclones were in Cat-1 and 12 each in Cat-2

and Cat-3. The details of the individual storms are given in figure 8.3 and table

8.3, 8.2 and 8.1. Figure 8.3 shows the tracks of each tropical cyclone in these

categories where the red dots represent the location at which the tropical cyclone

attained its maximum intensity.

The upper tropospheric circulation and STJ associated with each category of

cyclones are studied by compositing 200 hPa winds form ERA interim reanalysis

data. For each category of tropical cyclone, composites are made for the period
5 days before (t-5) to the day (t), t being the day when the cyclone reached its

maximum intensity (red dots in figure 8.3).

The 200 hPa composite wind field

showing the STJ and its HSC for the three categories of cyclones are shown in
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Table 8.1: Details of the 8 cyclones under category 1

location of max

Year Period Day of max intensity | intensity (lat/lon) | MSW
1990 | 13 Dec-19 Dec 17 Dec 16.75°N /86.6°E 47.3
1991 | 30 May-3 Jun 2 Jun 22.27°N/91°E 44.5

1992 | 15 May-20 May 19 May 18.43°N/93.54°E | 46.1

1992 | 14 Jun-18 Jun 17 Jun 20.4°N/87°E 39.6
1992 | 24 Jul-28 Jul 26 Jul 20.3°N/86.4°E 35.2

1996 | 11 Jun-18 Jun 15 Jun 17.1°N/83.55°E 42.3
1996 | 21 Oct-29 Oct 27 Oct 17°N/86.11°E 34.8
2008 | 24 Oct-27 Oct 26 Oct 21°N/89.3°E 39.8

Table 8.2: Details of the 12 cyclones under category 2
location of max

Year Period Day of max intensity | intensity (lat/lon) | MSW
1982 | 30 May-4 Jun 3 Jun 19.9°N/86.9°E 01.7
1983 5 Nov-9 Nov 9 Nov 19°N/90.5°E 01.7
1985 | 22 May-25 May 25 May 22.5°N/91.2°E 56.4
1986 | 4 Nov-9 Nov 9 Nov 21.8°N/89°E 50

1987 | 30 May-5 Jun 4 Jun 21°N/90.5°E 49.2
1988 | 14 Nov-18 Nov 18 Nov 19.7°N/93°E 01.7
1989 | 23 May-27 May 26 May 21.3°N/87.3°E 51.7
1995 | 5 Nov-10 Nov 8 Nov 16.7°N/84.7°E 63.3
1997 | 19 Sep-27 Sep 27 Sep 22.7°N/91.3°E 57.2
1998 | 13 May-20 May 20 May 21.7°N/91.5°E 60.8
2002 | 9 Nov-12 Nov 12 Nov 20.9°N/87.4°E 51.7
2007 | 13 May-15 May 14 May 21.4°N/92°E 51.1
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Table 8.3: Details of the 12 cyclones under category 3

location of max
Year Period Day of max intensity | intensity (lat/lon) | MSW
1981 | 17 Nov-20 Nov 19 Nov 17.5°N/90.7°E 70.5
1981 | 5 Dec-10 Dec 9 Dec 16.9°N/86.7°E 70.5
1988 | 22 Nov-29 Nov 29 Nov 21.8°N/89°E 103.4
1991 | 22 Apr-30 Apr 29 Apr 20.5°N/90.6°E 125.1
1994 | 27 Apr-3 May 2 May 19.6°N/91.6°E | 106
1995 | 18 Nov-25 Nov 24 Nov 16.5°N/86.4°E 97.2
1997 | 13 May-20 May 19 May 20.8°N/91.1°E | 95.6
1998 | 13 Nov-16 Nov 15 Nov 17.6°N/82.8°E 74.8
1999 | 25 Oct-3 Nov 28 Oct 19.2°N/87.1°E 131.6
2004 | 14 May-19 May 19 May 20.3°N/92.9°E | 73.6
2007 | 10 Nov-16 Nov 15 Nov 19.4°N/89.1°E 119.1
2008 | 25 Apr-4 May 2 May 15.9°N/93.5°E 95.6

figure 8.4, 8.5 and 8.6. Some of the common climatological features of the upper

troposphere are seen in these figures. The Jetstream axis is at latitude around

30°N. Two features are prominent (a) an anticyclone over the Bay of Bengal and

(a) Cat-1

(b) Cat-2

(c) Cat-3
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Figure 8.3: Tracks (Blue lines) and location of maximum intensity (Red dots) of

tropical cyclones in the three categories a) Cat-1 b) Cat-2 and c) Cat-3.
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(d) Cat-3

;;;;;

Figure 8.4: Composite of 200 hPa wind for t-5 and t-4 days for a) Cat-3, b) Cat-2

and c) Cat-1. The wind magnitude is given as shaded contours.

the adjoining Southeast Asia with its ridge line at about latitude 15°N and (b)
the STJ with a trough over south Asia located near the longitude 70°E where
the wind field of the Jet-stream is weak and a high speed center to its east which
has very high wind speed of the order of 60 to 70 ms~!. Bay of Bengal cyclones
with their centers located north of the ridge line have an environment of winds
towards northeast which make them move in a north-northeast direction. All the
cyclones in this study fall under this category.

It is observed that the 200 hPa wind field shows a clear distinction in the
strength of HSCs in the three categories of tropical cyclones. The differences in
the strength of core winds of the HSC are evident even 5 days ahead of the day of

maximum intensity (t) for all the three categories of cyclones. For Cat-3 cyclones
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Figure 8.5: Composite of 200 hPa wind for t-3 and t-2 days for a) Cat-3, b) Cat-2

and c) Cat-1. The wind magnitude is given as shaded contours.

the composite HSC has a core wind speed of 50 to 60 ms~! 5 days ahead of the
day of maximum intensity (t-5). For Cat-2 maximum intensity 5 days ahead is
in the range 40 to 50 ms~!. For Cat-1, the strength of the HSC is in comparison
low (30 to 40 ms™!) at day t-5.

As the cyclone center approaches the right entrance region of the HSC, the
mean intensity of the HSC in STJ is found to increase in all the three categories.
For Cat-1, major part of the HSC have wind speeds 30 to 40 ms™! during t-5. A
small patch with 40 to 50 ms™! is seen at t-5 which expands by t-3. At t-1 and t,
the 40 to 50 ms~! contour is prominent in the core of the HSC. This increase in
wind speed is attributed to the interaction with the tropical cyclone. For Cat-2,
there is a 40 to 50 ms™! contour for the HSC at t-5. This intensifies to wind
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Figure 8.6: Composite of 200 hPa wind for t-1 and t days for a) Cat-3, b) Cat-2

and c) Cat-1. The wind magnitude is given as shaded contours.

speed 50 to 60 ms~! on day t-1. For Cat-3 cyclones the composite has a large

L at day t-5 itself. A small area of winds above

area of wind speed 50 to 60 ms~
60 ms™! is observed at t-3 to t-1. Then on day of maximum intensity (t), the
area with winds 60 ms™ and above has expanded considerably. In general the
maximum intensify of the core wind speed of HSC in STJ occurs from day t-3 to t
(particularly t-1 to t) when the cyclone is closest to the HSC. It is seen that in the
composites the core wind speed of the HSC is related to the intensity category of
the cyclone even 5 days ahead of the cyclones maximum intensity. As the cyclone
approaches the HSC the core winds of the HSC grows in wind speed. There is
thus mutual interaction between the tropical cyclone and the HSC of the STJ.

For the three categories of cyclones the composite 200 hPa meridional profiles
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of the wind speed of the are analysed. This profile shows the mean wind speed
between longitudes 90°E and 130°E (the core of the HSC) calculated for each
latitude. Although there is clear distinction between the strength of the composite
HSC from Cat-1 to Cat-3 in all the days from t-5 to t, in each category there is
considerable scatter in the strength of the core winds from case to case. As an
example the individual cases of cyclones for all the three categories for day t-5
is shown in figure 8.7. Although the scatter is large 60 to 70 % of the cyclones
are close to the mean profile as shown by the thick red line showing that there
is possibility for forecasting the maximum intensity of a cyclone using the HSC
data. The high scatter is expected as the maximum intensity of the cyclone is

also controlled by two major factors; the VWS and Ocean surface characteristics.

8.2.1 Case studies

In order to study the mutual interaction process between the tropical cyclone and
HSC in detail, case studies are made of two cyclonic storms of the Bay of Bengal,
one of the pre-monsoon season and the other of the post monsoon season. The
Bay of Bengal cyclone of 22 to 30 April 1991 had maximum wind speed of 125
knots and the Bay of Bengal cyclone (Sidr) 10 to 16 November 2007 which had

(a) Cat—1 (b) Cat-2
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Figure 8.7: Meridionaly averaged profiles of 200 hPa winds 5 days before the

maximum intensity (t-5) of the tropical cyclones
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a maximum wind speed of 119 knots. The detailed analysis of the 200 hPa wind

is done using 6 hourly data at from ERA-interim reanalysis.

8.2.1.1 Tropical cyclone BOB 01 (22 to 30 April 1991)

Figure 8.8 shows the 200 hPa wind at 24 hour interval during the period of
intensification of the cyclone. The tropical cyclone symbol on the figure marks
the position of the center of the cyclone. The low pressure system associated with
the cyclone concentrated into a depression on April 24 at 1800 UTC (t-5) when it
was located close to 10.1°N/89°E. The STJ with a distinct high speed center can
be observed north of the storm. There was strong westerly flow in the northern
side of the cyclone and light easterly wind to its south. At this time the core
wind speed of the HSC of STJ was in the range 50 to 60 ms~!. The depression
moved in a northwesterly direction intensifying into a cyclonic storm centerd at
11.1°N/88°E on 25 April at1200 UTC. During this period the core of the HSC

1

expanded westward with a large contour of 50 to 60 ms™" north of Bay of Bengal.

As the cyclone intensification process occurred the wind speed of the core of HSC

1'is may be seen at

further increased and a large area of wind speed 60 to 70 ms™
1200 UTC on 26 April. The cyclone further moved north intensifying to severe
cyclone stage at 0600 UTC 27 April with its center located at 13.4°N/87.2°F.
The center of the tropical cyclone was near the divergent right entrance region of
the HSC at this time and the core wind speed of the HSC increased to more than
70 ms~!. Recurving to a north-east direction the cyclone intensified into a super
cyclone at 0600 UTC on 29 April when its center was located at 19.7°N/89.9°E.
The cyclone reached its maximum intensity of 125 knots and the central pressure
dropped to 931 hPa at 1200 UTC on 29 April with center at 20.5°N/90.6°E. The
intensity of the HSC increased and a large area of core wind speed above 70 ms™*
is seen in the figure. The system crossed Bangladesh coast at 29 April midnight
and started dissipating. During the intensification process, most of the upper
tropospheric outflow occurred through the Jet stream. The changes in VWS
around the cyclone center and the intensity of the cyclone (maximum wind) are
depicted in figure 8.9 at hourly intervals from 22 to 30 April 1991. From the

genesis of the cyclone VWS shows a steady increase. As the cyclone is moving
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Figure 8.8: 200 hPa wind associated with the April 1991 tropical cyclone from
1200 UTC April 24 to 1200 UTC 01 May at 24 hour intervals. Symbol marks the

location of the tropical cyclone.

northward the upper tropospheric wind speed increases and that increases the
VWS in its environment. Inspite of the increase in VWS the cyclone steadily
intensified possibly helped by the divergent region of the HSC (right entrance).
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Figure 8.9: The 6 hourly changes in VWS and wind speed associated with April
1991 tropical cyclone.

8.2.1.2 Tropical cyclone Sidr (11 to 16 November 2007)

Figure 8.10 shows the 200 hPa flow at 24 hour intervals for the super cyclone
Sidr of Bay of Bengal during 11 to 16 November 2007. Sidr formed over south-
east Bay of Bengal and intensified into a depression when its center was located
near 10.1°N/92.2°E at 0600 UTC 11 November. In the initial stage itself the
main outflow region from the cyclone is via the outflow channel provided by the
STJ. On 11 November (t-4) the core wind speed of the HSC was in the range
of 60 to 70 ms~!. The system moved north-west and intensified into a cyclonic
storm located over 10.3°N/91.4°E at 1800 UTC 11 November. The cyclone moved
northwestward and lay centered near 11.3°N/90.1°E when it intensified to a very
severe cyclonic storm at 1200 UTC on 12th November. The intensity of HSC also

-1

increased and a large area with core wind speed from 60 to 70 ms™" is observed.
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Figure 8.10: 200 hPa wind associated with tropical cyclone Sidr from 0600 UTC
11 November to 0600 UTC 17 November at 24 hour intervals. Symbol marks the

location of the tropical cyclone.

Further moving north the cyclone intensified into a super cyclonic storm at 0600
UTC of 15 November when it was located near 19.4°N/89.1°E. The cyclone is now
close to the HSC and the core wind speed of the HSC increased to more than 70
ms~!. The cyclone moved northeastward and crossed West Bengal- Bangladesh
coast around 1600 UTC of 15th November. Moving further north-eastward the

system weakened and dissipated. As seen in the previous case the VWS (shown
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Figure 8.11: The 6 hourly changes in VWS and wind speed associated with

tropical cyclone Sidr.

in figure 8.11) around the center of the cyclone showed an increase as the cyclone

approaches the HSC. Inspite of the higher VWS the cyclone intensified.

8.3 Conclusion

The interaction of Bay of Bengal tropical cyclones which attain their maximum
intensity north of latitude 15°N with the Asian high speed center of the STJ is
studied in this chapter. Cyclones were divided into three categories with maxi-
mum intensity between 34 to 47 knots, 48 to 63 knots and above 64 knots. It is
observed that the climatological trough in STJ over south Asia has little effect
on the intensity of Bay of Bengal cyclones, but the high speed center of STJ is

found to be associated with the maximum intensity of the cyclones. The relation
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between the strength of the high speed center and the intensity of the cyclone
can be found even five days before the day of maximum intensity of the cyclone.
The divergent right entrance region of the High Speed Center of the STJ at 200
hPa has an important role in the intensification of the tropical cyclone. In addi-
tion the tropical cyclone and the HSC of STJ are found to mutually interact as
the cyclone center approaches the HSC. As the tropical cyclone approaches the
HSC the maximum wind of the HSC is found to increase. It is suggested that
the strength of the HSC may be considered as a factor in the intensification of a
cyclone in addition to other dynamic and thermodynamic parameters. Two case
studies are presented; one of a pre-monsoon cyclone (April 1991) and the other
of a post-monsoon cyclone (November 2007) to illustrate the interaction between
the tropical cyclone and the high speed center of the Jetstream. It is suggested

that the findings of this empirical study may be verified using numerical models.
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Chapter 9

Summary and Conclusions

Tropical cyclones of North Indian Ocean basin and the environmental factors
influencing their frequency of occurrence and intensity have been studied in this
thesis. North Indian Ocean is part of the warm pool of the tropical oceans
characterised by high sea surface temperatures throughout the year. The eastern
part of the warm pool (North-west Pacific Ocean) has produced the maximum
number of tropical cyclones in any ocean basin globally (about 26% per year).
Cyclones in this basin have their genesis during May to December. In contrast
the western part of the warm pool i.e. North Indian Ocean has generated only
6% of the global tropical cyclones annually, but these cyclones have produced
maximum human fatalities. One of the main reasons for the low percentage of
the global cyclones occurring in the North Indian Ocean basin is the suppression
of tropical cyclone genesis there during the Asian summer monsoon season (June
to September) due to the prevailing high vertical wind shear in the atmosphere.

This thesis has studied the variability in the frequency of tropical cyclones
of North Indian Ocean in the three time scales intra-seasonal, inter-annual and
decadal. The environmental factors associated with these variabilities have been
investigated. The thesis has also studied the environmental factors in the at-
mosphere and ocean related to the intensification of tropical cyclones of North
Indian Ocean, in particular the roles of sea surface temperature and upper ocean
heat content, vertical wind shear in the atmosphere, life duration and translation
speed over the ocean of the cyclone and the influence of Sub-tropical westerly

Jetstream, particularly its Asian high speed center.
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Chapter-9. Summary and Conclusions

In Chapter-1 is given a summary of the available research literature on global
tropical cyclones relevant to this thesis. The data used for the studies presented
in this thesis have been described in Chapter-2. Cyclone frequency and inten-
sity data have been taken from IMD sources and the IBtRACS data set. For
the environmental parameters, data has been taken from several sources : Daily
and monthly wind and humidity data from National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanal-
ysis; daily fields from European Centre for Medium-Range Weather Forecasts
interim reanalysis (ERA-interim) and NCEP FNL analysis; Outgoing Long wave
Radiation (OLR) data from National Oceanic and Atmospheric Administration
(NOAA); Sea Surface Temperature (SST) data from HadISST and ERSST; SST
from NOAA TOSST; SST and Vertically Integrated moisture from TMI; Sea sur-
face height Anomaly (SSHA) data from AVISO are used in the thesis. Available
indices such as ENSO index from NOAA-CPC, IOD index from Japan Agency for
Marine-Earth Science and Technology (JAMSTEC) and MJO index from Bureau
of Meteorology (BOM), Australia are also been used.

Chapter 3 has studied the role of Madden Julian Oscillation in the genesis of
North Indian Ocean tropical cyclones. Formation of cyclonic storms over North
Indian Ocean during the period 1979 to 2008 have been studied with respect to
the eastward passage of Madden-Julian Oscillation. In this study, MJO intensity
with amplitude 1 and above only has been examined, which includes 61% days
of the whole period. The relationship between these cyclones with the different
phases of MJO has been studied. The cyclones are clustered in eight phases P1
to P8 with respect to MJO. The main findings from this study are

e In the three decades (1979-2008), there were a total of 118 cyclones reported
in which 96 formed in the region chosen (0-15°N, 60°E-100°E) for the study.
Although the percentage of MJO days inducing cyclogenesis is small, it
is found that tropical cyclone genesis preferentially occurred during the
convective phase of MJO. This accounted for 44 cyclones of the total 54
cyclones (i.e., 81.5%) formed under MJO amplitude 1 and above.

e The study has shown that, when the enhanced convection of MJO is over

the maritime continent and the adjoining eastern Indian Ocean, it creates
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the highest favourable environment for cyclogenesis in the Bay of Bengal.
During this phase, westerlies at 850 hPa are strong in the equatorial re-
gion south of Bay of Bengal creating strong cyclonic vorticity in the lower

troposphere along with the low vertical wind shear.

e Vertical shear of zonal wind is found to be favourable during the phases
P3 and P4 of November-December and May-June which account for the

maximum number of cyclone genesis in those phases.

The interannual variation of tropical cyclone activity over North Indian Ocean
is studied in Chapter-4. Two major modes of interannual variability in North
Indian Ocean are El Nino Southern Oscillation (ENSO) and Indian Ocean Dipole
(IOD). From the analysis it is observed that most of the El Nino-0 years are posi-
tive IOD years and hence we did not separately study the IOD years. Variations in
the genesis, intensity and tracks of the post-monsoon (October-December) North
Indian Ocean tropical cyclones with respect to the El Nino-Southern Oscillation
were analysed using 30 years of IBtRACS tropical cyclone data. An empirical
Genesis Potential Index (GPI) was calculated following Emmanuel and Nolan
(2004) in order to analyse the variations associated with cyclogenesis. The main

findings in the study are

e There is a net reduction in the intensity and frequency of tropical cyclones
formed over the North Indian Ocean during the El Nino-0 years compared
with the non El Nino years. Also there is a southward shift in the genesis

region during the El Nino-0 years along with a zonal shift towards east.

e Analysis using the GPI shows that anomalous negative values exist over the

northern Bay of Bengal during the El Nino-0 years.

e The relative contribution of individual parameters to the GPI are exam-
ined and it is found that low values of VWS over southern Bay of Bengal
favours the southward shift of genesis region during El Nino-0 years. For
La Nina years vorticity and relative humidity parameters are found to be

favourable and higher contributions of these parameters are responsible for
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the westward shift of mean genesis region over the Bay of Bengal during

these years.

e The tropical cyclone tracks are westwards during the El Nino-0 years com-
pared with the northward moving tropical cyclones during La Nina. These
are caused by the changes in upper tropospheric circulation patterns. Al-
though the vertical wind shear is less favourable compared with El Nino-0
years, tropical cyclone during La Nina intensifies more since the duration

of northward moving tropical cyclone over the oceanic region is more.

Chapter 5 deals with the decadal variation in the intensity and frequency of
tropical cyclones and monsoon depressions of North Indian Ocean. The tropical
cyclones in the North Indian Ocean, normally occur during the pre-monsoon and
the post-monsoon months, differ drastically from the monsoon depressions that
form during the summer season in their intensity, asymmetry of winds around
the center, tilt of the circulation center with height, vertical wind shear in the

environment, etc

e Both the tropical cyclones and the monsoon depressions exhibit four decade
oscillations in their annual frequency, which is unique for the North Indian
Ocean basin. The four decade oscillations of tropical cyclones and monsoon

depressions have very little temporal phase difference.

e Of the six cyclone genesis parameters of Gray, low level vorticity and vertical
wind shear are found to have association with the four decade oscillation
in tropical cyclones. It has been found that during October to December
season, which is highly favourable for the formation of tropical cyclones, the
zonal wind at 850 hPa level averaged over an equatorial box bounded by
latitudes 2.5°S and 7.5°N and longitudes 50°E and 100°E has a four decade
oscillation during 1948 to 2009, which is in phase with that in tropical

cyclones.

e Annual frequency of monsoon depressions during 1891-2009 has a large and
statistically significant decreasing trend, whereas the tropical cyclones dur-

ing the same period showed only a small decreasing trend. Four decade
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oscillation is superposed on the long term trend for both monsoon depres-

sion and tropical cyclone.

e The decreasing trend in the frequency of monsoon depressions and its four
decade oscillation are seen related to the strength of the monsoon low level
Jetstream passing through peninsular India and Bay of Bengal. The de-
creasing trend in the strength of low level Jetstream is related to the ob-
served rapid warming of the equatorial Indian Ocean which is hypothesized

to weaken the monsoon Hadley circulation.

A comparison between observed maximum intensity attained by North Indian
Ocean tropical cyclones and calculated maximum potential intensity (MPI) is
made in chapter 6 using 21 years IBtRACS-WMO tropical cyclone data (1990-
2010). The dependencies of environmental parameters, both thermodynamic and
dynamic components have been analysed. The following is the summary of the

findings

e A board range of sea surface temperatures (SST) values from 26 to 31

degrees are observed but the highest intensity storms are associated with
the high SST values.

1

e Vertical Wind Shear values below 12 ms™" is observed associated with very

severe cyclonic storms and super cyclones.

1

e It is found that cyclone translational speed from 2-6 ms™" is associated with

with cyclones of high intensity.

e The life span of the tropical cyclones is found to have a large importance

in the intensification of North Indian Ocean tropical cyclones.

A case study of tropical tropical cyclone Gonu which formed over the Arabian
Sea and rapidly intensified into a super cyclone on 4 June 2007 while it was
centered at about 19.90°N, 64.10°E is presented in chapter-7. The factors that
caused this rapid intensification from T 4.0 to T 6.5 on the Dworak scale in

about 18 hours were investigated in this Chapter. We examined the role of ocean
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parameters viz, sea surface temperature (SST), tropical cyclone heat potential
above the 26°C isotherm (TCHP) and ocean eddies which are areas of sea surface
height anomalies (SSHA) and atmospheric parameters such as vertical wind shear
(VWS), vertically integrated moisture (VIM) and upper tropospheric divergence
associated with the sub-tropical jetstream in the rapid intensification of Gonu.
Positive SSHA which are areas of high heat storage in the top layer of the ocean
is found to be important for the rapid cyclone intensification. The heat storage
in these warm SSHA eddies are extracted by the deep moist convection in the

central region of the cyclone. The main observations from the chapter are

e The upper ocean heat content in the track of tropical cyclone Gonu favoured
the rapid intensification process. The SSHA averaged over a radial distance
of 2 degrees around the cyclone center appear to give the best measure of the
rate of intensification/weakening of the cyclone. By this averaging process
the effect of the positive and negative SSHA areas in a specified area around

the cyclone center is taken into consideration.

e The rapid intensification process is further assisted by other parameters
important for cyclone intensification as assessed qualitatively such as low
values of VWS, positive upper tropospheric divergence and high values of
VIM.

Chapter 8 discuss the role of Sub Tropical Jetstream in the intensification pro-
cess of Bay of Bengal tropical cyclones. The Bay of Bengal tropical cyclones
which reached maximum intensity north of latitude 15°N is studied with respect
to the Sub Tropical Jetstream (STJ). Cyclones were divided into three categories
with maximum intensity between 34 to 47 knots, 48 to 63 knots and above 64
knots and the role of upper tropospheric troughs and high speed center associ-
ated with STJ in the intensification of cyclones was studied. The study shows
that although the climatological trough in STJ has little effect on the maximum
intensity of the storms, the high speed center in STJ influence the maximum

intensity of the storms.
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e The intensity of high speed centre in the STJ shows clear distinction be-
tween the three categories of cyclones even 5 days before the cyclone reaches
maximum intensity. The divergent right entrance region of the high speed
center of the STJ is found to play an important part in the intensification

of the tropical cyclone.

e There is a mutual interaction process by which the intensity of HSC in-

creases as the tropical cyclone centre approaches the STJ.

Scope for future Studies

The tropical-ocean atmosphere system has a strong signal of decadal scale
variability of period about 60 years the Atlantic Multi-decadal Oscillation, the
Pacific Decadal Oscillation and the alternating three decade long Dry and Wet
epochs of Indian Summer Monsoon rainfall. The effect of this decadal variability
on tropical cyclones may be investigated. North Indian Ocean tropical cyclones
and monsoon depressions exhibit a prominent four decade oscillation unique to
this ocean basin which has been investigated in this thesis.

In chapter 8 of this thesis is reported an empirical study on the interaction
between the Asian high speed center of the Sub Tropical Jetstream and the north-
ward moving tropical cyclones of the Bay of Bengal. A study using numerical
models can provide insight into possible mechanisms of this interaction which can

lead to formulation of methods to forecast cyclone intensification.
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