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Abstract

The present study have been made with a view to find out the changes of various
atmospheric energy components and their fluxes dudng “cyclone period™ as compared to
that of ~“before occurrence™ and “after landfall” lor seven cyclones that occurred in the
Bay of Bengal in ihe last decade. Threc of them were pre-monsoen evclone and {our of
them were posi-rmonsoon cyclone.

It was found that sensible heat decreased with the increase of height. Fer most of
the cyclones sensible heat was large during the “cyclone period” compared io that of
other phases. On the other hand, potential energy increased with the inerease of height
and for most of the cyclones it was large in magnitude duning “cyclone period”. [t was
obscrved that latent heat for most of the cyclones increased to initiate the cyclone. Latent
heat was also mereased at “after landfall” and was maximum at the middie troposphere
(500-250 mb). At the lower level, almost no variation was observed for latent heat al
different phases of the cyclone. Kinetic energy was nearly zero from lower o middie
troposphere and was mcreased from middle to upper troposphere for all three phases. It
was large at 300-150 mb level. For most of the cyclones kinctic energy was maximum al
the initiation of “cvclone pericd” and at “aller landfall”.

It was found that zonal flux was westward{casterdy) up 1o about 700 mb level.
Beyond this level it was eastward{westerly). For most of the cyeloncs the magniwude of
zonal flnx was found large just before slarling “cyclong period” and was maximum at
250-150 mb level. “Before occurrence™ and during “cyclone period™ meridional [Tux
varied between northward and southward. However, at “aller Tandfall” for most of the
cyclones il was southward. Its magnitude was large during “cytlone period”.,

From the energy budget it was found that sensible heat, potential enerpy, kinetic
encrgy as well as total energy were large for pre-monscon cycloncs as compared to post-
monseon cyclones. It was also found that zonal and mendional fluxes were high in

magnitude for pre-meonsoon cyelones than that of post-monsoon cyclones.
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CHAPTER-1

INTRODUCTION

‘1.1 Introduction
One of the greatest problem Bangladesh faces is the frequency of natural
calamities. Among such calamities perhaps the most devaslating ars cyclones which

visit us once cvery wear or al lgast every few years. Because of the special
gcographical location, Bangladesh is devastaled by namral disasters like tropical
cyclones, nor'weslers, romado, floods etc. Qut of these, tropical cyclonee are regarded
an the most deadly among all natural disasters. They brmg catastrophic ravages to life
and property as well as to envirorment. Among all the areas in the world affected by
tropical cyclones, the countries along the rim of the Bay of Bengal suffer most and
Bangladesh is5 the worst sufferer. Among the tropical cyclone forming arcas in the
world, the Bay of Bengal is one of the most favourable one. Cyclones forming in the
Bay of Bengal move mitially towards west or oorlhwest; at tmes they recurve
forwards north and then to the northeasm. As a result, the countries bordering the Bay
of Bengal become very much affected. In order to minimise the future loss of life and
property, proper cyclone dmaster managernent action is an absolute necessity. This, m
ham, requires a better asscssmenl of risks associated with a cyclone. Therelore, an
effective prediction of tropical cvclone is very much cssentizl especially in respect of
ils energy and the dirsction of movement.

1.2 Definltion ot Cyclone:

Cyclone is an atmospheric ¢ircnlation in which the winds are rotating in the same
dircction as the carth. It iz a2 natural phenomena and i3 an mtense vortex in
atmosphere. It is an arca of low pressure where strong winds blow spirally mward
fraom all sides. Inward spirals move in anti-clockwise direction in the Northemn
hemisphere and in clockwise direction m the Southermn herisphere. Wind does poi
reach the center bul slops at a distance defining the limit of connection. No cloud
form m this cenmral region and no precipitation lakes place. Cyclones in the uopical
regions (Eq., ~25° N or §) are called tropical ¢yclones and the cyclones outside the
tropical regian are called extra-tropical cyclones. Cyclone has rypical lifetimes on Lhe
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order of a few days, or almost a couple of weeks. The henzontal dimension 15 from a

few hundred (o a few thomsand kilometers.

1.3 Tropical Cyclone:
Tropical cyclones are intens¢ vortical storms which develop over the tropical
oceans in regions of very warm surface water. Mathematically, a tropical cyclone can

be assumed to be a cylindrical vortex such that.

the vorticity[1],
§:Ex?

where }is the velocily and has a foute value.

Experience has shown Lhat once a lropical cyclone has [ormed it is a very
persistent phenomenon as long as it remains over the waters of the cyclene regions.
This indicates a fundamenial difference between tropical and extratropical cyclones,
namely, that of their sources of cnergy. Most extratropical cyclenes remain for only a
short fime at the maximum cnergy level, degencrating almost as rapidly as Lhey
formed. This leads one to conclude that cxira tropical cyclones derive their ¢nergy
from a source thal soon becomes exhausted. The persistenge of the tropical cyclones
on a conslant energy level for a period of several days mdicates Lhat once the cycionc
circulation is induced it in some way maintams ifs own source of encrgy. This energy
must be easily utilized once the process is staried. The rapd decay when a cyclone
moves out of the cyclone bells also gives important cluce concerning Lthe nature of the
energy source.

Tropicai cyclones are known by diffcrent names in different parts of Lhe
wortld. In lhe Atlantic and castem pacific Lhey are called “Humicanes”, In the westem
pacific they are known as “Typhoons” and in the Philippines lhey are called as
*Bagious” and ‘willy-nilly” in Australia. In the north Indian ocean Lhey arc called
“Tropical cyclones”. The tropical cyclones are classified by the wind speed, estimated
or observed wilh Lhe system, as indicated betow:
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Westher System Wind Speed

(Knots) (Kmvh)
Low Pressure =17 <31
Depreasion 17-27 31-49
Deep Depression 28-33 50-61
Cy¢lonic Stomm 34-47 62-38
Severe Cyolonic Storm 48-63 89-117
Sever Cyclonic Siorm with >6d =118

2 c¢ore of humicane

winda/super typhoon,

1.4 Life cycle of Tropical Cyclone:

The life span of Tropical cyclones with a core of hurmicane wind average is
about five to six days from the lime they form uatil the time of fandfall. The entire life
period of tropical ¢yclones is divided into four stages. They are (i) Formalive {ii)
Immature (iii) Mature and (1v) Decaying stage.

Formative stage:
Tropical storms form only in or near pre-cxisting disturbance of weather systems.
In this stage, Lhe patiem is not well defired and cloud bands are poorly organized. No
eye of visible and the wind epecd range is 30-50 mph. Surface pressure drops to about
1000 mb. In this siage one or more of the following developments take place:
{a) Unusual falls of pressure in and around the center of depending casterly wave.
(b} Asymmetric strengthening of wind and appearence of gale force in onc sector but
not of hurmicans force.
(c) On ITCZ largs elliptical or circular wind circulation develops. Satellite picturcs

show isolation of marked cloud mass from other nearby cloud areas.

Immaiture stage:

All the formative eyclones can not reach the hurricane slage. If intensification
takes place, the pressure rapidly drops below 1000 mb, In this stape the wind
increases to huricane force, usually at a distance of about 50 km from the cyclone
center and pressure fall increases. When the wind speed reaches the hurricanc force, a

tight band form around the center. The clowd and rain pattemn changes form

———— e —— | ~S——

o —— ———




Chapter 1 Infroduction

disorganized squalls to narrow organized hands spiralling inward. The eye is usualfy
visible bul ragged and imegular in shaps.

Mature slage:

The mature stage occupies the longest part of the cycle and on the average
most ofien lasts several days. During the malure slage the central wind speed need not
increase and pressure need not fall. But the circulation expands and in moving storms,
cyclone winds may extend several hundreds of kilomeiers from the center to the nght
of the direction of motion (in northern hemisphere). A well-formed immer dng of
maximum winds encircles the “eye”, where pressure stops falling, wind is tight,
rainfall ceases and clouds disappear. Even in this stage, the hwricane may undergo
wide flucruations in its intensity;, pressure in the cenler may increase or decrcase by as
much a5 60 mb in a day. At this stage, heating from convective clouds fumnishes the
largest amount of energy for cyclone maintenance. Wind speed range is between 80-
200 m/h. The surface pressure is fess than 1000 mb. The structure of a matare cyclone
is shown in Fig 1.1.

Decaying slage:

The tropical siorms begin to lase Lheir micnsity when they move out of the
environment of warm moist tropical air, or move over land or move under an
unfavourable large scale flow alofl, winds nommally decrease to 80 kevh or less within
80 km from the cast, and the weather becomes more gusty and showery. Somelimes
thcy may sceurve lowards northeast when they come under the mfluence of an upper
air weslerly trough due to which they may trawel fo the repions where ocean
temperatures are cooler. Their final dissipalion over oceans seems ta oceur when they
move over colder water, or approach within 5° or so of Lhe equator. When the storm
enters the Jand, it raptdly weakens ag the central pressure is filled up at a rate of aboul
2 mb/hr. This weakens the radial preasure pradient, and the radius of maximum wind
expands outward The factors that are responsible to weaken the system afler entry
over lhe land arc; (a) dramatic reduction in evaporation, (b) due to cooler surface

ternperatures as the land is cooler than occan and {c) surface friction.
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1.5 Causes of Formalion of Cyclone:

The carth receives all itz energy from (he sun, The sun conirols the glabal
wealher but the phemomena ifike cyclones are localized phenomena and local
peculiarities are responsible for them.

Solar radialion does nol fall with equal intensity over all parts of the world. It
is maximum at Lhe ¢arth’s equator and minimum at the poles. Again different surfaces
on Lhe earth have pot different capacities for emission or absorption of radiation. Thus
the different arcas on the carth are heated unequally. This differential heating gives
rise to low and tugh atmosphenic pressure areas on the earth. Heat cxpands the air and
it moves upwards making it lighter giving rise to low pressurc rcgion. Similarly,
¢ooling makes air heavy giving ris¢ (o high pressure area. Usually low pressurc arcas
are associated with bad weather and high pressure arcas indicates good weather.
Though solar energy ultimately controls the terrestrial weather, cérlain envirenmental
condilions must be required for the development of cyclones. They ae (1) warm
ocean lemperature (2) absence of sirong vertical wind shear and (3) presence of a low
pressure region. A bopical storm does not form if the sea temperature is leas than 26-
27°C. Il is thoughl that the intertropical convergence zone (ITCZ} has pot to do
somelhing with their formation. The ITCZ (10°N-10"S) is the region where winds
from the two hemisphere passes close to the equator. A cyclone derives it spinning
motion from the rotational motion of the carth called the Coriolis force. This force is
virtually zero at the equator. Hence cyclones do not usuaily form at the equator, they
are formed shighily north or south of the equator to get the necessary spin, It g
because of the Coriolis force that winds in a cyclone are anticlockwise m the northemn
liemnisphere and clockwise in the youthern hemisphere.

When a low pressure is formed air from all direclions converges towards this
area. This air becomes very motst by rapid evaporation. This phenomenon is called
the “Low leve]l convergence™ The coriolis effect hns the incoming air so that it
spirals inwards and upwards at an increasing rate, causing heavy rain and
thunderstorms. In the low pressurc region itsclf, air again moves upwards and
diverges. This is called high level divergence. The latent heat relcased by the
condenaation of waler vapour warms the air and keeps it unstable. It is also thought
that cyclone get energy from this Latent heat. .

Several theories hike wave theory, instability theory etc have been sugpested

for the deveiopment of cyclone but nonc have been found entirely satisfactory. Some
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triggering mechanism (upper long waves) in the upper atmosphere could he also

reaponsible for the formation of cyclones.

1.6 How Cyclone is Formed:

The main slages in the formation of cyclone are shown in Fig 1.2. In the mitial
Bage {upper left), 2 warm and a cold air mass are present side by side, separated by a
quasi-stationary front. In the next stage (upper right), a wave has formed on the front,
and a center of low pressure is developing at Lhe apex of the wave. This is the nascent
cyclone, and the process is commonly called cyclogenesis. The young and developing
cyclone is shown in the lower-lefl diagram. During the further development, the ¢old
front overtakes the warm front and Lhe system is gaid to ocglude; the resulting front
(warm and cold) iy called an occlusion. The vertical structures of well-defined
occlusions are shown in Fig 1.3. As the occlugion process continugs, the warm air is
lified 1o higher levels and becomes replaced by colder (denser) air. As a resule the
center of gravity of Lhe system a1 a whole is lowered; enormous amounts of potential
encrgy are freed, and this accounts for the bulk of the kinetic energy of the wind
system1 that surrounds the center.

1.6.1 Synoptic scale features favourable for cyclone formation:

(i) Tropical cyclones form from pre-existing disturbances conlaining abundant
deep conmvection.

(i)  The pre-exisling disturbance should acquee warm core through the
troposphere.

(i)  Pror to the formation, the lower ropospheric vorticity increases over a
horizontal area of 1000-2000 km.

(v}  The vertical wind shear of the horizonial wind {lJ-component) should be low
in the environment on a larpe scale.

(v)  Formation ofien occurs in conjunciton with an interaction between the
incipient dismrbance and an upper tropospheric rough.

(v)  Existance of low level wind surges that propagate mward o Lhe center of the
mcipienl dishurbance,

(vir}  Appearance of curved banding features in fhe deep convection of the incipient
disturbance is an indication of the cyclone development.

L ]



Chapler 1 Introdnction

Though Lhe above conditions are, in general, required for the formahion of tropical
cyclone, all ¢cloud clusters do not develop into cyclones. The developing systems
differ from the non-developing ones in the following respects:

(a) The warm area at 300 mb and the low-leve! height anomaly are much morc
pronounced in the developing system.

{b) Existance of low levei wind maximum.

(c} The developing system has an upper level anticvelone while the non-developing
does not have it.

(d) Low level easterlies to the norih of the system should persist,

(¢) Warmer stmosphere over a larpe horizontlal scale about 8° radius in atl directions,

(f) Large positive zonal shear poleward and negative zonal shear equatorward and
southerty shear to the west and northerly shear to the east. The scale of this shear

pattern is over a 10° latifude,

1.7 Tropical Cyclone Formation and Development;

Palment [2] listed the following prerequisites for the development of 2n intense

tropizal cyclone:

1. Sufficiently large sea or ocean areas with the temperature of the sea swface 30
high (above 26°C lo 27°C) that an air mass lifted from the lowest layers of the
ammosphere and ¢xpanded adiabaticatly with condensation remains considerably
warmer than the swrounding undisturbed atmosphere at least up to a level of
about 12 km.

2. The value of the Corinlis parameter larger than a cortain mmimum value, thus
excluding a belt of Lhe width of about 5° to 8° latitude on both sides of the equator.

3. Weak vertical wind shear in Lhe hasic current, this limiting formaiion to latiades
far equatorwards of the subtropical jet stream.

Riehl (3] listed these additional requisements:
4. A pre-cxisimg low-leve] disturbance (arcas of bad weather and relatively low
Pressure).
5. Upper-tropospheric outflow above the surface disturbance.
A fully developed tropical cyclone is 2 warm-cored enermy-exporling system,
which usuallv remams intense for many days over the occan. Essential to this is an

extremely large surface pressure gradient near the core of the cyclone, sometimes
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exceeding Imbvkm. Anthems and Johnson [4] pointed out, “As the air flows toward
lower pressure, sensible heating serves to raise the equivalent potentia! terperature
and is a necessary clement in Lhe mainienance of comvection surrounding the eye™.
Ultimately, the latent heat release occuring in the air with the higher equivalent
potential temperature maintains the warm core, baroclimicity and the high efficiency
[actors, thus making the release of latent heat in this region more effective in Lhe
direct generation of available potential energy. Allhough the sensible heat generation
is smalt, the role of sensible heating in maintaining the core of high equivalent
potential temperature is an essential process in Lhe energetics of hurricanes,

A fully developed hurricanc often excess 100 km in diameter, and on occasion may
range up ko 1500 kin. The surface winds spiral cyclonically inward, bscoming nearly
circular around the cenmal eye of the storm. The pressure paltern is that of a closed
cyclonic vortex with central pressure very low, on the order of %0 Omb or loss.
Typical cloud pattemns display spirafing bands of cumulus and towering
cumulonimbus scperated by bands of relatively clear sky. The central eye is

cssentially cloudless.

1.8 Moavement:

Cyclomes (including tropical cyelones) move toward falling pressures, that is
toward upper-tropospheric divergence[5]. In a climatological sense, this means in the
general direction of the upper tropospheric current in the vicinity of the cyclone.
Miller [6] provided statistical confirmalion, finding that hurricanes on an awverage
mioved with Lhe mean {low in the 6-12.5 km laycr in the ring of 200450 km radius
centered on the individual storm. For our purposes at Lhis stage it sulfices to point out
that mean resultant 200 mb winds tend to parallel climatological tropical cyclone
tracks.

1.9 Dissipation;

Hurricanss dissipate when the supply of sensible heat to Lhe core is cut off,
destroying the gradient of equivalent potential temperature at Lhe surface [7, 8] This
heat can be cfficiently provided only by a uniformly warm ocean surface. The
circulation weakens rapidty when it moves over land, or when a relatively cold or dry

air mass penetrates the core.
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110 A Clear Piclure about Cyclone:
A ¢lear demonsiration of a cyclong can be obtained by knowing a composite

picture from the ocean surface to the upper troposphere.

(2) Pressure:

Tropical cyclones are relatively smafl, intense low pressure areas having a
more or less circular shape. Within 200 km of Lhe cvelone centet. the pressure fietd
and its isobars are very nearly circular and symmetric around the eve. The centrat
pressure of cyclones, however, may be 5% or even 10% below average sea level
pressure, Sea level pressure in Lhe eye below 950 mb of a mature humricane. The fall
of pressure from the periphery lo Lhe center of the siorm commonty varics between 20
and 70 mb.

{b) Wind fields:

According to lhe wind distribution, two iypes of cyclone storms have been
recognized. In one type, the concentration of the maximum winds in the region of the
wall cloud is very pronounced, and may extends onty 3545 km from the center. In
another type, hurricane force wind may extend about 160 km from the centes.

The extremely high winds of Lhe cyclone reach their maximum intensity near
the center, owmpg to the increasing pressure pradient. As the wind spirals toward the
center it suffers increased deflection and finally ravels in a circular path, never quite
reaching the center. Thus Lhe central region remains relatively calm. To the right of
the direction of motion of the center, lhe direction of vortex motion and stecring
cunent coincide. On the lefi-side they are opposite (0 each olher. Thus speeds are
almosi invariably higher to the right than to the lefi of (he direction of motion in
moving eyclones,

From Lhe 28 years study of pacific iyphoon records [9] has feel to the formula

for maximum winds {10]

Va=3.35(1010-P)" ™ mveec

where P, is the central pressure of Lhe cyclons.
Maximum wind speed exists just outside the eve at heights from 1 o 3 km

above lhe surface. The region of maximum wind is concentrated on the right front
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quadrant of a tropical cyclone. measured in the direction of drifl. Wind spceds in Lhis
region reach values as great as 375 km'hr,

( ¢ ) Cloud patiern:

Cloud photographs obtained from weather satellite hawe revealed that a
cyclone seedling inmtially appears as a cluster of rain clouds. A mature cyclone has a
well organized cloud patiem. It is possible to deduce Lthe wind speeds from Lhe size
and degree of organization of Lhis cloud, The clouds, especially at the outer edpes,
form long streels that spiral mward. The most intense part is sifuated of! center to the
tight of lhe direction of motion, which is towards north-northwest. Usually a central
dot denoting lhe eye is visible.

(d) Precipitation:

When tropical cyclones become slationary for profracted periods. 500 mm or
more of ramfall may accumulate m one place. Maximum precipilation is concentrated
in a narrow band surrounding (he ceniral core; amounts decrease rapidly toward Lhe
center, which is normally rain free. From radar observations it appecars that the
precipilation is concentrated in lines resembling squall lines of Lhe extratropical

cyclones.

1.11 Eye of Cyclone:

When the tropical cyclone intensifies the intermost spiral band tends to reduce
i crossing angle and become a circle. At the ¢nd of the band an cyewall forms
approximately m Lhe form of an arc of a circle. Gradually this may separale from lhe
band inio a distinet ring or part of a nng with an echofree (or nearly echofree) area
inside, namely Lhe eye [11,12]

The cye is defined as (he following [13]; A point in a denss, cold overcast
centered within the curvature of a colder band that -:I,m-w:s at least halfway around the
point with a diameter of curvature 1.1/2%(one hatf) latinade or less.

1.12 Eye Formation:
In most of Lhe mature hurricanes. eye formation rakes place where the weather
is abseni and subsidence is observed. Any theory provided to explain the formarion of

the cye in a hurricane must be able to explain the phenomenon of why the maximum
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upward motion occurs at some distance from the center of the storm rather than at the
center and Lhe reason for the occurrence of the subsidence with the eye. Though a
number of theories are formulated, no single theery is able fo explain bolh Lhe
phconomena.

Different theories and observation lead to Lhe following conceptual modei of
eye formation. As a tropical storm intensifics, the air rises in viporous thunderstorms
and tends to spread out horizontally near lhe tropoposc. As air spreads oui aloft, a
positive perturbation pressure at high levels is produced. which accelerates dowmward
motion next to the convection. With the inducement of subsidence air warms up by
compression and warm “cyc” is generated.

Weatherford [14] investigated 101 cyclones over Lhe pacific during lhe period 1980-

84 and his findings about Lhe “cye™ of the storms are summarized helow:

(i) Basically three shapes of “eve” walls are obscrved. They are (a) circular (b}
concentric and {c) elliptical as shown in Fig 1.4.

(i)  The size of the “eye” varied from 7 to 220 km in diameter for the typhoons
and Lhe averaged value is 42 km. The measurement of the diameter may be
classified into 4 groups as: {(a) small eycs {G-28 km) (b) medium cyes {28-35
km) (¢) farpe eyes (>55 km) and (d) cyclones exhibiting no €ye. Medium
“oyes” are lhe most common. It 18 also noticed that the infensity of the cyclone
dogs not determine Lhe size of the eye.

(i) The eye contracts while the cyclone intensifies and expands at the time of
filling up of the system. There is a period of lime, common to the mosi misnec
cyclones in which the eye reaches a minimum size and remains Jocked even
though the central pressure continues to fall.

(v}  The initial eye ofien clliptical and become more circulay with intensity. Large
changes in the ¢lliptical size are typical. Elliptical eyes generally appeared in
lhe carly slages or lae filling stages of the cyclone, Ellipitical eyes are rarely
found in intense slapes.

(v}  The cye in a cyclone nommally develops when the pressure falls to 980 mb. If
the eye develops at an carly stage (985 mb), the cyclone deepens rapidly and
Lhe eye generally is amall.

(vi)  As the cyclone mtensifies, the ¢y hecomes smaller and circular and once it

oblains its maximum intensity. It usually ¢xhibis the smallest ¢ye and reaches

11
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a minimum value. Further intensification may occur, but the eye does not
contract. If at this stage, the pressure falls lower than 945 mb, concentric eycs
form, though it is a sare phenomena.

(vii) During the filling stage, Lhe eye wall generally expands uantil it is so diffuse
that il can no longer be recognized as an eye. The faster the {illing rate lhe
quicker the eye disappears.

(vil) The temperature inside the eye is indirectly an indication of the force of
vertical motions tn Lhe eye wall convection, which in furn induces subsidence
warming in the center. The stronger the eye wall convection, the warmer one
would cxpect the e¢ye teinperature to be. The eye femperature not only
increases with lower central pressure but also wilh the shape and stucture of
the ¢ye. The lemperature mside the conceniric eye is cooler for the same

inlengity than either a circular of an elliptical eye,

1.13 Geographical and seasonal distributions:

Each year about 80 tropical cyclones occur over the carh, Of these one half to
two-lhirds become Lurricanes. About fow thirds of all cyclomes form in the northern
hemisphere (MH). Tropical cyclones do not form in the south Atlantic and eastern
south pacific. They de not form within 4-5° of the equator and only a few form
polewand of 22°N. About 65% of the cyclones form in Lhe zone between 10° and 20°
from the equator. The formation of tropical cyclones in the eastern and western
hemisphere is in Lhe ratio of 2:1. The frequency of formation is maximum during the
summer o carly fall with peak occuring during January to March in the southem
hemisphere (SH) and July to September in the northern hemisphere, with the
exception of the north Indian ocean.

The long time average of tropical cyclones in Lhe north Indian ocean is about

5.6 per yecar, which is the least in the world and is about 7% of the global total. Qut of
these 6 tropical cyclones, 2-3 intensify to the severe cyclonic storm stage.
The frequency of tropical cyclones in Lhe Bay of Bengal is more than that in Lhe
Arabian Sea, Aboul 35% of (he initial disturbances reach fropical cyclone sirength,
which 43% of these cyclones reach the severe tropical cvclone slage. The seasonal
variation has a bimodal distribution with lhe primary peak in November and a
secondary peak in May. During the monsoon season, these disturbances form in the
north Bay and generally move westwards.

12
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CHAPTER-2
REVIEW OF THE RELEVANT WORK

Raghavan et al. [15} studied the structural feature of a cyclone formed in the Bay
of Bengal. The cyclone was formed on 7th November and crossed Lhe coast through the
northern exdge of Srharikata at about 03 UTC on 14th November 1989 In their study they
found that the cyclone was a small horizontal extent and had small core region. The
pressure gradient in the core probably exceeded 1 mb/km. Afler Lhe Jandfall Lthe sysiem
continued 1o be a cyclone exhibiting and had eye over land. The cye size remained Lhe
same and eyewall thickness showed a sharp increase indicative.

Sikka {16] made a study on forecasting the movement of tropical cyclones m the
Indéan seas by nondivergent barotropic model. In his study he obtained reasonably good
forecasts on Lhe movement of tropical slorm by the barotropic model. Tn fact such forecasis
when used judiciously along with other aids would improve the operational capabikity of
Lhe forecasts,

Nalarajan and Ramamurtbty {17] estimatcs the central pressure of cy¢lonic storms
in lhe Indian seas. They also oblzin Lhe relationship between the minimum ceniral
pressure(F,) and the maximum surface wind speed (V) when cyclonic storms are m the
open seas. This provided a [lincar regression equation V., = 13.4‘3@ which was
found to be better than Fletcher’s [18] formula for caleulation of minimum central pressure
for the case of eyclonic storms over the Indian seas for away from Lhe coast.

Ghosh and Ray [19] developed a cyclonic storm wave model to compute maxirmum
significant wave heights m deep waters in the Bay of Bengal and Arabian Sea with the help
of surface wind figld simulated by a cycionic storm model [20]. By this model one can fnd
maximum significant wave heights and can be computed objectively within 90 percent
accuracy if pressure and radivs of maximum pressure gradient are known, Speed of Lhe
cyclomic slorm can be computed by using Lhe wave model.

Trpathi and Saxena [21] studied “Vertical stricture of a Bay of Bengal c¢yclonic
storm”. Most of the existing knowledge on Lhe struchwre of hurricanes is derived from dala
collected by U.S, research aircrafi in the Atlantic and the Pacific. The verlical structure of e
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the storm s characterized by a warm core wilh (emperature anomalies exceeding $°C
centered around the 250 mb level. There was evidence of a cold area at 125mb and 100mb
levels where Lhe negative anomalies of temperature were lower than 8°C and less occurred
in lhe core. The broad features of the vertical structure of the storm were, however, quite
well brought out m Lhs study.

Mandal e of. [22] studied some aspects of a Bay of Bengal cyclone ocewrred on 29
January-4 February, 1987. In Lherr study Lhey showed that

(a) Equatorial bumst band surge from the southern hermisphere mto pre-cxisting low
pressure area increased cyclonic shear which led to enhance convection,

{b) New comveclive cioud mass growth observed in Lhe directon of the movement and
before recurving or changing ite direction of movement, the speed of movement slow
or 1t rerpained stationary for same time.

{c) The changes in the shape of cloud pattiemn are highly correlated with the change in the
direction of movement and gawve pood signals for its movements.

(d) Deformation of cloud pattern towards its end suppested its increased inleraction wilh
the westertics and dry-cold air penetration into the cloud were leading to its rapid
decay. Low sea surface temperature alse might be one of the causes for its rapid
weakerung righi over Lhe sea,

Das et al. {23] made a study on the cyclones and depressions over Indian seas and
Indizn sub-comtingtt during 1987, In this study lhey mainly showed that the structural
features, life bme, locatin, formation, landfall rainfall distribution, pressure gradient,
damage caused during the five cyclones and depressions of Lhis year.

The same study was made by Gupia et al. {24] for the year 1989,

A new comwecton paramctenizabion scheme proposed by Emanuel (1991) is used by
Rao [25] io simulale the evolution of tropical cyclone. The numerical model used for this
study 15 a 19 level axis-symmetric primitive equation, hydrostatic mode] in a z co-ordinate
gystern. The vertical domain ranges from ¢ to 18 km and the horizonlal domain ranges up
t0 3114 km with 2 resolution of 20 km in the central 400 km radius and with increasing
radial distance thereafter.

14
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The evolution of an initially balanced vomex wilh an initial strength of 9m/sec is
studicd. It is shown that Emamuel’s comection scheme is successful i simulating the
dewelopment of the initial voriex winto a mature, intense cyclonic storm. At the mature slage,
a minimum surface pressure of 930 mb is attained with the associaied low level maximum
langenlial wind speed of 70 m/sec. The simudated circulation featurcs at the malure stape
show the formalion of an intense cyclone.

Two differsnt sensithvity experiments were performed. A set of cxperimenis with the
variation of sea surface temperature (S5T) from 300.5° to 302°K in steps of 0.5°K have
shown that the intensity of model cyclone mcreases with the increase of S5T. Another set
of experiments with variation of latitude has shown that the cyclonic storm s more intense
at lower latiludes.

Kelkar {26] showed the impact made by the sawelhte data in the intensity estimation
and wack prediction of ropical cyclones and also reviews the universalty applied Dvorak
algorthm for performing tropical cyclone intensity analysis.

Exiensive use of Dvorak's intensity estimation scheme has revealed many of ils
limilations and elemenls of subjectivity in the analysis of tropneal cyclones over the Arabian
sea and the Bay of Bengal, which like cvclones in other o¢can basms, also exhibit wide
struchzral varability as seen in the satellite imagery.

Satellite-brsed cyclone racking technigues include:

(i)  use of satellite-derived mean wind flow

(i1}  animation of scquence of satellite images and exirapolation of the apparent molion
of the cloud system and

{iil) monitoring changes in the upper level moisture patterns in the water vapour
absorpton channel imagery.

Satellite-based fechniques on mopical cyclone inlensity estimation and track
prediction had led to very significant improvement in disaster warming and consequent
saving of kfe and propenty.

Prasad {27] has analysed a review of same past and recent developmenis m cyclone
track predicion problem by dynamical models. The earty atwmpls aimed al predicting
tropical cyclone motion by using simple barchropic models based on vertically integrated
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vorticily tendency equation. Baroiropic models are slill used operationally in some conters
dug to their simplicity. However, current emphasis is on advanced primitive cquation
models incorporating physical processes, like cumulus convection, which are necessary (o
account for a major component of the cyclone movement. An impontant aspect of cyclone
prediction by dynamical models is prescription of a correctly analysed synthetic voriex in
the initial fields for mnning a forecast model. Several approaches developed by various
groups for generating gynthetic vortex are discussed. Examples of some cases of track
prediction by limited area model m IMD> and by global models are illustrated.

Mohanty and Gupta [28] studied deterministic methods for prediction of tropical
cyclone tracks. Their study presenis a state of art review of different ohjeclive techniques
available for ropical cyclone track prediction. A brief description of current theories of
tropical cyclone motion is given. Deterministic models wilh statistical and dynamical
methods have been discussed. Recent advances in the understanding of cyclone structure
and moton aspecis have led to improve prediction of ropical cyclones. High resolulion
Limited Area Models (LAM) as well as Global Circalation Models(GCM) are now being
used exlensively by most of the leading operational numerical weather prediction (NWP)
centers in the world. The major achievements towards improvement of such models have
come from improved horizontal resolution of the models, inclusion of physical Processes,
us; of synthetic and other non-conventional data in (he data assimilation schemes and
nudging method for initial matching of analysed cyclone centers with corresponding
observalions.

A brief description of further improvement in deterministic approach for prediction
of tropical cyclome tracks is oullined.

Gupla and mohanty {29] analysed a severe cyclonic storm with a core of hurricane
winds of 4-11 May 1990,which crossed (he Indian east coast was ouc of the most intense
cyclones over the Bay of Bengal region of the north Indian ocean They observed that the
storm ¢xhibiled ceriain interesting structural characteristics. The most striking featurc
observed was the formation of sscondary cormvective rings wrapped around the primary cye
wall. They found that the double eyewall structure of the storm has underpone a repelitve

cycle characterised by the contraction of the outer syewall and the weakening of the inner
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eycwal! during the life of the cyclone. These interestng characteristics are observed for the
first in the north aspects of double eye wall features, such as, the possible vole of double
eycwall structure on the recurvature or turning of the storm and the ¢ffect of land obstacle
in the development of a secondary eyewall are discussed.

Fahima Khanam [1] studied track prediction of tropical cyclones formed in the Bay
of Bengal with the help of numerical model. The governing equation of the model is the
baratropic vorticity equation in x-y-t space. The model area covers 0 to 30N Iatitude and
70 to 100E longitude. The honizontal x, ¥ space i8 equally dnided into 2525 grid points.
Compuled extrapolated values of stream functions are converted into geo-potential and
contours are drawn and then compared with the comesponding aciual one. Track of
cyclone is predicted by following the path of the center which determines the location of
the cyclone at different rimes.

A large discussion have been made above. The researcher is very much inferested to
lake up the present study with respect lo the evaluation of atmospheric energy at different
slages of cyclone viz, before cyclome, cvclome period and after landfall. Then it is
interested (0 make an energy budget of the selected cyclones. It is also interested to show
variation of different components of encrgy with lime and pressure and their {luxes. The
variztion of different kind of emergy compoments and their fluxes are very helphul to
understand the comprehensive movement of cyclones in il different stages, spectally at the
landfall region.
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CHAPTER-3
MATERIALS AND METHODOLOGY

In the present study we have selected seven cyclones occured over Bay of Bengal
in the last decade. Out of these seven cyclones three of them were April-May (pre-

monsoon) ¢yclone and four of them were November-December (post-monsoon) cyclone,

We have collected the rawinsonde (RS) dala from Bangladesh Meteorological
Department (BMD) at different isobaric levels (1000 mb-100 mb) for Dhaka and
Chiltapong siations. Dala were taken at "cyclone period” and for five days of "before
occurence” and for five days of “afier landfall®. Throughout the data the variables were
temperature (T), dew-point temperature (Tg), geopotential height (Z) in meter and wind
speed V(m/s) and wind direction ain degree).

Tropospheric energies and their fluxes are calculated to make an energy budget

and fo show the direction of movement of the selected cyclones shown in Table 1.

Table | Date of different phases of the analyzed cyclones,

Date
Before occurence Cyclone perind Afier landfall
Cyclone 1 | 01.05,90-04.05.90 | 05.05.90-09.05.90 | 10.05.90-13.05.90
Cyclone 2 | 11.12.90-15.12.90 | 16.12.90-18.12.90 | 19,12.90-23.12.90
Cyclone 3 | 20.04.91-24.04.91 | 25.04,91-30.04.91 | 01.05.91-05.05.91
Cyclone 4 24.04.94-28.04.94 | 29.04,94.03.05.94 | 04.05.94-08.0%.94
¢yelone 5 16.11.95-20.11.95 | 21.11.95-25.11.95 | 26.11,95-30.11.95
Cyclone & | 01.11.96-04.11.96 5.11.96-7.11.96 08.11.96-12.11.96
Cyclone 7 1 23.11.96-27.11.96 | 28.11.96-3.12.96 | 04.12.96-08.12.96

For each pressure level (1000 mb-100 mb), atmosphere energy componenis and
their fluxes are calculated at the study period for each cyclone, using the following

equations:
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The seneible heal, SH= ¢, T
= Q24(1+273)x10" callg 1
where ¢, = specific heat at constant prossure
= 0.24x!0° calkg/%

and tis in T,

The gravilational potential energy
PE =gZ
= 9.8 x Z joule'ky.
= 234352z Z Calkg {2)

Where Z is the geopotential in meter and ¢ = 9.8/ m sec”,

If L ia (he latent heat of condensation and g is specific humidity (hen refeased heat

in the atmosphere per unit mass by condensation is
IH=1q (3)

The specific humidity g can be determined as follows:

062197 ¢ )
= 037803 ¢ )

where ¢ is the actual vapor pressure and P is the atmospheric pressure.
The actual vapor pressure can be calculated by using Clausius-Clapeyren equalion

e 1 1
In{-——)=18L(— - —)/8.3144 5
(Iti.ll.:| {2".-'3 T_;} %)

Where T is the dew point femperature in K and L is the lalent heat.
Now latent heat is a function of temperature and is given by

LH = {597.3-0.566(T-273)} xI0F calkg {6)

19



Chapter 3 Malsrals and melthodelogy

Where, 7 18 the tetiperature of the parcei in K.

An air parcel acquired kinctic energy when it is in motion, Where a air parcel of
unit mass moves with a speed of J cm/sec then

Kinetic energy, KE = V2 7

In the Meieorotogical observation wind speed is measured in knots. If ¥ is the

magnitude of wind vector, it can be converled into cm sec’ as follows:

12608021x12x2.54 =<}V 1
= cm

Finats SEC
G0 =80

= 5147911V cm sec’ (8)
=0.514791 1V m sec™’
Then KE = (51.47911) V212 erglgm
= .1325049 V¥ Joule/kg
=0.0316543 1* calky %

The zonal flux(ZF) of dry static energy(DSE) and moist static energy(MSE) and
meridional flux(MF) of dry static ¢nergy(DSE) and moist static energy{MSE} are
calculated by using the following equations:

ZFDSE = (C,T + gz} u (1)
MFDSE = (C,T + gz + Lg) u (11
ZRMSE = (C,T + gz} v (i2)
MPMSE = (C,T+g+Lgv (13)

where i and v arc the zonal and meridional wind componenls respectively,

Wind components (zonal and meridional} ar¢ obtained as follows :

u=-Fsina

v=-Feas a
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where I is the magnitude of the wind vector and ¢ is #ts direclion. Since is in knols,

and v are cxpressed in m/scc by the following equations

u = (0.514791 1)V sina m sec”’ (14)
v = (0.514791 1)Veosa m sec”! (15}

The variation of latent heat comlent and kinetic cnergy with time were obtained fo
see the changes of energy with time. The variation of these energy fluxes with time were
also oblained to see the direction of movement with time of the cyclone. Next we have
observed the variation of sensible heat, potensial encrgy, fatent heat content and kinetic
encrgy with pressure af the three phases of cyclane such as before occurence, cyclone
period and afier landfall o show the vertical profiles of these encrgivs. We have also
calculated the variation of zonat flux of dry static energy and moist slatic energy and
meridional flux of dry static energy and moist static encrgy to show Lhe vertical profiles
aF these fluxes and the direction of movement of the analyzed cyclones.

Then we have calculated the maximum, minimum and average of Lhe encrgies
mentioned above and total energy by arithmatic addition. Next we have made an energy
budget to show a comparison of the seven observed cyclones. We have also calculated
the maximum, minimum and average of the above mentioned fluxes and have made a
comparison. Next we have also calculated the maximum, minimum and average of the
above mentioned energies for Chittageng and Dhaka station and showed it graphically lo
make a comparison berween thsese two slations. Finally, at surface level (1000 mb), the
sensible heat, potential energy, Iatent heat conteni, kinetic energy and total energy at
Jifferent phases of cyclone i.¢., phase 1 (before occurence), phase 2 (cyclone period) and
phase 3 (after landfall) arc calculated. The variation of lemperature, wind speed and wind
direction with time at these three phases are also observed.

The track of the analyzed cyclones is shown in Fig, 3.

21



LATTUDE {N)

30

2? T“'-"'-;.--"-C-'t‘hiuagong. H H H H i i i
v LI T ﬁR.Rﬂghah;. ....... ... ....... a ........ ........ r“"t L ........ ........ ________ ________

L Kkhdma, A B
% ,ﬂ“’"’?"»

H '
L : : : ' : v H . . ' : B
- L P SRy MU r NV SRR Ao SRR SR P SRR S MERE
. v s . v v | 1
v H . ' ' ' H
B ' ' . H
H H H . H

I h
e il bl bbbl sl el Rl

BD B1 82 83 B4 B85 HB6 BT B8 89 S0 91 92 B3 WM 95
LONGITUDE (E)

Fig. 3 Tracks of the analyzed cyclones.



CHAPTER4

RESULTS AND DISGUSSION



Chapler £ Variation of different endrgy compounds and s fluxes with time

It

Chapter 4
Results and discussion

4.1 Variation of energy with lime
4.1.1 Energy Componemts
4.1.1.(a): Latent Heat Content (LHC):
Cyclone 1

Fig. 4.1 {i-vii) shows the variation of Latent heat conient (LHC) wilth time for
scven cyclones occursd from 1990-1996. From Fig. 4.1{i) for cyclone 1 it is observed Lhat
at 1000 mb latent heat content was near about the same from 1st May to B May. It slightly
increased on 9 May and maintained a constant value till 13 May, At 850 mb it decrcased
on 2 May and remain constant on 3 May. It again mcreased from 4 May and atlained a
comstant value for 5-6 May. H again increased for ene day and afler 7 of May it decreased
again up to 10 May. From 11 of May it further increased vp to 13 May. At 700 mb, 400
mb, 300 mb and 250 mb LHC increased for 2 May and then decrcased and remained
constant up to 4 May. At 500 mb it decreased up to 4 May. Afler 4 May it again mereased
for wo days ie. from 3-6 May. On 7 May it further decreased for all levels (700, 400,
300, 250% but on 8 May it again increased. After 8 May it mereased with fluctuation op to
13 May. From Lhe above figure (Fig. 4.1(i)] it is cbserved that lalent heat increased at the
time of landfall {10-13 May). This was because during landfall more ¢lond formed and
released Latent heat. Latent heat content was also large at cyclone period {5-9 May 1950).

Cyclone 2

It is found that LHC was almost constant at 1000 mb-700 mb from 11-16
December for cyclone 2 [Fig. 4.1(1). It then increased from 16-18 December re., dunng
¢yclone pericd. Bevond 18th December it decreased on 19th December and then attained a
constant value vp to 23 Decemnber ie. after landfall At levels 500-250 mb, LHC increased
at first om 12 December and Lhem 3t decreased on 13 December. It increased on 14
December and they maintained a constant value up o l6th of December. From 16-18
December (i.e., during cyclone period) LHC increased for all levels. But for levels 300
and 250 mb it was very significant. I1 reached its highest value on 18th December (i.¢., at
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the end of cychone). Afier 18th December it decreased and attained a constant value and
continued up to 23rd of December, But at 22 December it stightly increased.

Cyclone 3

The variation of Latent heat content (LHC) with time js shown in Fig. 4.1(ii) for
cyclone 3. It is found that on 20-23 Aprl LHC fluctuated For every day. Beyond 23rd
April it remained consiant on 2%th April and then slightly decreased on 30 April (ie., at
the end of cyclone period). After landfall it slightty increased and remained constant valug
up to 3 May (at the end of landfafl). At $50 mb-700 mb it fluctualed cvery time. At 500
mb every time LHC increased or decrezsed up o 291k April, From 29 April 10 1 May it .
was almost same and then abruptly decreased on 2 May and then fluctuated At 400 mb it
is seen thai LHC fluctuated up to 26th April. Beyond 26 April (cyclone period) it increased
graﬂua]ly and then remained constant up to 1 May (at the cnd of cyclone). During landfall
{2 May) it decreased suddenly and then fluchuaied, At 300 mb LHC was maximum og 25
April (i.c. when cyclone is just formed} and 1st May (during landfally. It ie geen that LHC
was maximum for all levels (except 1000 mb and 850 mb) on 25 April (ie., al Lhe starting
of cyclone) and also two pezaks are found on 1 May for levels 300 mb and 250 mb. ki is
o observed that LHC was maximum at tevels 500 mb-250 mb i.e. at the middle
troposphere. This was because middle troposphere is Lthe cioud forming zone.

Cyclone 4

Fig. 4.1(iv) shows the variation of lalent heat content (LHC) with time for cyclone
4. It is found that LHC was almost same for fevels 1000 mb-700 mb on 24 Aprl. On 25
April it increased a little bit al 1006 mb and 700 mb but it decreased at 850 mb up o 29
April. Beyond 28 April LHC was almost constant up to 8 May al levels 1000 mb-700 mb.
At levels 500 mb-250mb, 1.HC was fluctuated for first three days (24-26 April). Afier 26
April it increased rapidly but on 29 Aprl it decreased sharply. Beyond 30 April it again
increased up to 2 May and then again decreased up to 5 May. Afler § May it increased and
then decreased up to § May. From (he figure (Fig. 4.1(iv)] it is seen (hai at levels (500 mb-
250 mb} LHC was fluctualed ie. at time to time i increased and decreased, This was
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because $00 mb-250 mb is the cioud forming zone and when cloud is formed it increased
and when rainfall occurs it decreased.

Cyclone 5

For cyclone 5 the variation of laient heat content with time 18 shown in Fig. 4.1(v).
It is seen Lhat LHC was lincarly decreased from 16-22 November at 1000 mb and then it
increased from 22-25 November {cyclone period) and then decreased and manlained the
game value at the end of landfall. i.c. up to 30 November. From 16-22 November, i is
seen that for all the levels {except 1000 mb) T HC was more or less same with time except
18, 19, 21 and 22. On 18lh November at 460 mb it increased abruptly and on 19
Novernber it decreased rapidly. On 21-28 at 700 mb and 400 mb it sharply increased and
attained maximum vake on 21 November {at Lhe slarting of cyclone) and then decreased
on 22 November. But i s seen that on 22-25 November (cyclone periody LHC was
gradually increased for all the lewels and decrcased on 26 November. Boyond 26
November there was no variation of LHC with 6me i.¢., after landfall (27-30 November) it
was almost same for all the days. From this figure it is seen that LHC gradually mcreased
during cyclone period and was masimum at the starting, of cyclone (21 November) at 700
mb. So we can conclude that for cyclone more cloud is formed at cyclone period and
heavy rainfall occurs.

Cyclone 6

Fig. 4.1{vi) shows Lhe variation of Latent heat content with fime for cyclone 6.
From this figure i is observed that lalent heat content was same on -7 November 1996 al
Jovel 1000mb. It slightty decreased on § November and continued with smalf flugtuarion up
to 12 November. At level $50mb it decreased on 1-3 November, Lhen it increased on 4
Novernber and remain conseant up Lo 6 November. Afier 6 November it decreased slightty
on 7 November and then increased slightty up to 9 November. Beyond & November LHC
was almost same for all the days ie. 9-12 November. A1 jewel 700 mb it mcreased
gradually with time on 1-4 Nowember (before cycione) and then remain constant for 4-7
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November (cyclone period) and Lhen decreased sharply on 9 November. Beyond 9
November it increased stightty up to 11 November.

At 500 mb it increased from 12 November. But on 3 November it deeveased
largely and then remaimed constant up lo 4 November, On § November it increased
suddenly and attaincd maximum value. Afler 6 November it increased gradually with
fluctuation up to 11 Novernber and Lhen decreased. At 400 mb LHC increased for first two
days and then abruplly decreased on 3rd November. ARer 3rd November it was almost
conglant at the end of landfali ie. up to 12 November except 7 November. On 7
November it slightly increased. At 300 mb [HC gradualty decreased with time up to 4
November {before cyclone). After 4 November it mcreased pradually up to 7 November
{cyclone period) and then decreased langely on & November. Aficr 8 November it was
almost same for all the time (i.e., after landfall). At 250 mb it i3 seen that [HC decrcased
for first two days. But from 3-7 November (cyclone period) it increascd gradually at time
to time. On § November it decreased abrupily and then mercased up to 11 November and
the deereased.

From the above Gpure [Fig. 4.1(v)] it is seen that LHC was same during cyclone
peried (5-7 November) for levels 1000 mb-700 mh. But at 700 mb it mcreased gradualty
before cyclone (-4 November). For level 250 mb LHC mereased gradually during cyclone
perind On 5 November (at the beginnng of cyclone) it was maximum at 500 mb. Afler
landall it was more or less constant with time for all the levels (exccpt 700 mb and 300
mb).

Cyclone 7

Fig 4.1(vii) shows thar at 1000 mb LHC was almost constant for all the days
{except 5 November) i.¢. there was no vanation with tirne. At 850 mb it increased for first
two days (23-24 November 1996), then remained conslant up 1o 26 Novemnber and Lhen
decreased up to ZEINwember} But from 29 November to 4 December LHC increased
gradually with time and then decreased on 5 December. Beyond § December it was almost
same. At 700 mb it was almost constans from 23 November to 1 December 1996, From 2

December it increased wilh time up to 6 December. Afier 6 December it decreased till 8
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December. From 3500 mb-300 mb I HC changed wilh a amall fluchuation from 23
November to 30 November. After 30 November it mereased gradually up to 6 December
and then decreased. Ar 250mb it decreased from 23-23, November then it increased from
26-28 Movember and Lhen decreased up to 30 November. Afier 30 November it increased
gradually with time and attained the maximum value on 3 December { i.e.. at the end of
cyclone) and then decreased iill 8 December.

From the abowe Ggure [Fig. 4.1¢i-vii)} it is scen that at 1000 mb lhere was no
change of LHC wath time. At levels 500-300 mb, LHC mcreased from 30 November o 6
December (ic., from cyclene peried fo landfall) e, at that time cloud is formed. ¥t is also
seen that at 250 mb if was maximum at 3 Decemnber (at the end of cyclone).

4.1.1.{b): Kinetic energy (KE):
Cyclone 1

Fig. 4.2 (i-vii) shows Lhe kinetic cnergy (KE) vanation with time at different
nobaric levels from 1000-100mb. From Fig. 4.2(1) for cyclone 1, it is observed that at
ievels 1000-400 mb KE was very low (0-0.1)} and # was almost same for all the days i.c.,
there was tio variation of KE with time at lower troposphere. At levels 300-100 mb KE
increased and fluctueted randomly. For all the levels (except 1000-700 mb) KE increased
on 8 May (at the end of cyclone). It 18 seen that al 150 mb upper troposphere) KE was
maemum on § May je. af the starting of cyclone. It is also scen that aller 30 May it
decreased for all the levels and close to zero on 13 May.

Cyclone 2

Fig. 4.2(ii) shows ihe variation of KE wilh time for cyclone 2. It is obscrved that
from Fig 4.2(d) at levels 1000-700 mb, KE was nearly zero for all the time i.e. at lhese
lewels KE was not change wilh time. At fevels 500400 mb it was very low and remained
constand at every time. At levels 300-100 mb it ncreased and fluctuated due to change of
wind velociry, [t is also scen that for 250 mb there were two peaks on 18 December (at the
etid of cyclone) and 22 December (after landfall) because of maximum wind speed.
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Cyclone 3

Fig. 4.2(iii} shows Lhe variation of KE with time at different jsobanc lewels from
1000-100 mb for cyclone 3. It 18 scen that KE was very low and near about zero for all Lhe
time at levels 1000-400 mb. From 250-100 mb it mcreased wilh fluchiation at time to lime.
At 150 mb it i3 observed thal KE graduoally increased from 23 Apnl 1991 and was
maximum at 2% April (at Lhe starting of cyclone) and then decreased. At the end of landfall
{5 May) it decreased to nearly zero for all Lhe levels.

Cyclone 4

The variation of kinetic Energy (KE) wilh time is shown in figure 4.2{iv) for
cyclone 4. At 1000-85G mb, KE was zero from 24-29 Aprl 1954 and then increased, At
700-100mb KE increased and decreased i.e. fluctuated from 24 Aprl - 2 May. On 29
April (when cyclone is slarled) KE attained maximum value at 500400 mb and showed a
sharp peak, Afier 2 May, KE increased for all the levels and was maximum at 4 May (i.e.,
at the time of landfall) and then decreased, At the ome of landfall {4 May) KE was
maximum for all the levels due to high wind speed and showed a sharp peak.

Cyclone 5

Fig. 4.2(v) shows the variation of KE with time at different isobaric levels for
cycione 5. I is observed that KE was nearly zero for all Lhe time at levels 1000-700mb ie.
in Lhe fower aoposphere. For first two days KE was about same at levcls 500-100mb. It
significanlly increased from 18-21 November and it aftnined ifs highest value at 20
November (just before cyclome). It is cbservcd that for alf ihe lewels KE decreased at 21
November, then it again mcreased gradually and it reached its highest wvalue at 26
Movember (during landfall). Beyond 26 November it again decreased. Twe maximum
peaks are observed in Lhis srudy: ong was 20 November f.c., just before cyclone and Lhe
olher was 26 MNovember i.s., during landfall.
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Cyclune 6

The variation of KE wilh time is shown in figure 4.2(vi) for cyclone 6. It is scen
that a levels 1000 mb and 850 mb, KE was nearly zero for frst three days. Beyond 3
November it increased gradually 2 litde hit up lo 12 November. At 200mb, all the time, it
increased alightly. At 500-300 mb it fluctuated with time to time 1.c., at these levels wind
speed changed with tme 1o time. At 250-100 mb KE increased gradually from |
November and ajfained maximum at 3 November. Beyond 3 November it decreased
(except 250 mb) ap 1o 5 November, After 5 November it increased till 8 Movember and
then decreased. It is seen that during cyclone period (5-7 November) KE increased for all
the levels (1000-100 mb} anrd was maximum at 200 mb i.€., af the upper level of (he
roposphere,

Cyclone 7

The varation of KE with time is shown in Fig. 4.2(vii) for cycionc 7. From this
Fig. it is observed that KF at lower ropesphere (1000-706 mb) was minimem and constant
with time, At middle lo upper troposphers (500-100 mb) ir Muchuated. Ar levels 300-200
b it 15 seen thal KE was constant on 24-26 November then it increased and reached ilg
highest value at 28 November (at the starting of eyclone) and then decreased up to |
December.

Afler 1 December it was almost same. At 150mb {vpper oposphere) it is observed
that there was larpe fluctuation in every time. This was because at the upper roposphere
light air was therc and every time wind speed changed largely.

From Fig. 4.2(i-vif) it is observed that at lower Lroposphere {1000-700 mbj KE was
very low (near about) and was not change with time. KE increased from middle o upper
troposphere and changed with time.

It 18 seen that KE was maximum at the upper troposphere i.¢. 250-100 mb. ki i
seen that for some cyclone KE was maximum just before cyclone, most of the cyclone it
was maximum during cyclons period. For some cyclone it was maximum at the tme of
landfali.
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4.1.2 Energy Fluxes
4.1.2.(a): Zonal Flux of Dry static Energy (ZFDSE):
Cyclone ]

Fig. 4.3(i-vii) shows the variation of zonal flux of dry static eneroy (ZFDSE) wilh
time at different isobaric levels. For cyclone 1 [Fig. 4.3(i) it is observed that at 1000 mb
zomal fhrx of dry static energy was near about zero for first three days i.e. 1-3 May 1990,
then it fluctuated from positive (castward) Lo nepative (westward) and vice-versa, At 850
mb it was positive (eastward) for all the days except on 4-5 May. Only for these two days
{4-3 May) it was pegative (wesiward). At levels 700-100mb it was complerely positive
{eastward) for all the ime. At 700400 mb. ZFDSE was same for all the tme. This was
because at these levels there was no change of zonal wind component. At 300 mb and 250
mb it i3 observed (hat ZFDSE decreased from 2-5 May, but at cyclone period (5-9 May) it
increased duc to increased zonal wind cormponent and then decreased, Ar 200-160 mb it is
seen lhat ZFIXSE increased and decreased with time., This means that every Lime zonal
wind component charged in Lhe upper tropoapherc. } is also observed that i was maximum
ort 3 May at 100 mb and on 5 May (at Lhe starting of cyclone) at 150 mb, This maximum
ZFDSE means that at the upper troposphers zonal wind component was maximum at that
day. Alter & May (at the ime of landfall) it decreased for all the levels and Lhen remained
constant (i.c., no change of wind speed).

Cyclone 2

Yariation of zonal fhex of dry satic energy with ome is shown in Fig. 4 .3(if) for
cyclone 2. It is observed that zonal flux of dry static enerpy (ZFDSE) Auctuated from
positive (castward) to negative (weshward) and vice-versa at levels 000 mb and 850 mb
from 11-23 December 1990. At 700mb-400 mb, ZFD'SE was near about same for all the
time i ¢. Lthere was no changs of wind speed at these two levels. From level 300-100mb it
fluctuated randomly. It is also scen that on 16 December (at the starting of cyclone) and 18
December (at Lhe end of cyclone) ils intensity was ighcst at 250 mb.
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Cyclone 3

Variatior: of zonal flux of dry suatic energy with me is shown in Fig. 4.3(ii) for
cyclone 3. From this figure it is observed that at level 1000 mb, ZFDSE changed from
positive (eastward) 1o negatrve (westward) and vice-versa up to 29 April Afler 29 April it
was zero up to 4 May and ihen tumed into negative (westward) on 5 May. At 850 mb it
Was positive (eastward) and remained constant with time up lo 26 April and then turned
mto negative (westward) for two days (27-28 May). After 29 May it hwuned into positive
{sastward) and increased slightty. At 700 mb it was positive (castward) and remained same
up to 26 April, then decreased and twned into negative (westward) on 29 Aprl. Beyond
29 April it funed into positive (¢astward) and increased pradualty up o 5 May, At 500 mb
and 400 mb ZFDSE was same up lo 28 April and then # became minimum on 29 April,
After 29 Apnl it increased gradually up to 5 May. For lovel 300-100 mb, ZFDSE changed
wilh time wilh & small flucmatior. Here it is scen that a1 the uppet troposphere (300-100
mb) ZFDSE changed with time due w0 change of zonal wind component. At 150 mb it
significanlly increased from 23 April -28 April and was maximum when cyclone is just
slaried (i.e., on 25 April).

Cyclone 4

From Fig. 4.3(iv) il is ohserved that at 1000 mb, ZFDSE was nicariy 7eco and
changed a litde bit from positive 1o negative and vice-versa. At £50 mb, firet it decreased
and then turned into negative (westward) up to 2 May. After 2 May it tumed into positive
(eastward) and increased gradually up to 8 May, At levels 700-100 mb it is observed that
ZFDSE was more or less decreased gradually with time and was minimum on 3 May (at
the end of cyclone), Afier 3 May it increased gradually from 3-8 May (i.c. afier land(all}.

From (his figure [Fig. 4.3(iv)] it is observed that at the time of landfall ZFDSE

increased. This means that during landfall wind speed increased. At 150 mb it is also
observed that on 30 May {cycione period) ZFDSE was maximumn at the upper troposphere
{150 mb}.
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Cyelone 5

Variation of zonal flux of dry static energy with tme is shown in Fig. 4.3(v) for
gyelone 5. From Fig. 43(v) it is observed thal zomal flux of dry static encrgy was nearly
same with time at the lower level of the tropoaphere (1000 mb and 850 mb}i.c., at these
levels wind speed was nearfy constant in sll time but its direction changed from positre
(eastward) to negative (westward) and vice-versa. At 700 mh, it was nearly zero up to 10
MNovember and [hen increased up to 22 November (Cyclone period). Beyond 22
November, it gradually decreased with time and aitained minimurm value at 25 November
{at the end of cyclone). Afler 25 Novembcr, it increased gradually up to 30 November. At
500-100 mb it is seen that ZFDSE increased from 17 Nevember and attuined maximum
value on 20 November {just before cyclone). It is also observed that for all the levels
ZFDSE was minimum on 25 November (at the end of cyclone) and it increased gradualty
beyond 25 November ic., during landfall. From this figure it is observed that during
landlall wind speed increased.

Cyclone 6

Fig 4.3(vi) shows (he vanation of zomal flux of dry static encrgy with tme at
different isobaric levels for cyclone 6. Here ZEDSE fluctuated from positive {sastward) to
negalive (westward) and vice-versa at the Tower level of the roposphere (1000-700 mb).
But herc (he fluchuation was large compared to the previous Fig.4.3(i-v). From middle to
upper troposphere {4000-100 mb) ZFDSE was completely positive (castward). It is
observed that at 500 mb, ZFDSE decreased at time lo Gime and then lumed ito pegakive
(westward) on 5 November (when cyclone is started). Here we have seen that wind
dircetion before cyclone was oppositc (o that at cyclone slarted. Afier 5 November it
increased gradually with time up to 12 November. At this level {500 mb) ZFDSE increased
from cyclone period to landfall. At levels 400 mb and 300 mb it decrcased and atined the
minimum vatue on 5 November {(when cyclone is just staried). Afier 5 November every
time it Ouctuated due to change of wind speed. At the upper level of the tropospherc (250-
100 mb) every lime it flucrusted This was because at the upper level Lhere was very
unsiable condition and wind speed changed {increased or decreased) and ZFDSE is
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fluctuated. From this figure it is observed that when cyclons is juat started (5 November),
ZFDSE was minimum for all the level {level 1000-100 mb).

Cyclone 7

The Variation of zonal flux of dry static encrgy with time is shown in Fig. 4.3(vii)
for cyclone 7. This figure is sliphdy dilferent from the previous fgures. At the lower jevel
of the troposphere (i.c., 1000-700 mb), every time ZFDSE is fluctuaied from positive
(eastward) o negative (westward). But here [Fig. 4.3¢vii}] it was completely positive for all
lhe levels and all the davs (except 2 December). Here for only one day (2 December)
ZFDSE was negative (westward),at 1000mb. Here it is observed that from levels 1000-300
mb, there was no significant change of ZFDSE. Every tme it was near about constant duse
1o fess change of wind speed. But at upper level of the tropospherc {250-100 mb), ZFDSE
was low from 1-8 December compared fo 23-30 November. It is also observed that at 150
mb (vpper level of the troposphere) every time it fluctuated largety from 23-30 November.
This was due to nuch change of zonal wind compenent.

From the above Fig. [Fig. 4.3 {i-vi)] it i concluded that the direction of zonal
fluxes of dry static every changed from positive (castward) to negative (westward) and
vice-versa af the lower level of the troposphere (i.e., 1000-700 mb). But its value chanped
little bit or near aboul constant with time. This was because of nearly same zonal wind
component at the lower level of the moposphere. From middle to higher level of the
troposphere {500-100 mb), every time ZFDSE was positive {eastward). At these levels
(500-100 mb), ZFDSE was fluctuated at time Io lime, It is also observed that at the higher
Jevel of Lhe traposphere (250-150 mb)t it fluctuated largely. This was due to the targe zonal
wind component, It is also observed ihat for some cyclones, ZFDSE was maximum at
cyclone period at the higher level of the roposphere and for some cyclones it was
maximum just before cyclone (20 November 1595) and minimum just at the end of
¢yclone (25 November).
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4.1.2.(b): Zonal Flux of Moist Static Energy (ZFMSE):

Fig. 4.4(i~ii) shows the vapation of zonal flux of moist static energy with lime at
different isobaric levels from 1000-100 mb for seven cyclones. From these Bgures [Fig.
4.4(i-vii)] it i3 chserved that the pattemn of zonal fhoves of moist slatic enerpgy (ZFMSE)
was simiar 1o the graph patiem of zonal fluxes of dry static enerpy (ZFMSE) which 1
discussed earlier in the previous Fig. 4.3(i-vii)]. Here [in fipures 4.4(i-vii)] only Lhe
difference in magnitade. This is because moisi static energy is stnply an addition of latent
heat content with dry slakic energy.

4.1.2.(c): Meridional Flux of Dry Static Energy (MFDSE):
Cyclone 1

Fig. 4.5(i-vii) represents the varaton of mendional flux of dry stahic onergy
(MFDSE) with tme at different isobaric levels from 1000-100 mb for seven cyclones. For
cyclone I [Fag. 4.5(1)], it is obsenved that rom 1000<300 mb meridional flux of dry static
energy was nearly 7ero and almost same from 1-9 May 1990 i.e., at that time there was no
significant change of meridional wind component, But at 100mb and 700mb it changed its
direction from positive {northevard) to negalive (sonthward) and vice-versa, It was positve
from 250-150 mb from 1-9 May (at the end of cyclone period) and iz value fluctualed at
tme to tme due to changes of meridional wind component. At 100 mb, i.¢., at the wp of
the troposphere we saw that cvery ime there was large fluctuation ard it was madimum on
5 May (when cvclone is just started). At 100 mb it 15 also observed that it changed ils
direction from positive {northward) Lo negative (southward) and vice-versa. It is also scen
that after 9 May (during landfall) mendional flux of dry static energy was negative
(southward) for all the levels (except 1000mb) from 9-13 May. Here at cyclone periokd (5-
9 May) and afier landfall (9-13 May) wind direction was opposite to cach other.

Cyclone 2

Fig. 4.5(ii} shows the vanalion of merdional flux of dry static every (MFDSE) with
ime at different levels for cyclone 2. At 1000 mb, MFDSE was completely nepative
{southward) at every tms i.e. from 11-23 Decemher, 1990 and all the time its value did
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Chapler & Variation af different energy compounds and it fioces with fime

not change much. At 850 mb and 700 mb it is flucmated at time to ime becanse of chanpe
of meridionat wind component and changed ils directon from positive (northward) to
nepative (soulhward) and vice-versa. From middie 1o upper troposphere {300-100 mb) it is
observed that at ime o time there was large fluchuation due to large chanpge of merichonal
wind compenent at thess lewels (300-100 mb) and was maximum &t the ¢yclome period

{15-18 December).

Cyclone 3

From Fig. 4.5(ii1} it is observed that mendional ux of dry static cnergy changed
from positive {northward) to negative {(southward) and from negadve {southward) o
positive (northward) for all levels 1000-100 mb from 20-29 Aprl. Dut af 30 Aprl {at the
end of cyclone) it tumed into nepative (southward} for all levels except 1000 mb, 400 mb
and 100 mb. Beyond 30 May it increased and Nuchuzied. ¥From this figure [Fig. 4.5(ii)] it
18 observed that at 30 Apni {at the end of cyclone), MFDSE was zero at 1000 mb. It was
maximum at the upper level of the iroposphere (100 mb) and was maximum in ihe
negairve dircction {southward) at level 850 mb and 700 mb. At 200 mb (upper level of the
troposphere) 1t 1s seen that at first MFDSE was negative (southward) from 21-23 April
then it turned into positive (southward) and increased gradually with nme and atained

maximum value on 29 April (at the Lasi of cvclone).

Cyclone 4

Fip. 4.5(iv) shows the varation of meridional flux of drv static every (MFTSE)
with lime at different kevels for cyclone 4. From this fgore it iv seen that at 1000mb (lower
{evel of the troposphere), MEFDSE is Auctuaied and tumed il direction from positive
{northward} to negative (sculthward) and vice-versa from 24 Apnl to 3 May 1994, Beyond
3 May (afler landfall) it was always positive {northward) and remained same vp to 7 May
bul it slghtly mereased on 8 May. At 8530 mb and 700 mb it changed is direction from
posithve to negarive and negalive to positive from 24 April-§ May. At middle to upper
lroposphere (500-100 mb) it was positive {northward) from 24 Aprl-2 May. Tt is also
observed that on 3 May (at the end of cvclone) o mmed mto negative (southward) for all
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Chapter £ Fariation of differcnt encrgy compoinds and irs fliexes with tme

the level except 150 mb and 100 mb i.¢., upper level of the troposphere. Beyond 5 May it
was completely positive (northward) for all fevels {except 700 mbj up o § May.

From the above figure [Fig. 4.5¢(v)]. it is ohscrved that for all the levels {without
some exception} the wind direction was negative fsouthward) at the end of cyclone (3
April) and positive at Lhe end of landfall (6-% May). It is also observed thal MEDSE was
maximum for 200 mb at the peak time of cyclone peried (30 April-1 May) due fo the
higher meridional wind component at this level.

Cyclone 3

From Fig. 4.5(v), it is observed that MIDSE were positive (noriliward) at levels
700 mb, 400 mb, 250 mb and 150 mb whercas it was negative (southward) at levels 1000
mb, 850 mb, 500 mb, 400 mb. 200 mb and 100 mb from 16-19 November (bofore
cvclone). It is seen that at cyclone period {21-25 November) its value abruptly reduced and
tends 1o nearly zero and continue at the end of landfall (30 November). This cyclone
(cyclone 5) was an exceptional case compared (o other six cycloncs. This was because for
other six cyciones we saw that at cyclone period, MFDSLE was maximum and layer to layer
it was fluchuated. Dut for this cyclone (cyclone §), MFDSE was minimum at cyclone
period and was nearly same for all levels. We also observed that there was a common
fealure that MFDSE was moughly negative (southward) at lower level of the troposphere
(1000-700 mb) and positive (northward) from middle to upper level of (he troposphere
(500-100 mb). But for this cyclone (cyclone 5) wind direction was tandomly changed from
Jayer to Layer on 16-19 November (beforc cyclone) and was positive for all the fevels at
cycione period and afier jandiall.

Cycione &

Fig. 4.5(vi) shows the variation of meridional flux of dry siatic every (MFDSE)
with time a1 different levels for cyclone6. From Fig. 4.5(vi) it is seen that at 1000 mb
MFDSE was negative (southward) and then tumned into zero on 6 November. Beyond &
November it again tamed 1o negative and then maintained a consiant vahae. At 850 mb it is
scen [hal beyond 3 November, MFDSE increascd gradualty in the negative {southward)
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Chapter 4 Variation of different energy componnds and iy flioces with lime

dircetion up to 7 November {at the end of cyclome). Then it shghtly reduced on 8
November and then maintuned a conatant valve up to 12 November (afier landfall) duc 1o
no change of mendional wind component. AL 700 mb it increased for first fvo days (1-2
November) in the positive direction and then decreased and anaincd nearly zero on 4
November (jusi before cyclone). But when cyclong started {on 5 November) it increased in
lhe negative (southward) direction and then from day to day it increased with fluctuation
due to change of meridional wind component. At 400 mb it fluctuated in the positine and
negative direction from 1-4 Nowvember (belore cyclone). But at cyclone perniod (5-7
November) it tumed to neganive (southward) and remamn constant md then (8-12
Wovember) it fluctuated due to change of wind velocity. For 300-100 mb il was positive
(northward) up o 7 Nowmber (at the end of cyclone). Beyond 7 MNovember (afler
landlall) it is seen that for all the levels (1000-100 mb) it was completely hegative
(sonthward) and continued with this negative value with fluctuation up to 12 November.
Here it is seen hat from middle to upper level (300-100 mb) of the hroposphere it was
positive {northward) for before cyclone period{1-4 November) and during ¢yclone period
{5-7 November}. But it was completely negative (southward) for all the levels afier landfall,

From Fip. 4.5(i) it is observed that at 1000 mb MFDISE was negative {southward)
and fluctuated from 23 -30 November and then tumed inte posiove (northward) and
rematned same up to 3 December (at the end of cycione period). It again tumed into
negative direction afier landfall and continued wilh negative valug up to 8 December. At
%50 mb it slightty fluctuated and changed jts dircetion from positive to negative and vice-
versa. At 700 mb it is scen that MFDSE was positive (northward) for ali the time and
remained near about same. It is observed that afier 26 November MFDSE increased in the
positive dircetion for all the levels (except 1000 mb and 850 mb) and reachcd maximum
valuc on 2R November (when cyclone starfed) and then decreased and [ucruated with
positive sign up to & December. Al 150 mh (upper level of the roposphere) it is seen that
MFDSE was highest on 3 December (al the end of cyclone period). This was due to the
high wind speed during landfall. 1t is also ebserved that MFDSE was maximum in the
negative (southward) direction at 500 mb at cyclone period (1 December).
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1.1.2.{d): Meridional Flux of Moist Static Energy (MFMSE):
Cyclone 1

Fig. 4.6(i-vii} shows the varation of merdional flux of moisl static energy
(MFMSE) with time at different isobaric levels from 1000-100 mb for seven cyclones.
From Fig. 4.6(i) it iz scen that at 1000 mb MFMSE was negative on 1 May and then
rned itto zero on 2nd May. It was ncpative (southward) on 3 May and hen positive
fnorthward) and contmued up to 13 May. At 850 mb. it was always positive (nonbward)
except 11 May. At 700 mb, it changed ils direction from positive {nochwaril) to negative
(southward) and vice-versa. For 400-250 mb it fluctuated in the positive direction up to 9
May (al the end of cyclone). During landfali it changed its direction i.<. from positive to
negative and remained same for all the rest of the tme (10-13 May). From this figure it is
alsp seen that MFMSE was maximum at 250 mb on 3 May.

Cyclone 2

The varation of merndional Jux of moist stalic energy {MFMSE) with time at
different isobaric levels is shown in Fig, 4.6(ii) for cyclonc 2. From Lhis figure il i
observed that MFMSE was always negative (southward) at 1000 mb. At 830 mb at first it
was negative (soulhward) and remain same up 1o 14 December and then turned from
nepative to positive and vice-versa. At 700 mb, with day 1o day it tluctuated and changed
its dirccliun due to Lhe change of wind velocity. At 400 mb it increased gradually up to 18
Dccember (at the end of cyclone period) and then decreased. At 300 mb and 250 mb it in
geen that day to day variation the fluchuation was large due to large vanation of wind
component. From this figure [Fig. 4.6(i)] it is also scen that on 18 Devember (at the end
of cyclone) MIMSE inercased for all the levels in the positive dirccetion except 1000 mb
and €50 mb and was maximum for 250 mb. This was due to the higher wind component at

thas level.

Cyclone 3
Fig. 4.6(ii1) shows the variation of meridional flux of moist static cnengy {MEFMSE)

with time for cycione 3. From this fgurc it is observed that the graph paremn sas almost
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Chapier 4 Vorianion of different enargy compoiinds and its fhuces with fine

game as the meridionad flux of dry static enengy (MEMSE) which is discussed earlier [IFig.
4.5(iii)]. This was because meridional flux of moist static cnergy s simply an addilion of
latent hieat content wilth meridional flux of dry static energy. Here only the difference is that
in the previoss figurs [Fig. 4.5(ii)] flux is maximum at the upper level (100 mb) of the
waposphere but here flux is maximum at the middle of the ropospherc (1.c. .at 250 mb).

Cyclone 4

From Fig 4.6(iv} it is observed that at 1000 mb, with day to day MPEMSL
Mnctuated slightty and changed its direction from positive (norhward) to negative
(southward) and vice-versa up to 3 May (at the end of cyclone period). Beyond 3 May it
remained same up to 7 May due to no change of wind speed afier landlull. At 850 mb, all
the time it flucluated, At 700 mb, most of the time the flux was negative fsnuthward), For
500-250 mb, MFMSE was positive (northward) and increased wp to 1 May (at the poak
time of cyclone period) MFMSE decreased and negative (southward) for all the levels.
Beyond 3 may it agan increased (except 700 mb) due fo ingreasing wind spoed afler
landfall.

Cyclone 5

Fig. 4.6(v) shows the variation of meridional flux of moist static chergy (MFMSE)
with time for cyclone 5. From this figure it is obscrved that the pattern is same as that of
meridional flux of dry static enerpy which is discussed earlier in figure 4.5(v). The enly
difference was m magnitude.

Cyclone 6

From Fig 4.6(vi) it is observed that at first (before oecurrence) for most of the
jevel MFMSE was positive {northward). When cyclone is formed {5 November) for most
of the level it tumed into nepative (southward) and mcreascd in the nsgative direction.
Devond 7 November (at the end of cyclone) for all the levels MFMBE was negative
{soulhward) and fluctnated
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Cyclone 7

Fig, 4.6(vii} shows the vanation of meridional flux of moist static energy (MI'MSE}
with time for cyclone 7. From this figurc it s observed that at 1000 mb, MFMSE was
atways negative {except ] December) and abghtly fluchuated. At 850 mb, it fluchiated and
changed ils dircction at different tme but at the peak tme of cyclone (30 November 1
December} it was positive (northward). At 700 mb MIMSLE was always positive
(northward). At 500-250 mb, it is scen that from 26 November it increased and atfained
maximum intensity when cyvclone 18 staried i.e.. on 28 Nowember. It i3 also observed that at
the peak time of cyclone (1 December) it was maxinmm in the negalive (southward)

direction at 500 mb.
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Chiupter 4 Resulks and Discussion

4.2 Atmospheric Energy ai Different [sobaric Levels
4.2.1. Cyclone 1

A cyelons named cyclone 1 is formed in the Bay of Bengal from § May 1990 t0 &
May 1990 is explained in this section. This period called “cyclone peniod™. To observe its
pre~condition, cnergy is calculated from 1 May 1990 to 4 May 1990 and this period L
called “before ocewrence™. Te observe the post condition of the observed cyclone, enerpy
is also calculated from 10 May 1990 to 13 May 1990. This period s called afler
fandfall The movement of this cyclone is shown in Fig. 3.

4.2. 1(a). Energy companents:
Sensible Heat {(SH):

Fig. 5.1.1(a-c) shows the varation of Sengible heat at dilferent isobaric level in
different phases {bcfore occurrence, cyclone pcriod and after landfall) of a cyclonme
occurring from 5.5.90 to 9.5.90. From these fig it is observed that scnsible heal decreascd
with dccreasing pressure ie. wilh increasing height. This is idue to the decrcase of
temmperature with the increase of height. It s also observed that the sensible heat on 9.5.90
was low compared to the other days at 300 mb - 100mb. This is duc to the decrease of
ternperature at the end (9.5.90) of ths cyclone perod. 1t is also seen that al the end of the
jandtall {13.5.94) sensible heat was lowest, This was duc 1o the heavy rainfall.

Potential Energy (PE):

Fig. 5.1.2(a-c) shows the variation of potential energy a1 different isobaric level in
differcnt phases of a cyclone occurring from 5.590 te 9.5.90. It is secen that potential
energy increased linearty with increasing height (pressure decreased).

There is no day 1o day variation of PE before occurrence. At cyclone period [Iig.
5.1.2(b)] it is seent that at 300mb - 100mb potential energy slightly decrcased, This was due
10 the slightty decrease of geopotential height at these levels.
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Chapter 4 Re=suilts and [nscussion

Latent Heat Coment {LHC) :

The varistion of Latent heat content at different isobaric level is shown in Fig
5.1.3(a-c). From Fig, 5.1.3(a) it is scen that before occurrence LHC fluctuated for all the
days at all (he levels with an exception of 4.5.90. At that day it was almosl constant up to
400 mb and then slightly increased. At 400 mb on 1.5.90 the LHC was maximum.

From Fig. 5.1.3(b} it is scen that Latent heat content was alinost constant from
1000 mb - 700 mb for all days with an exception of 7.5.90. It is also seen Lhat at the peak
time of the cyclone |7.5.90] LHC was unstable and maintained a dgzag Path up to 400 mb
and then decreased shightly. Bevond 700 mb for first two days of the cyclone period
15.5.90-6,5.90} LHC increased up to 400 mb and then decreased slightly. Afier 700 mb
for the last two davs of cyclone periad [8.5.90-9.5.90] LHC decrcased up to 300 mb and
then increased.

The varativn of Latent heat conlent afier landlall {10.5.90 - 13.5.90] is shown in
Fig. 5.1.3{c). It is seen that for all the days Latent heat content was constant from 1000 mh
to 850 mb with an exception on 10.5.90. At 760 mb it increased for all the days. Beyond
700mb for 13.5.90 it increased linearty up to 300mb and then deereased at 230mb. At the
wery beginning of land fall [10.5.90] after 700mb it remains near about comstant np to
400mb and then fluchuate. Afier 700mb for 11.5.90 and 12.5.90 il incrcased and iben
decrcascd at 250 mb.

From these figures {[g. 5.1.3(a-c)] it is observed that Latent heal content increased
at middle troposphere (i.e. 700mb - 300mb) duc o more mosture. This is the cloud-
forming region and in this zone water vapor condensed release latnt heat. It was also seen

that LI is maximum afier landfall.

Kinetic Energy (KE):

Fig. 5.1.4(a~c} shows the vanation of kinetic energy variation at different isobaric
level. From this figure it is scen that KE was ncar about zero for all the phases (Before
occurrence, cyelone period and afler landfall) at 1000 mb and Lhen increased lincarly up to
200mb and then decreased for 1.5.90, 2.5.90, 7.5.90 and 13.5.90 {at the end of the
cyclone). But for other days it increased linearty except for 5.5.90 and 6.5.90 (at the
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Chapter 4 Results and Discussion

cyclone period). It is scen that KE was large at the carly cyclone period [Fig. 5.1.4(b})]
compared with that at the end of cyclone period. After landfall the amount of KE was

smaller than that of cvelone period or befors occurrence.

4.2.1(b). Enerpy Muxes:
Zonal Flux of Dry Static Enerpry (LFTISE):

Zonal flux of dav sLatic encrgy (ZFTISE) at different isobadc level is shown in Fig
5.1.5(a~c). Before occurrence (1.5.90-4.5.90) it is seen that ZFDSE was near about zero at
1000mb and then increased as pressure decreased. J3ut at 4th May (just beforc cyclone
peried) it was negative (westward) from 100G mb to 700 mb, After 700mb it turmed into
positive (Eastward) and then increased linearly with the same sign up to the top of the
troposphers.

At cyclone period [Fig. 5.1.5(b)] it is observed that for first two daye at 1000 mb
and 850 mb ZFDSE was negarive {westward) and for all other days it was positive
(castward). 1 s seen that ZFDSE increased tincacty with height and attained maximum
value at 150 mb at the very beginning of the cyclone period (5.5.90 and 6.5.9() and theo
decreased at 100 mb. At 7th May it increased up to 2(K} mb and then decreased at 150 mb.
It increased apain at 100 mb. So we can say that at cyclone period ZFDSE was very
unsiabie condition.

Afler fandfall [Fig. 5.1.5(c}] il is seen that at 1000 mb ZFDSE was nggative
(westward). Beyond 1600 mb it tumed to positive (eastward) and increased up to 200 mb
and then decreased with the same sign on 10.5.90 (just at the time of landfal)}). We saw
that afier landfall for 2nd day (11.5.90) it was almost zero at 100 mb. Thi4 is an indication
of no wind at that Jevel. It is also seen that on 12.5.90 and 13.5.90 at 160 mb it was
negative {(westward),

From the above figure [Fig. 5.1.5(a-c)] it is observed that at the lower level of the
troposphere {1000 mb) ZFDSE was near about zero and pevond 1000 mb it increased
linearly due to Lhe increase of geopotesitial heighl. Tt i also seen that at cyclone period and
after landfall at 1000 mb it was negative {westward). Afler that it was positive (eastward)

and at the end of landfall it was apain negative (westward).
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Chapiter 4 Results and Dhscussion

During cvclone period it is almenved that at 150mb ZFDSE was maximum and

shows two peaks. This was duc to the increase of zonal wind component at 150 mb.

Zonal Flux of Moist Static Energy (ZIFMSE):

Zomal fux of moist static energy (ZFMSE) at different phases (belore occurrence,
cyclone period and afier landfall) is shown in Fig. 5.1.6{a-c}. From these figure it is scen
that ZFMSE was pegative (westward) for all the phases at 1000 mb and then increascd
with increasing height (as pressure decreased). Tt v also seen Lhat the increasing rate of
ZFMSE was the same as ihat of ZFDSE which was discussed eaclier {Fig. 5.1.5{a-c)]. Thus
is because moist static emergy §s simply an addition of laent heat content with dry static
energy. Dut at cyclone period on %th May, ZFMSE increased up to 400 mb, then
decreased at 300 mb and then increased again at 250 mb. Ths instability was due to the
change of zonal wind componeni. It is also scen that ZFMSE was maxamum at sarly

cyclones period (6th May) at 250 mb {i.¢., upper level of the troposphere).

Meridional Flux of Dry Stalje Energy (MFDSE):

Fig. 5.1.7{a-c) shows the MFISE at different isobaric 1evel. Before oceurrence it s
scen that on first May MFDSE was negative (southward) at 1000 mb and then it tumed
into positive {northward) and fluctuated at laver to layer maintaining 2 zigzag path. On 2nd
May, it was near about zero up to 200 mb and then incrcased and fluchuated. On 3rd May,
it was positive (northward) at 1000 mb-§00 mb. Bevond 850 mb i was negabive
{southward} at 700 mb - 500 mb due to the changs of wind direction. Aller 500 mb it was
Zero up to 300 mb and then increased to the positve (norhward) direction up 10 150 mb
and then decrcased to the negatve (southward) at 160 mb. On 4th May it is seen that
MFDSE increased hinearly up 1o 150 mb and then decreased 1o negative (southward)
direcrion at 100 mb.

At cyclong period [Fig. 5.1.7(b1 layer to layer varialion of MIFDSE for all the days
wags symmetric. It was Juchuated and increased from 1000 mb-150 mb. Beyond 15¢ mb, it
i scen Lhat at the very beginning of the cyclone (5th Mav) it increased abruptly at 160 mb,
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Chapter 4 Rasulbs and [Rseussion

Bat for all other days it decreased at 100 mb It is also seen that on 7-9 May it decreascd 1o
the negative (soulhward) direction.

After landfall it is observed (hat at 1000 mb MFTISE was positive (norlhward) and
them nmed into negative (southward) for all the days with an exception of 11th May. On
11th May it was positive (northward} up to 500 mb. Beyond 500 mb for all the davs it was
negative (southward) and increased o the negative direction up to the top of the
troposphere. It 18 also seen that at 11th May it was zero at 100 mb. This was because
meridiconal wind component was zero at that Ievel.

From Fig. [5.1.7(a-¢)] it is observed that before occurrence and dunng cyclone
period MFDSE was positrve (northward) for all the davs and levels with an exception of
3rd May at 100 rb. At 100 mb level it was nepative {southward). Pt afer fandfall it was
in reverse characteristics i.e., it was regative (southward) and changes its direction with an
exception of 11th May, At 11th May it 18 secn that MFDSE was pesitive up to 500 mb and
then turned into negative (southward). It is also sgen that MFDSE was madmum at 100
mb dunng cyclone period, This shows that wind velocily was maximum at the top of the

troposphere,

Meridional Flux of Moist Static Energy(MFMSL):

Mendional flux of most static energy (MFMSE) at different ischaric levels is shown
in Fig. 5.1.8(a~c). Before occurrence it is scen that on 1st May it was nepative {southwant)
at 1000 mb and then it increased and fAuctuated with positive direction. Om 2nd May, it
was near about zero at 1000 mb and then increased slightly at 850 mb. Beyond 850 mb #
was again nearly zero up i 300 mb and then increased at 250 mb. At 700 mb and 500 mb
it was southward. On 3rd May MFMSE was fluctuated both in positive and negative
direction. Om 4th May it was nearly zero up 1o 400 mb. Beyond 400 mb it increased and
then decicascd.

At cyclone period for all the days MFMSE is Nuciuated at laver 10 laver due to the
change of the direction of wind component. But this flucruation was symmetric for all the

days. Here il is also seen that it was increased vp to 300 mb and then decreased.

Fi+]



MFM3E(cal’kag.m/s 10"3) MFMSE(cal’kg.m/s 103)

MFMSE(calkg.mvs 10°3)

2000

(a) BEFORE OCCUREMCE —a—1.500

Preasure{mb}

—— 35590 (b} CYCLONE PERICD

1000
-1200

(c) AFTER LANDFALL

——10.5.50
—0—]1.5.%0
——12.5.50
——13.5.%0

Fig.

5.1.8 {a-): Vanatiom of meridienal fuxes of ot static energy at different sobaric ke

T



Chepter 4 Results and Discussion

After landfall [Fig. 5.1.8(c)] it is seen that graph pattern was same with that of Fig.
3.1.7(c} which is discusscd earhier. This is because moist siatic energy is an addition of
latent heat content with dry static energy.

From the above figure [Fig. 5.1.8(a-c)] we observed that at cyclone pericd MEMSE
at 100 mb was positive at the beginning of cyclone, then became zero during ¢yvilone due
to the absence of wind component. On 8.5.90 jt was negative at 250 mb. Afier landfall it
Was more ot less negative (southward) from 850 mb-500 mb. Beyond 500 mb it way
completely negative for all the days and mercased up o 250 mb. It is also seen that
MFMSE was maximum at upper levels for all the days. This was because maximum cloud
is Tformed at the upper levels and refeased latent hoat so increased moist static energy.
Hence it is also saw that the direction of meridional wind componetit was reversed behween

cyelene period and 2Der landfali,
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Chapter 4 Results and Mscussion

4.2.2. Cyelone 2
Cyelone 2 occured during the period 16-1% December 1990, To obsenve its “before
occurrence” and “afler landfall” conditions, data were anabvzed from 11 December 1990 to

23 December 1990. The track of this cyclone is shown in Fig. 3.

4.2.2. (a) Energy components:
Sensible Heat (SHY:

Fig. 5.2.1{a-c) shows lhe vanation of sensible heat (SH) at differeni isobaric levels.
From Lhese figure it is observed Lhat sensible heat decreased with the increase of height i.c.
as pressure decreased. It is seen that day to day vanation for all the levels was symmetric
wilh some exception. At cyclone period [Fig. 5.2.1{b)] it i3 observed that at the beginning
of cyclome (16.12.90) at 300 mb sensibte heat decreased abruptly. This is due to the large
decrease of temperature at that level. Alter landfall [Fig. $.2.1(c)] it is seen that al 200 mb
senuible heat increased more for 21.12.90 compared to the other day. This s because of
increasing |emperature compared to Lhe other day.

We know sensible heat is the product of specific heat ai constant pressure, C, with
temperature, T (ic., C,T). From the ahove figure we observed that sensible heat was
maximum at 1000 mb i.c., at the lower level of the roposphere and minimum at 100 mb
i.e. at the upper ievel of Lhe troposphere. This is because the earh surface receives solar
enerzy from the sun and becomes heated. The layer of 1000 mb is verv close to the earlh
surface compared to the olher layer. And for this reason emperature 18 maximum a1 1600
mb. So scnsible hicat was maximum at 1000 mb and then decreased lincarty as the height

increases rom U carth surface.

Potential Energy (PE):

The vamation of Potential cnergy at differcnt isobaric lewvels i shown in Fig
5.2 Xa-c). Here for all phases {before ocourrence, cyelone perind and aficr landfally It is
scen that potential energy increased hinearly as pressure decrcased. This lincar morcased
was due lo the icrease of geopotential height. Here for all phase day to day variation was

symmetric and the values were almost same at all levels. I'or this reason at zll levels, the
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Chapler 4 Feasults and Dhscussion

points overlap each other. It is also ebserved that, before occurrence, at cyclone period and
after landfall there was approximately no change of potential encrey. But for all phases
potential ¢nergy increased as pressure decreased. It was about zero at 1000 mb i.e. at fower

level of Lhe troposphere and maximum at 100 mb i.c. at upper level of the roposphere.

Latent Heat Content (LHC):

Fig. 5.2.3(a-c) shows the variation of latent heat content at different scharic levels.
Before occurrence at 1000 mb-700 mb Latent heat content was almost same. Beyond 700
mb it increased shightly at 500 mb and mainlained the same value up to 300 mb exeept 1]
and 13 Decernber 1990.. At 250 mb for all the days it decreased except on 15 Dec. 1990,

At ¢yclons period it increased slighthy up to 40¢mb. From 300 mb to 250 mb LIIC
increased abrupily on 18.12.90.. This was duc to the more cloud formation. At 250 mb it
decreased but for 18.12.90 latent heat content increased. This indicates that more clowl
existed at the upper level on 18 Dec. 1990,

From Fig. 5.2.3(c) it 18 scen that LTIC is fluctuared for all the days and levels and it
was maximum bemween 500 mb-300 mb.

From the above figures {Figs. 5.2.3(a-c)] it is observed that latent heat content
increased from 700 mb-300 mb for before occwrence and after landfall. It increased
because this is the cloud forming region (700 mb-300 mb) and released latent heat. Rut at
cyctone period it was maximum at 300 mb and 250 mb for 18.12.90. This means that at

the end of the cycione period (18.12.90) more cloud is formed and rain occurs,

Kinetic Energy (KE):

The variation of kinetic encrgy at different sobaric levels is shown in Fig, 5.2.4(a-
¢). I is peen that at }000 mb-700 mb K.E. was nearty zero. After 700 mb it increased up
to 150 mb and then decreased at 100 mb. At cvclone period it is also scen that at the
beginning of the cyclone (16.12,90) it increased from 1000 mb to 250 mb and then
(ucmated. This means that at cyclene period the weather was very unsiable and (he wind
welocity randomly changed. At cyclone period and after landfall we Observed (hat from
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middie to upper level of the moposphere (withaut 100 mb) KE was maximum. This i due

to the increase of wind velocily ir these region.

4.2.2. (b) Energy Muxes:
Zonal Flux of Dry Static Energy ZFDSEY):

Fig. 5.2,5{a-c) shows the varation of zonal flux of dry static enerpy (ZFDSE) at
difTferent iscbanic levels. Here it is observed that for before occurrence. cvelone period
ZFDSE was almost zero and negative {(weahward) at 1000 mb-2350 mb, Alter 850 mb 1
increased more or leas lincarly in the positive (eashward) diseetion. At cyclone period [Fig.
5.2.5(b)]. H is scen that from 300 mb fo 100 mb for all the days it increased and decreased
from fayer o layer. This is dut to the randomness of the wind velocity from muddle 1o the
upper level of the toposphere.

Afier jandfzll ZFIYSE increased lingarhy up to 200 mb except 20.12.90. At thas day
it was puleating in nature above 300 mb. Devond 200 mb it decreased.

From the above fgure [Fig. 5.2.5(a-c)] it is obsernvax that ZFDSE was maximum
between 250 mb-150 mb. Here it & also scen that at 1000 mb ZFDSE was zero and
negative (westward) for before occurrence and at cyclone penod. Dut after landfall at
1600 mb ft was completely positive {eastward). Here we observed that near about the
surface layer (1000 mb) wind direction was opposite at cycinong period and after landfall,

Zaomal Flux of Moist Static Energy (ZFMSE):

tig. 5.2.6(a-c) shows the variation of zonal flux of moist static energy (ZFWISE) at
different isobanc levels. Before occurrence [Fig. 5.2.6(a)] it was zero and negative
{(westward) at 1000 mb and £50 nb. Beyond 550 mb it increased up to 300 mb, then
decrcased at 250 mb with an exception of 11.12.90. At 11.32.90 1t increased for 250 mb.

At cyclone period [[ig. 5.2.6(b}] ZFMSE was negatve (westward) at 1000 mb for
all the days. At the end of the cyclone period (18.12.90) it was also negalive (wostward)
jor 830 mb. Then for all the days it luned inlo positive {(eastward) and increased linearly

wilh the same sign up to 250 mb.
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Chepter 4 Results and Discussion

After landtall {Fig. 5.2.6{c}] it i seen that at 1000 mb-250 mb ZFMSE was nearly
zefo and positive (castward). Afier 850 mb it increased up to 300 mb for all the days. A1
250 mb it decreased for 19-20, December but increased [or 21-23 December. It is seen
that at 1000 mb ZFMSE was zero and negative (westward) for before ocourrence and
posithe (eastward) for afier landfall. But at cyclone peried (Fig. 5.2.6(b)] at 1000 mb,
ZFMSE was completely nepatnve (westward) for all days. Here at the surface level (1000
mb) wind direction was opposite between cyclone period and afier landfall. It is also
observed that at 250 mb ZFMSE was more or less decreased for before occurrence and
after landfall. But at cyclone period it increased at 250 mb for all days, This is due to the
more cloud formation at that level at cyclone period. It is scen that at 250 mb for cyclone
period ZFMSE was maximum at 183.12.90 because of zomal wind componcnl was

maamum al tha! day.

Meridional Flux of Dry Siatic Energy (MFDSE):

Mendional flux of dry static energy (MFDSE) at different isobaric levels is shown
in Fig. 5.2.7(a-c). Before occurrence [Fig. 5.2.7(a)] at 1000 mb-700 mb, MFDSE was
zero and negative (southward) for all the days. Beyond 700 mb it was fuctuated up to 100
mb duc to the randommess of wind speed and dircction.

At cyclone period [Fig. 5.2.7(b}] at 1000 mb MFDSE was negative (southward)
for all the days. At 850 mb it increased (except 18.12.90) to the positive (norhward)
dircction at 850 mb. But on 18.12.90 it increased in the nepative (southward) direction at
350 mb. Bevond 830 mb it increased in the positive (northward) direction and increased
linearly up to 204 mb, then decreased. For other days, beyond 700 mb it increased Linearly
up to 200 mb and then decrcased.

Afier landfall [Fig, 5.2.7(c)] MFDSE was completely negative {southward) at 1000
mb-700 mb. For 20.12.90 this negative value exisis up to 300 mb and then increased to the
positive {northward) direction. Beyond 700 mb it was positive (norfhward) for all the dayy
{except 23.12.90) and exisis near about constant up to 150 mb. Afier 150 mb it increased
a1 100mb except 20.12.90 and 23.12.90.
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Chapter 4 Eesults and Discussion

From ihe above figure [Fig. 5.2.7{a-c)} it is observed that at 1000 mb MFDSF was
nepztive (southward) at cyclone period and this negative value was higher for afler landfall,
This means that afier landfall wind velocity was larger comparsd to vyclone period. Here
we also observed that both for cyclone period and afier land(nll it was near about same or
symmetnic at middle troposphere (500-250 mb) and maximum at upper troposphere (200
mb and 100 mb). This higher value was due to the high wind velocity.

Meridional Flux of Moist Static Energy (MFMSE):

Fig. 5.2.8{a-c) shows the varation of merdional fluxes of moist static energy
(MFMSE) at different isobaric levels. Here we obseved that before occurmence and cyelone
penod the pattern was same 2s Fig. 5.2, 7(a-b) which was discussed carlier. This is because
MFMSE is simply an addition of latent contenl with MFDSE But afler landfall [Fig.
5.2.8(c)] st is seen that MFMSE was negative (southward) for all the days up to 70 mb.
Beyond 700 mb it was both in direction (northward and southward). Ii js Muctuated due to
the change of wind velocity.

From the abowe figures [Figs. 5.2.8(a-c)] it is scen that MIMSE was high at 250
mb. This was becausc in this region more cloud is formed and release latent heat. It is also
observed that at 250 mb it was maximnm at 18.12.90. This was due to the higher wind
specd at that day i.e. at the end of the cyclone (18.12.90).
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Chapter 4 Bwsults and Discussion

42.3 cyclone 3

Cyclone 3 formed during the period 25-30 April 1991, To observe its “before
occurence’ and “after landfall’ conditions, dala were analvzed from 20 Apdl to 5 May
1991. the track of this ¢yclong is shown in Fig. 3.

4.2.3 (a): energy components
Sensible heat (SH):

Fig 5.3.1¢a-c) shows the variation of sensible heat (SH) with pressurc at difTeren:
phases of cyclone occuning from 25-30 April 1991, From these Apures it is observed that
at day w day there was almosl no change of SH 1.c., the day lo day variation of SH was
very litrle. But it is observed that SH decreased with decreasing pressure ie., increasing
hetght. Tt is also observed that SH was maximum at 1000 mb. This was dug to the
maximum temperature at the carth surface. The magnitude of SH at different phases was

almoast same.

Iotential encrgy (PE):

The variation of Potentiai energy (PE) at duTerent wsobaric levels at different
phases of cyclone is shown in figure 5.3.2(a-c). From this figures it is observed that PE at
cach phase coincide for different days. There was no change of PL at day o day. Bul PE
lincarly increased with decreasing pressure and was maximum at the top of the
roposphere. Potential enerpy was maximom at the upper Ievel of the troposphere bocause
gropotential height is higher at the top of the troposphere. The patiern of PE at different
phases was very similar,

Latent heat contenl {LHC):

The variation of latent heal conlent {LHC) at different isobaric levels is shown in
figure 5.3.3 {a-c). From lhese hgures it is observed that LHC chanped at day to day and
layer to layver. Before occurence {Fig. 5.3.3¢a)] it 8 seen that from 1000 mb-700 mb at
frst LHC increased and then decreased. Detween 700 mb-300 mb, LHC praduaily
increased. Bevond 300 mb it is stightly decreased for all the days except 20™ April. On
20™ Apri! LIIC fluctuated and from 300 mb to 250 mb it increased abruptly.
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Chapter 4 Rwsnlts atd Discnssion

At cyclone period [Fig. 5.3.6(b)], ZFMSE increased linearly up to 300 mb and
then it was ncarly consiant in magnitude But at the initiation of cyclone period (25"
April} it increased gradually up to 200 mb and atlained maximum valoe at 200 mb.

Afer landfall [Fig. 5.3.&(c)], it is scen that at 1000 mb, ZFMSE was cither zcro or
slightly negative {westward) and then gradually increased up o 500 mb. Beyond 500 mb
it mereased with fluctuation.

Fromn the above Agures [Fig. 5.3.6{a-c}], # is observed that, XFMSE lincarly
increased at cyclone period But after landfall ZFMSE increased gradually vp to 500 inb
and then incrcascd with fluctuation. This fluchuation was due to the chanpe of wind

velocity duning landfall,

Meridional Aux of dry slatic energy (MFDISE):

Fig 5.3.7(a<) shows ihe vanation of meddional tlox of dry siatic energy
{MFDSE) from 20 April-5 May for isobaric levels 1000 mb-100 mb. Defors occurence
[Fig.5.3.7(a)], 1t is obsgrved that at 1000 mb MFDSE was posibve (nonhward) with a
small value for all the days. At 850 mb, it slightly increased and then decreased in the
negative {soulthward) direction. At 500 mb, if is observed that MIFDSE was completely
negative (southward) for all the days. Bevond 500 mb, MFDSE mnercased gradually in the
positive {northward) direction up to 200 mb and then decreased at 150 mb. At 100 mb it
turned into negative {(southward) direction and afained maximum value. Deyond 500 mb,
on 21-22 Apnil it was negarive (soulhward} and maintzined & constant valug wilh the
same sign up to 200 mb. At 150 mb it tumed into positive and mereased abruprdy and
showed a sharp peak ai this Jevel (150 mb), On 23" April, it was nearly constant from
300200 mb with nepative sign. Beyond 200 mb it umed oo positive (aorthward) and
increased up o 100 mb. Om 24 April ie., at the initiation of cyclone pericd it Nucruated
due to the changs of wind speed beyond 500 mb.

At cyclome period [Fig, 5.3.7(b)], it is seen (hat at 1000 mb, MFT)SE was pasitive
for 2527 Apnl It was negarive for 28-29 Aprl and was zero for 30 Aprl. At te
mifialion of ¢yclone (25 April). it was positive {northward) at 1000 mb. then it umed
into negative squlliward and mainlained a constanl value witl the same direction up to

250 mb. At 200 mb it umed mto northward and increased. At 150-10 mb it decreased
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Chapier 4 Rwsults and Dhscussion

abruptly and goes fo zero due to the absence of wind speed. On 26™ April, it was zero up
10 300 mb and then increased gradually. On 27" April it was neariv zero up to 500 mb
and then gradually increased. On 28" April, it gradually increased with a smail
flucruation. On 29 April it increased lincarly up to 200 mb and then decreased. At the
end of cyclone (30 April), it is observed that MFDSE was negative (southward) for all
isobaric Jevels except 400 and 106 mb and mainiained alinost a constant value. At 100
mb if tuned into positive {northward) and attained the maximum value at cyclone period.
Meridional flux of dry siatic energy afler landfall is shown in Fig 5.3.7(c). On 1*
May, at first it was positive (northward) and increased. At 700 mb it was zero due to
absence of wind speed. Bevond 700 mb it fumed into negative (southward) and graduvally
mcreased with the same sign up to 250 mb. Beyond 250 mb it changed its direction and
became positive {northward) at 150 mb and show a peak. At 2™ Mhay, at first it was
posilive {northward), and then tumed into negative (southward) and increased at 700 mb.
From 500-300 mb it was nearly constant with the same sign. Beyond 300 mb it tumned
into positive (norhward) and increased abrupily at 250 mb. This was becanse wind speed
suddenly increased during landfall at this level. Bevond 250 mb it decreased with
flucruation. On 3™ may it Auctuated in hoth positive and ncgative direction. This
flucruation was due to the change of wind speed and direction during landfall. On 4%
May, at firat it was positive (northward) and then tumed into nepative (southward) and
maintamed a constant value with the same sign from 700-250 mb. Beyond 250 mb it
tumed into positive {(norihward) and increased abruptly at 200 mb and then decreased,
From the above figures [Fig. 5.3.7(a-c}] it is observed that, for before occurence
and after landfali meridional fluxcs of dry static encrgy was positive (northward) for al
the days at 1000 mb but aller landfall the value was slightly preaicr than before
occurence. This was duc 1o the high wind speed during lendfall. But at cyclone period, it
was either Zero or pesitive (northward) or negaiive (southward} at 1000 mh. Before
occurenee and afler landfall peaks arc found at 150 mb but at cyclone period such peaks
are not obscrved. At cyclone period it is observed that MFDSE gradually increased for
most of the days. From this figures it is also observed that MFDSE is decreased for all the
days at Lhe top of the troposphere ie., at 100 mb {without 26 and 30 April). At cyclone
petiod it is also observed that at ihe end of the cvelone (30 Apnil), MFTOSE was negative
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Chapter 4 Ewsnlts and Discussion

{southward) for all the levels and was nearly constant. It tumned into positive (northward)
at 100 mb and anained the highest value. This was because wind speed was high at the

end of cyclone period.

Meridional Muy:. of moist stalic energy (MFMSE):

Figure 5.3.8(a-c) represents lhe variation of meridional fluxcs of moist slatic
engrgy (MFMSE) at different isobanc levels, at different phases of the analvzed cycione.
Before occurence, it is obscrved that on 20™ April, at first it was positive {northward) and
then tumed into negative (southward), and continucd with the same sign up to 400 mb.
Beyond 400 mb it ramed into positive {(northward} due o change of wind direction.
Beyond 250 mb it tumed into negative (southward) for all the days. For 21-22 Apil, it
was nearly constant from 700-300 mb duc to negligible change of wind speed. For 23-24
April, it was fluctuated.

At cyclone period [Fig. 5.3.8(b)}, it is observed that the praph patlemn was similar
lo that of meridional fux of dry swatic energy which is discussed earlier [Fig. 5.3.7(b)].
Here the only difference was in magnilude, Another change is observed on 30% April. Cm
30™ April at Lhe upper fevel of the roposphere MFMSE was constant in the negative
{(southward) dirccrion due 1o no change of wind speed at these levels.

After landfall [Fig. 5.3.8(c)], it is obscrved that at 1000 mb, MFMSE was positive
(northward) for all the days. At 850 mb it slightly increased. Beyond R50 mb it decreased
for all the days and umed into nezgative (southward) From 700-300 mb it was constant
with the same sign due to no change of wind speed. But for 1" and 2™ May ie., during
landfail it is Muctuated due to change of wind speed and direction and atlained the
maximum value at 100 mb.

From the above figurcs |[Fig 5.3.8{a-c)), it is secn fhat at cyclone period MFMSE
was posifive (northward) for most of the days and mcreased pradually from lower to the
upper level of the troposphere. But during landfall, we observed the roverse
characieristics L.e., from 700-300 mb, MFMSE was completelv negalive (southward). Tt is
also obscrved that during landfafl (2™ May) MFMSE changed im direction (i.c., from
positive to negarive) and increased abouptly at 250 mb
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Chapter 4 Resuls ond Dhcussion

4.2.4. Cyclone 4

A cyclone formed in the Bay of Dengal from 29 April 1994 to 3 May 1994.is
explained in this section. This period is called “cvclone period’. To ohserve its pre-
condition, energy i8 caleulated from 24 April 1994 to 28 April 1994 and this period is
called “before occurrence”. To observe the post-condition of the observed cyclone,
encrgy is atso caleulated from 4 May 1994 to § May 1994. This period is called “afier
landfall™, The track of (his cyelone is shown in Fig. 3.

4.2.4.4{a} Energy companents
Sensible heat (SH):

Fig 5.4.1(a-c) shows the variation of sensible heat (SH) at dillerent isobaric levels
for before occurence, cyclone period and afier landfall. From these fgures it is seen that
at day to day there was no change of SH. But at Jayer to layer SI4 heat changes and the
changes were symmetric for all the days. I is also observed that SH decreased linearly as

pressure decreased, This was becausc temperature was maximum at the earlh surface.

Potential energy (PE):

The variation of petential encrgy (PE) at different isobaric levels is shown in Fig
5.4.2(a-c). Tt 13 observed that at day to day there was no signilicant change of potential
encrigy. Bat at layer to layer PE changed. From this figures [Fig. 5.4.2(a-¢)], it is found
that at 1000 mb. PE was nearly zero for all the phases i.c., before oceurence, cyclone
period and afier landfall. Beyond 160G mb. it increased lincarly as pressure decreased and
atiained maximum value at 100 mb ic.. al the top of the moposphere. Potential encrey

was maximum at 100 mb because geopotential height was highest at this level.

Latent heat content (LHC):

Fig. 5.4.3 (a-) shows the variation of fatent heat content {(LHC) at differcat
isobaric lewels from 1000 mb-100 mb at different phases of cyclone ie., befors
occwrence, cyclone period and afler landfall, At belore occurence (Fig, 5.4.3(a)], it is
secn that from 1000-700 mb, LHC was alinost same for alt the days (except 27 April).
Beyond 700 mb il s Muctuated duc to the formation of cloud. 1t s also seen that at the
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Chapter 4 Results and Discussion

initiation of cyclone ie., on 28" April, LHC incrcased linearly from 850-250 mb. This
was because more cloud is formed just before the formation of cyclone.

At cvclone period [Fig. 5.4.3{b}], it is observed (hat LHC was conslant for all the
davs and mainlamed theic comzlant value up to 250 mb, Beyond 250 mb it increased
abruptly and was maximum at 100 mb. It is also seen that, no cloud is formed from lower
to middle froposphere i.¢., from 1000-250 mb and more cioud is formed from middle to
upper troposphere 1., from 250-100 mb.

After landfall [Fig. 5.4.3(c)], it is observed (hat LHC was almost same at layer to
layer for all the days (except 8 May). On 8% May ie., at the end of landfall, LHC
flucruated from layer to layer. This was because cloud is formed and minfall occurs at the

end of landfall.

Kinetic energy (KE):

Fip. 5.4.4(a~<c) shows the variation of kinenc energy (KE) at differcnt isobaric
levels. From the above figure it is seen Lhat, for before occurence [Fig. 5.4.4(2}], KE was
nearty zevo for all the days from 1000-850 mb. Bevond 850 mb, KE lincarly increased up
o 300 mhb. At 300-200 mb, KE was almost same and then decreaszd.

At cyclene period [Fig. 5.4.4b}], KE was nearly zero for all the days from 1000-
5000 mb. Beyond 500 mb, KE linearly increased up to 200 mb and then decreased. Tt is
also seen ihat at the end of cyglone (3"' May), KE was acarly zero for all the levels.

Aller landfall [Fig. 5.4.4(c}], KE was nearly zero for all the days from 1000-850
mb. Beyond 850 mb, KE graduaily increased for all the days up 1o 400 mb (except 8"
May) and then almost constant up {0 200 mb. Bevond 200 mb, KE decreased for all the
days. At the end of landfall i.c., on 8" May, it is seen that KE lincarly increased from
layer to layer and attained maximum value at 250 mb. Afier 250 mb, KE decrcased
lincarly and a sharp peak was found at 250 mb.

From the above figure [Fig. 5.4.4(a<c)], it is observed Lhat KE was nearly zero at
the lower troposphere. KE gradually increased at the middle troposphere and then
decreased from upper to the top of the troposphere. At before occurence, it is seen that
KE gradually mcreased up to 300 mb and afier landfall it mcreased up to 400 mb. But at

110



K.E{cal’kg 10*3)

K.E{cal/kg 10*3)

K.E{calikg 10*3)

03

{8}  BEFORE QCCURRENCE

1000 850 700 S0 400 200 250 200 150 100
Pressure{mb)

035
Iy CYCLONE PERIOD
0.2 -

015 -

.1+

D' T T Ll
1000 6850 700 SO0 400 300 250 200 150 100

Pressure(mb)

0.18
016 1 (o) AFTER LANDFALL
0.14
012
.1 4
0.08 -
0.08 -
0.04 -
0.02 -
0 -

000 850 700 500 400 300 250 200 150 100

Pressure{mb}
Fig. 544 {(a-c), Kinetic energy variation at different isobaric levels.

111




Chapter 4 Results and Discussion

cyelone period, KE gradually increased up to 200 mb and Lhree peaks were observed at
Lhis level.

4.2.4 {b): Energy Nluxes
Zonal flux of dry slatic energy (ZFDSE):

Fig. 5.4.5{a-c) shows lhe variation of 2zonal fluxes of dry static cnergy {ZFIDSE) at
diffcrenr sobaric lewels. Before occwrence it is found that ZFDSE was positive
(castward) on 24® of April whereas it was negative (westward) on 25-28"™ of April at
1000 mb. Beyond 1000 mb it mmed into positive (sastward) and linearly incrcased up to
300 mb for a]l the days. Beyond 300 mb ZFDISE decreased.

At cyelone period |Fig. 5.4.5(b)], it is seen that ZFDSE was negative (westward)
for all the days (except 37 May) from 1000-850 mb. Beyond 850 mb, on 29 April to 17
May, it tumed into positive (castward) and increased hacarly up to 250 mb and then
remain constant up to 150 mb and then decreased atl 100 mb. On 2™ May it was neparive
{westward) from 1000-300 mb, Abowe 500 mb it tumed nto positive and gradually
increased up to 250 mb and then remain constant. At the end of cyclone i.c., on 3 May,
it was completely positive {castward) with a lower value and at layer 1o layer there was
no change of zonal flux of dry static cnergy. This means that at the end of cyclone the
weather remained calm,

Afler landfall [Fig. 5.4.5(c)). it is scen that at 1000 mb ZFDSE was nearly zero
and negative (westward). Afler 1000 mb, it tumed inte positive (castward) for all the days
and increased linearly with 1he samc sipgn up 10 400 mb. Bevond 40 mb, ZI'DSE
decreased sradually up to 100 mb.

From the above Agure [Fig. 5.4.5(a-c)], it is observed thal, for belore occurcnce
and afier landiall ZFDXSE was very low at 1000 mb, but at cyclone period this low value
cxist up to 700 mb. For all the three phases there was a conmon feature that at first it
mercased lincarly, For before occurence 1t increased up to 300 mb and for afier fandfall it
increased up to 400 mb and then decreased gradually for both phases (ie., belore
ocourence and afler landfall), But at cvelone perod, romal fluxes of dry static energy
reached their highest value and remain constant up to 150 mh and then decreased at 100

mb.
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Chapler 4 Results and Disoussion

Zonal Mux of moist static energy {ZFMSE):

Fig. 5.4.6(a-c) shows the variation of zonal flux of moist static energy al different
isobaric levels at diffcrent phases of the studied cyclone. From the above fipure it is
obscrved that the graph pattem gave the same variation as that of zonal lux of dry sialic
energy which is discussed earlier [Fig 5.4. 5(a-c)]. There was only difference in
magnitude, This was beeause zona! fux of moist static energy is simply an addition of

latent heat comtent with zonal fluxes of drv static enercy.

Meridianal Mux of dry static energy (MFDSE):;

Meridional flux of dry static energy (MFDSE) at different isobaric levels is shown
in Fig 5.4.7(a-c). I is observed that, before occurence [Iig. 5.4.Na)], MFDSE was
positive (northward) on 24-25 of April and it was negative (southward) om 27-28 of Apnl
at 1000 mb. It is also secn that MFDSE (luctuated for all the days from positive
{nonthward) to negative (southward) and vice-versa at 1000-430 mb, Bevond 400 mb it
tumed into posilive (except 24 April) and gradually increased and attained the highest
value at 200 mb on 27-28 April and at 150 mb on 24-25 April. At 100 mb for all the days
if decreased.

Al cyclone period [Fig. 5.4.7(b)], it showed What. at 10O mb MFTISE was
negative (southward) for all the days except 1% May, But at 850 mb it was nepative
(southward) for all the davs cxcept 307 April. Bevond 850 mb it mmed into positivc
{northward) for alf the days (excepl at the end of eyclone i.c., on 3™ May) and from layer
to layer it increased linearly dus to the lincar increase of meridional wind component. [t
altained the highest value at 200 mb, Beyond 200 mb it decreased. It is also observed that
at the cnd of cyclone, for most of the levels {1000-250 mb) flux direciion was opposite
{southward) compared to the other cyclone days.

After landfall [Fig. 5.4.7(¢)), it i< found that, at 1000 mb MFDSE was positive
{northward) [or ail the days. Bevond 850 mb it tumed nto negative (southward) al 700
mb for alt the days except 8™ May i.e., at the ¢nd of landfall, Beyond 700 mb it i
observed that MIFDSE increased linearly up to 250 mb on 6-8™ May and then decreased.
But at the initiation of landfall i.c., on 4-5 May, it is found that MFDSE was negative
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(southward) and remain constant from 700-400 mb. Bevond 400 mb it tumned into
posilive (northward) and increased linearly with the same sign up to 150 mb on 4* May
and then decreased and again turned into negative (southward) at 100 mb. But on 5%
May, it tumed into positive (northward) bevond 400 mb and then fluctuated due fo the
change of wind vetocity during landfall,

From the above figure [Fig. 5.4.7(a-c)], it is observed that at 1000 mb fux
direction was opposite to each other between cyclone period and afier landfall. Tt is also
obscrved that for before occurence and afier landfall Mux is Muctuated due to the change
of wind velocity but at cyclone period there was no such fluctuation. !t increased linearly
from layer to layer up to the upper level of the troposphere (ic.. up to 200 mb). At
cyclone period it is seen that at the initiation of cyelone period and at the end of cyclone
period flux direction was opposite to each other i.e., when one positive (northward) the

other is negative (southward) and vice-versa.

Meridional Mux of moist stalic energy (MFMSE):

Fig. 5.4.8(a<) shows the varialion of meridional Nux of moist static energy at
difFerent isobaric levels from 1000-250 mb. At layer to layer it gave the same variation s
that of meridional [luxes of dry static energy which is discussed carlier {Fig. 5.4.7(a-c)].
Here only the difference in magnitude. Because moist static energy 15 simply an addition

of Jatent heat content with the dry static energry.
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4.2.5 Cyclone 5

Cyclone 5 occured during the period 21 Nowernber 1995 to 25 November
1995, To observe its “before occurence™ and “afier landfall® conditions, data were
analyzed from 16 November 1995 to 30 November 1995, The track of ihe observed

cyclone is shown in Fig. 3.

4.2.5 (ak Energy companenis
Sensible heat (SH):

Fig. 5.5.1(a<c) shows Lhe variation of scnsible heat (SH) at different isobaric
icvely at different phases of cyclone 5. Mt iz seen that at day to day there was no
significant change observed for SH. But at layer to layer SH decrcased linearly and
was minunum at lhe top of the troposphere i.2.. at 100 mb. This was due to the lower

temperatur at the upper iroposphere.

Potential energy (PE):

The vanation of potential energy (PE) at different isobaric leveis at different
phases of cyclonc is shown in Fig. 5.5.2(a-c). [t is seen that PE was minimum (near
abont zere) at the surface level 12, at 1000 mb and increased gradually as pressure
decreased. It is also observed that P.E attained maxinum value at the op of the
troposphere (1.¢., at 100 mbj because of higher geopoiential height at Lhis level.

Latent heat content (LHC):

Latent heat content (LIIC) vanation at different ssobhanc levels at different
phases of cyclone 5 is shown n Fig. 5.5.3(a-c}. Before occurence [Fig. 5.5.3(a)] it is
seen that, from -1000-700 mb, there was no change of LHC for all the days (ie.,
16,11.95-20.11.95). At 500 mb LHC decreased slightly (except 18.11.95) and then
remained constant up (o 300 mb. At 250 mb LHC slightly increased for all the days. It
is also seen that at 250 mb LHC increased abruptly at the initiation of cyclone ie., on
20.11.95

Durng cyclone period [Fig, 5.5.3(b)] it iz scen that for all the days (except
21.11.95) there was no observed change of LHC from 1000-300 mb. At the storiing of
cyclone 1.¢,, on 21.11.95 i is observed that LHC Nuctuated due (o cloud formation It
is also observed that at middle troposphere i.e. at 250 mb LHC was maximum at the
slarting of cyclope {i.e, al 21.11.95} and al the end of cvclone.{i.c., on 25.11.95),
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Afier landfzll [Fig. 5.5.3(c)] it is scen (hat from 1000-300 mb levels there was
1o change of LHC for all the days (except 27.11.95). On 27.11.95 from layer 1o layer
L.HC fuctuated. At 250 mb LHC increased abruptly for all the days (except 26.11.95)
and the value was also same for all the days. From this figure [Fig, 5.5.3{a-c)), it is
ohserved Lhat there was a common feature that at 250 mb for all the days (except 23,
21 and 26 November) LHC increased and attained maximum value. This was hecayse

middle roposphete is the cloud forming zone.

Kinctic energy (KE):

Fig, 5.5.4(a-c) shows kinetic energy (KE) variation at different isobaric levels
at different phases of cyclone 5. From these figures it is observed that at before
occurence [Fig 5.5.4(2)] KE was nearly zero from 1000-700 mb. Bevond 700 mb KL
increased gradually for ali the days and attained maximum valug at 200 mb i.e., at the
upper level of the troposphere. Beyond 200 mb KE decreased again.

Al cyclone period [Fig. 5.5.4(b)] KE was near about zero from 1000-830 mb.
Revond 850 mb KE increased gradually for all the days and attained maximum value
at 200 mb and Men decreased. But at the starting of ¢yclone Le., on 21.11.95 there
was different feature. It is observed that after 850 mb. KE increased linearly from
layer to laver and attained maximum value at 250 mb. Beyond 250 mb KE was nearly
Same.

Fig. 5.5.4(c) shows the variation of KE at different isobaric levels afler
tandfall. It is seen that KE was nearly zero from 1000-850 mb. Pevond 350 mh KE
increased graduaily from laver to layer {except 26 and 28 Nov.) vp to 200 mb and
then decreased. On 26 and 28 Nov. it is observed thal from layer to layer KE
Nuetuated due to the randomness of wind speed. 1t is also observed that at the strting
of landlal! ie., on 26.11.95 KE was maximum at 250 mb dne (o higher wind speed
during, landfall. From Fig. 5.5.4(a-c) it 18 seen that KE was neacly zero at the lower
level of the troposphere (ie. 1000-700 mb), it increased gradually from middle to
upper level of the troposphere (700-200 ob) and then deceeased and was minimum at

the top of the roposphere i.c., at 100 mb.

4.2.5 (b): Energy Muxes
Zonal Nux of dry static energy (ZFDSE):
Thy vatiation of zonal flux of dry static encrgy (ZFDSE} at different isobaric

Jevels is shown in Fig. 5.5.5(a-c). Here it is obsened hat al before occurence [Fig.
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5.5.5(a)] ZFDSE was ncpative (westward) for all the davs from 1000-850 mb. Bovond
850 mb ZFDSE tumned into positive (eastward) dirsetion and increascd gradually from
layer te layer and was maximum at 200 mb, Bevond 200 mb it decreased again.

At cyclome period [Fig. 5.5.5(b)] it is scen ihat at 1000 mb ZFDSE way
positive (eastward} on 22 and 24 Nov, 1995 and it was negative {westward) on 21, 23
and 25 Nov. 1995, At 850 mb it was positive (castward} for all the days cxcept at the
end of cyclone {i.c., 25 Nov.) Beyend 850 mb. it increased eradualiy and atained
maximum value at 150 mb and then decreased at 100 mb. At the end of cyelong { 25
Nov.) it is seen that ZFDSE was negative (westward) from 1000-300 mb. Beyond 300
mb it tumed into positive {eastward) and was zero at 250 mb. Afier 250 mb it
increased gradually in the positive direction and was maximum at 100 mb.

Afier fandfall [Fig. 5.5.5(c)), it {s seen thai ZFIISE was positive {eastward) Tor
all the days {except 29 Nov.) at 1000 mb. At 250 mb ZFDSE was negative (westwvard)
for all the days (except 26 Nov.). Beyond 850 mb it hnmed into positive and ncreased
gradually from layer to layer up to 150 mb. At 166 mb 2ZFDSE decreased for all the
dxys. At the initiation of landfall ic., on 26 Nov. it is observed that ZFDISE was
always positive (eastward) from 1000-100 mb and was Aucruated dve to chan ge of
wind speed. At the end of fandfall {i.c., on 30 Nov.) ZFDSE was constant from 300-
130 mb duc to no change of wind speed. From Fig. 5.5.5(a-¢) it is observed that
ZFDSE was pugative (westward) at 1000 mb for before occurence, ZFDSE was
positive (castward) al 1000 mb for after landfall. 1t is seen thar wind direction was
oppasite at 1000 b for before occurence and afler landfall. But at cyclone peried
ZFDSE was both positive (castward) and negative(westward) at 1000 mb, It is also
observed that at 160 mb ZFDSE deereased for all the days (except on 217 Nov.) due
to decrcase of wind speed. But at the siarting of cyclone ie.. on 21% Nov. ZFDSE

increased up 10 100 mb due to increase of wind speed.

Zaonal flux of moist static energy (AFMSE):

The vanation of zonal flux of moist static encrgy (ZFMSE) at different
1isobaric levels is shown in Fig. 5.5.6(a-c). Here it is seen that the graph patiern was
same 28 that of ZFDSE which was discussed earlier in Fig. 5.5.5(a~c). Here only the
difference was in magnitude, This was because ZFMSE is simply an addition of latent
heat content with ZI'DSE. Here it is scen that the pressure level was only up to 250

mb This was because beyond 250 mb «due point temperature was not found. So it was
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not possible fo calcutate latent heat content bevond 250 mb. Therefore ZFMSE is
observed only up to 250 mb level.

Meridional flex of dry stalic energy (MFDSE):

The variation of meridional flux of dry static energy (MFDSE) is shown in
Fig. 5.5.7(a—). Herc before occurence {Fig, 5.5.7(a)| it is seen that at day to day the
viniation of graph pattern was same. But at every layer MIDSE was chanped and
mamtained a zig-zup path due to change of wind speed and direction. ¥t is also
observed that at the initiation of cyclone i.e., on 20™ Nov., at layer to layer there was
no change of MFDSE due to no change of wind speed.

At cyclone period {Fig 5.5.7(b)] it is seen that MFDSE was negative
{southward) for all the days (except 24 Nov.) from 1006-700 mb. Beyond 700 mb it
furned into positive (northward) for all the days (except 21™ Nov.} and then increased
gradually up to 200 mb. Bevond 200 mb MFDSE decreased for ail the days,

Adier landfall [Fig. 5.5.7(c)] it is seen that from 1000-300 mb MFDSE was
negative (southward) for all the days {except 26 Nov.) Beyond 300 mb it tumed into
positive (northward} for all the days and increased up to 200 mb. Bevond 200 mb
MFDSE decreased. It is also observed that at the starting of landfsll ie., on 26 Nov.
MFDSE was always positive {narthward} and fuctuated due to change of meridional
wind component. During landfzll (26 Nov.) MFDSE was maximum at 250 mb due 1o
higher wind speed at this lewel From Fig. 3.5.7(a<), it is observed that flux direcrion
was opposite for before ocomence and alter landfall al 104 mb. But at cyclone period

frx direction was both northward and southward at 100 mb.

Meridional Qux of moist static energy (MFMSE):

Fig. 5.5.R(a-c) shows the variation of meridional MMux of moist static ENETEY
(MIFMSE)Y of dillerent isobaric levels, Here il is seen that the graph patlern was same
as that of varistion of meridional fluxes of dry stalic energy (MFIISE) which is
thscussed earher n Fig 3.3.7(a-c). Here only the difference was in magnitude. It is
also observed that the pressure level was only up to 250 mb. This was because beyond

230 mb due point temperature is not found.
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4.2.6. Cyclone 6

In this section a cyclone is described from November 1, 1996 to November 12,
1996. Among these days, actual “cyclone petiod” was November 5-7, 1996, To observe its
pre-condition, ¢nergy is calowlated from 1 November to 4 November 1996, and this period
18 called “before occurrence™. To observe the post-condition of the observed cyclone,
energy is also calculated from § November 1996 o 2 November [996. This period is
called :after landfall”. The frack of Lhis cyclone i3 shown i Fig, 3.

4.2.6.(a): Knergy components
Sensible Heat (SH):

Fig. 5.6.1{a-c) shows the varation of sensible heat {SH) at difTerent isobaric levels.
From thesc figures it is seen that sensible heat decreased lincarty as height increased @i.e.,
pressure decreased). It is observed that for all the levels there was no day to day vardalion
and the praph pattern was same as befure occwrrence and alter landfall. It is scen that
sensible heat was maximum at 1600 mb i.c., near 1o the carth surface. This was due to the

maximum temperatut al the cartl surface,

Patential enerpy (PE);

Varation Potential energy at different isobaric levels s shown in Fig. 3.6.2(a-c).
Here it 1s seen that polential energy increased lincarly with increasing height (i.c., pressure
decreascd) for belore oscurrence, cyclone petiod and afier landfall, It is also seen that all
graph panems were almost same. This was because polential emergy is the produst of
acceleration duc to pravity and geopotential height. At a cerlain level for all the days
eeopoiential height was more or less same. For this reason for all the levels day 1o day
variation was symmetric and the graph pattern was same. Afer land(all [Fig. 5.6.2(c)], at
300 mb on 12 November it is observed that there is an abrupt inerease of potential encrygy.
This mcreasc was due to (he sudden increase of eropotential height on that day compared

to the other day.
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Latent Heal Content (LHC):

Fig. 5.6.3{a-¢) shows the vanation of latent heat content {LHC) at difcrent isobanic
levels. Before occurrence [Fig, 5.6.3(a)] it is seen that on first November from 1000 mb-
700 mb, LHC decreased. Beyond 700 mb it increased linearly. On 2nd November, LHC
decreased at 1000 mb-850 mb. Beyond 850 mb it increased lincardy up to 400 mb and then
decreased. On 3rd and 4th MNovember. it increased up o 700 mb, Afier 700 mb it
decreascd abruptly at 500 mb and ther remained constant up to 300 mb  Afer 300 mb it

slightly increased at 250 mb.

At cyclone perod [Vig. 5.6.3(b}] latent heat content {LHC) increased sliphtly from 1000
mb-700 mb for all the days. At the beginning of cyclone day {5.11.96} it increased from
1030 mi and attained maximuom value at 500 mb. Bevend 500 mb it decreased abruptly at
400 mb and then increased shghtly up o 250 mb. At 6.11.96-7.11.96 the graph pattcrn
was same for all the lewels. Al these two davs there was a very unstable condition. Al First it
mncreased up to 700 mb, then deercascd at 500 mb and remaincd constant up to 400 mb.
Bevond 400 mb it increased at 300 mb and then decreased at 250 mb.

Afier landfall [Fig. 5.6.3(c)] it is seen that at At latent heat content was unclanged
at 1000 mb-850 mb for all the davy. Then it decreased at YOO mb wilk the excoption of
%.11.96¢. At that day (8.11.96} it increased ar 700 mb and then decreased at 500 mb. It
decreased for all the days at 400mb. Bevond 400 mb it remain unchanged up 1o 250 mb.

EFrom the abowve figures [Figs. 5.6.3(a-c)] it is scen that at cvclone period, at 1he
beginming of cyclong (5.11.96) it was maximum at 500 mb dus to more latent heat
relcased. At cyclone period it is also seen that at 6.11.96-7.11.96 there was a very unstable
condition. At Arst it increased, then decreased then remain unchanged again inereased, at
last it decreased. Latent heat content increased when cloud is formed and decreased due to
the mcursion for more water vapor. After lndfall it is also observed that for all the days
lhers was no change of latent heat content beyond 400mb. This was duc to the lack of

cloud formation or there was no incursion of water vapor at Lthese regions.
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Kinetic Energy (KE):

Fig. 5.6.4(a-) shows the varation of hinetic enerpy (KE) at differcot isobanc levels
at before occwrence, cyclone period and after landfall, It is scen that before occumence
kinciic energy was near about zero for all the days at 1000 mb-85¢ mb, Bevond 850 mb
KE incrcased up to 200 mb and then decreased.

At cyclone period, KE wag near about same for all the days up to 400 mb. Beyond
400 mb, at the beginning of cyclone day {5.11.96) K E. increased abruplly at 300 mb and
then decreased. Beyond 400 mb, at the 2nd day of cyclone it increased up to 25¢ mb and
then decreased. Beyond 400mb at the end of cyclone day (7.11.96) wind is changinty at
layer to layer. It increased abrupity at 300 mb, then decreased at 250 mb. It agam incroased
at 200 mb and attained maximum value. Beyond 200 mb it decreased at higher levels,

After landfall {Fig. 5.6.4(c)] it is seen that at first, KE was ncatly zero at 1000 mb
and then increased up to 150 mb for all the days and then decreased at 100 mb. It i3 also
observed that afler landfall KT was maximum at 200 yob just after landfall (8.1 1.96} due 1o
the maximum wind speed.

I'rom the above figures [Figs. 5.6.4(a-c)] it is observed that KE was higher in the
region 300 mb-150 mb than the other level. It is also seen that at cyclone pentod [Fig,
3.6.4(b} there wzre nwo peaks i.c., maximum KE at 300 mb and 200 mb due to the

maxumum wind at the gnd of cyclone day (7.11.96) compared Lo the other day.

4.2.6.(b): Energy Fluxes
Zonal Flux of Dry Static Energy (ZFDSE):

Zomal lux of dry slalic energy (ZFDSE) at differcat ischanic lavels is shown in Fig.
3.6.5(a-c). Before occurrence [Fig. 5.6.4(2)] it is seen wiat Tor all the davs {except 2nd
November), at first ZFDSE was nogative (westward) up to 700 mb. But at 2nd November
it was negative (westward} only at 850 mb. Bovond 700 mb for all the days ZFDSE was
positive (castward) and then increased with the same sign up to 200 mb dug to the increase
of zonal wind component. For all the days except 4 11.96, beyond 200 nib it decreased at
100 mb,
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Chapter 4 Resulix and duscussion

At cwelone period [Fig. 3.6.4(bJ it is observed that for first day of cyclone
{5.11.96} ZFDSE was nepalive (weshward) at 1000 mb and rnaintained the same sign up to
500 mb. For 2nd day of cyclone (6.11.90) it atained near about zero at 850 mb and then
nepative (westward) al 700 mb. At the end of cyclone day (7.11.96), ZFDSE was positive
(¢astward) for 1000 mb and then decreased at 850 mb and attained the negative value
{westward), Bevond 500 mb for the first day of cyclone (5.11.96) it increased up to 300
mb and then decreased al 250 mb. Afier 250mb it remain unchanged up o 150 mb due 10
no change of zonal wind component. Beyond 150 mb it decreased and attamed zero at 100
mb.. Beyond 700 mb, for the 2nd day of cyclone {6.11.96) it increased linearty up to 250
mb ind then decreased. At the end of cyclone day (7.11.96), beyond 856 mb i mcreased
lincarly up to 300 mb and then decreased at 250 mb due 10 the decrease of zonal wind
component. Aller 250 mb it again increased and altained the maximum value at 200 mb
and then decreased.

Fig, 5.6.5(c) shows the zonal flux of dry static enerpy (ZFDSE) at different isobaric
tevels Jor after landfall Here it s observed that at 1000 mb-850 mb on £.11.96 and
11.11.96 ZFDSE was negative {(westward). Beyond 850 mb for all the days, it increased
up to 150 mb and then decreased.

From the above figures [Fips. 5.6.5{(a-c})] it is seen that at 1000 mb, beforc
pecurmence and cyclone period, ZFDSE was negative (wesoward) except at 2.11.96 {for
before ocenrence) and at 7.11.96 (at cvelone period). But after landfall, at 1000 mb it was
positive (eastward) for most of the days. At cyclone peniod it i3 seen that ZFDSE was
maximum at 300 mb and 200 mb at the end of cyclone (7.11.96) duc to the maximum
wind speed. It 1s also observed that for all the phases [before occurrence, cyclone period

and afler landfall] bevond 150 mb ZFDSE decreased for all Lthe days.

Zonal Flux of Maist Statie Energy (ZFMSEY:

Zonal Nux of moist static enerwy (ZFMSE) at different isobaric levels is shown in
fignre 5.6.6(a-c). Before occurrence [Fig. 3.6.6(2)] for al' the days with the exceprion of
2nd MNovembear, ZFMSE was nogative {(westvard) at 1000 mb and remain unchanged vp to
700 mb with the same sign. Beyond 700 mb it mcreased linearly up to 250 mb,
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Chapter 4 Results imil duscussion

At cyclone period (Fig. 5.6.6(b)] il is scen ihat at Ihe beginning of cvclone
(3.11.9%), ZI'MSE was negative {(westward) at 1000 mb-5030 mb. Bevond 500 mb it turmed
into positive (eastward} and increased up to 300 mb and then decreased a e at 250 mb,
At the 2nd day of cyclome (6.11.96), at 1000 mb and H¥} mb it was nemative (westward)
and at 850 mb it was positive {castward) and ncar abount zero. Bevond 700 mb it tumned
into positive and increased linearly as pressure deercased. At the cnd of cyclone day
(7.11.96), at 1600 mb it was positive (castward), (hen tumed into negative (westward) at
&30 mb. Beyond 830 mb it again turned 10 positive and increased linearly up to 300 mb,
then decreased a Litle at 250 mb.

Aficr landfall [Fig, 5.6.6(c)} if is seen Lhat at 1000 mb, ZFAISE was nepative
(westward) at 1000 mb-850 mb on 8.11.96 and 11.11.96. Bevond 850 mb for all the days
{except 11.11.96) it increased lincarly up to 250 mb, At 11.11.96 it was Nucluated due to
change of wind velocity.

Mertdional Fiux of Dry Static Energy (MFDSE):

Fig. 5.6.7(a-c) shows the variation of meridional fux of dry static energy (MFDSE)
at different isobaric levels. Before occwnence [Fig, 5.6.7(a)] il is seen that MFDSE was
negative (westward} at 1000 mb-700 mb. Beyond 700 mb it umed into pasitive (castsvard)
and increased more or less linearly. Bevond 150 mb it decreasca.

At cyclone period [Fig. 5.6.7(b)], MDSE was negathve (southward) at 1600 mb-
S0 mb at the beginning of cyclone day (5.11.96). Bevond 300 mb it umed into positive
{northward) and incrcased up to 300 mb and then decreased. Cn 6.11.96 MFDSE was
negative (southward) a1 1000 mb, then turned into positive and aftained zero at 850mb. At
700 mb it again tumned into negative (southward) and then tumed into positive { norifiwar)
and increased linearly up to 250 mb, then decreased. At the end of cyclone day (7.11.96) it
was posilive {northward) at 1000 mb and then turncd into negative {vouthward) at §50 mb.
Deyond B350 mb it again became posifive (northward) and increased with the same sign up
to 300 mb, then Buctuated due to change of meridional wind component.
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Chapter 4 Resulis and dusensxion

Afer landfall [Fig. 5.6.%(c)} it is scen that MFDSFE was negative (southward) at
1000 mb-850 mb on 8.11.96 and 11.11.96. Bovond %50 mb it tumed into positive
(northward) and increased tor all the days up to 150 mb and then decreased. 71 is also seen

thal at 11.11.96 it was flucruated due to change of meridional wind conponcn.

Meridional Flux of Moist Static Energy (MFMSE):

Meridiona? flux of moist static encrgy (MFMSE) at dillerent isobaric levels is
shown i Fig. 5.6.8(a-c). Before occurrence [Fig. 5.6.8(2)] it is seen thai on 1.11.96 at
1000 mb-850 mb. MFMSE was zero, then it slightly incrcased at 700 mb. Beyond 700 mb
it wmed to negative (southward) and increased with the same siem up to 300mb. Then
funed into positive at 250 mb. Cn 2nd Nowvember it was Ductuated both in positive
(northward) and negative (southward) direction due 1o change of menidional wind
component and at last it tends 10 Zero at 250 mb. On 3.11.96 il s seen that MFMSE was
zeto at 1000 mb-830 mb, then increased abruptly at 700 mh and tuened inlo negative
(southward} at 560 mb. Beyond 500 mh it again tumed info positive (northward) and
increased with the same sign, attained the maximum value at 250 mb, On 4.11.96 MFMSE
was 7oro at 1000 mb-700 mb and then increascd linearly up to 250 mhb.

At cyelone period [Fig, 5.6.8(b)) MI'MSE was 7ero and negative {southward) [or
all the days at 1060 mb. Beyond 1000 mb il increased i the negative direction at 850 mb,
then remain near about unchanged with the same sign in the region 830mb-400mb.
Beyond 400 mb it turncd into positive (northward) and increased. Dut at the end of
cyclone (7.11.96) it tends to zero at 250 mb.

Affer landfall [Fig. 5.6.8(c)] it is seen that for all the days MFMSE was negative at
1000 mb and then increased in the negative (southward) dircetion up to 700 mb. Revond
700 mb it remain unchanged up to 400 mh and then decreased with the same sign up Io
250 mb except 11,11.56. On 11.11.96 it tumed into positive (northward) at 250 mb.

From the above discussion il is observed that before occurrence meridional fluxes
of moist slatic energy was positive (norttward) for all the davs (exccpt some region) and it

was completely negative (southward) for alfier landfall. But at cvelone period [Lig.
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Chapler 4 Results and duscusslon

3.6.8(b)] MEMSFE, was negative up to H00 mb for alt the days and then tumed into positive
direction.
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Chapter 4 Rusiles and discussion

4.2.7. Cyclone ?

A cyclone formed in Llhe Bay of Bengal from 28 Nov. 1996 to 3 Dec. 1996 is
explaned in this sechion. This period is called “cvclone period”. To observe its pre-
condition, energy is calculated from 23 Nov. 1996 10 27 Nov. 1996, and Lhis peniod is
called “before occurrence™. To observe the post condition of the observed cvclone, energy
u also calculated from 4 Dec. 1996 to 8 Dec. 1996 This period is called “afier landfall™.

The movement of this cyclone is shown in Fig. 3.

4 2.7.(a)y Energy componenils
Sensible Heat (SH):

Fig. 5.7.1(a-c) shows Lhe variation of sensible heat (SH) at differcnt 1wobane levels
for three phases of Lhe anatyzed cvclone. From iwese figures it is seen Lhat sensible heat
decreased as pressure decreased, It is also observed that SH was maximum at 1000 mb
(near to lhe surface) due to maximum wemperanure at the carth surface compared to the

olther level.

Potential Energy (PF):

The vanalion of Potentzal energy (PE) at different isobarnic levels at different phascs
of ¢yclone occurming 28.11.96-03.12.96 s shown in Fig. 5.7.2¢a-¢). From these Rgures it is
scen that PE increased lmeary as height increased (i.e. pressure decreased). There is a
lingar relalionship between potential energy and peopotential height (7). It is seen that the
amount of PE at all phases was same and Lhere was no day lo day vadation in cach phase.
Il is also observed Lhat for all the phases (before occurrence, cyclone period and after
landfah) it was maximum at the upper level of the troposphere. There is no effect of PE on

the cyeloae,

1.atent Heat Content (LHC):
Tig. 5.7.3(a~c) shows the Lalent heat content (LHC) vanation of cyclone at different
phases (Before occurrence, cyclome perind and afier landfall) of a cyclone. Before

occurrence [Fig 5.7.3(a)], at 1000 mb LHC was same for all the days, then it decreased
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Chapter 3 Basulls und discusaion

up to 700 mb. Bevond 700 mb at 23.11.96 and 25.11.96 it increased with a MNuctuation
and finally decreased at 250mb. For 24.11.%6 and 26.11.96 after 700 mb it incrcased
gradually up to 250 mb. Bevond 700 mb for just before cyclone (27.11.96) it was
approximately constant up to 300 mb, lhen there was sudden incrcase at 250 mb and
alincd maximum value.

At cvclone period [Fig, 5.7.3(b)] THC was same for all the days at 1000 mb then
shghily decreased (without 3.12.96) at 850 mb. In the region 830 mb-400 mb [LHC was
almost constant. Beyond 400 mb it increased for all the days excepl 3rd day of cyclonc. On
29.11.96 it deercased at 250 mb. At the end of cyclone {3.12.96) LHC increased gradualty
up te 700 mb and then decreased at 500 mb. Bevond 500 mb it again increased linearly
and attained the highest value at 250 mb (middle of the troposphere).

Adfter landfall [Fig. 5.7.3(c)] it is seen that [.LHC was increascd and decreased nature
wilh a flucthuation. At 500 mb we observed that it decrcased for all the days. This was dve
to the no cloud formation. Latent heat content is the indication of the cloud formation.

From the abowe figures [Fig. 5.7.3(a-c)] it is observed that just before cyclone
{27.11.96) LHC was macmum at 250 mb because then mors cloud 15 formed at Lthat level.
At the end of cyclone (3.12.96) it is also seen that LIIC gradually incrgascd (without
S00mb) and attained maxdimum value at the middle of the woposphere (250 mb). This is

the cloud timming zone and released latent heat at the level.

Kinetic Energy (KE):

Fig. 5.7.4{a-c) shows the varwton of kinctic energy (KLY at diflerent isobaric
levels. From Fig, 5.7.4{a) it is seen that for ail the days KE was almost zero from 1000
mb-350 mb and then increased lincarly up to 200 mb. Deyond 200 inb 1t deercased and
atlained minimum value at 100 mb.

At cyclone period [Fig. 5.7.4(b)] KE was almost #ero at 1000 mb-8350 mb for ali
the days and then increased up to 200 mb. It decreased for all ihe davs bevond 200 mb. Tt
i5 also seen that at the middle of the toposphere (400 mb-150 mb) KE was large

compared to the other level.
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Chapter 4 Resnlts and discussion

After landfall {Iig. 5.7.4{(c)] it is seen that KE increased with a fluctuation from
13430 mb up to 200 mb for all days (without 7.12.96) and then decreased. But for 7.12.96
it increased up to 150 mb and then decrased.

From the above figures [Figs. 5.7.4(a-c)] it is scen that KE. was large in the region
400 mb-150 mb for all the phases compared fo the other level. Kinetic cnergy increased
bnearly at 1000 mb-200 mb for before occurrence and cyclone period. It is also seen that
at cyclone period KE was maximum at 200 mb because of higher wind speed at the
heginning of cycione (28.11.96). It is alko obsenved that for all the phases (before
occurrencs, cyclone period, and afler landfall) there was a commou feature that beyond

200 mb KE decreased (except 7.12.96).

4.2.7.(b): Energy uxes
Zonal Flux of Dry Static Energy (ZI'DSE):

Fig. 7.5 (a-c) shows the variation of zonal fluxes of dry static cnergy (ZFDSE) at
different wobaric levels at different phases (before occurrence, cyclone period and afier
landfall} of a cyclone oceured on 28.11.96-3.12.96. For all the phases {Fig. 5.7.5(a-¢)]
graph pallem was nearly same (with some exception) ie., from 1000 mb-200 mb it
increased as pressure decreased i.e., height increased. Beyond 200 mb for all the phases il
decreased due to decrease of zonal wind component at the upper fevel of the troposphere.
Before occurrence and after landfall, at 1000 mb ZEDSE was positive (castward) for all
the days. But at cyclone penickl i was positive and negative at 1000 mb. It is seen that on
30.11.96-2.12.96 it Nuchuated and maintained with a 7Ag-zug path. This revealed that at the
midtime of cyclone (30.11.96-2.12.96) the weather was very unstable i.e., layer to layer
wind veiocity was changing, It 15 also observed that at 200 mb ZFDSE was maximun: at
the starting of the cyclonc (28.11.96) compared to ihe other day. This means that at that
day zonal wind component was highest at 200 mb.

Zonal Flux of Moist static energy (ZFMSE):
Zonal flux of moist static cnergy (ZFMSE) at dilferent isobanc levels at different

phases i.e. before occurrence, cyclone penied and after landfall is shown in Figs. 3.7.6(a-c).
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Chapter 4 Eesults and discnssion

For all the phases [Fig. 5.7.6(a-¢)] it is seen thar ZFMSE inereased nsady Grom 1000 mb-
250 mb. But after landfall [Fig, 5.7.6(¢)] it is also seen that on 5.12.96-7.12.96 it increascd
with a [luctuabion and maintained a zAp-zug path. Tius was due to the change of zonal wind
component at layer o layer.

Belore occurrence and at ¢yclone perdod [Fig. 5.7.6(a-b)] the graph patem was
symmeiric. The only differcnce was that before occurrence day 1o day variation at every
laver was nearly same or close to ¢ach other. But at cyclone peniod day 1o day wvariation at
every Iaver was large. Before occurtence and afier landfail, at 1000 mb it was positive
(eastward), But at cyclone period for two days {28.11.96 and 30.11.96) it was positive
{castward) and for two days (29.11.96 and 1.12.96) it was zero and at the end of cyclone
{212 96-3.12.96) it was nesgative {westward) at 1000 mb. This revealed that at the end of
cvelone (2.12.96-3.12.96) zonal wind componenl changes its direclion at the surface lowel

(i.e. at 1000 mb).

Meridional Flux of Dry Slatic Enerpy (MIDSI):

Fig. 5.7.7(a-c) shows lhe variation of mendional fhmes of dry static enerpy
{(MFDSE) at different ischaric levels. Before occurrence [Fig. 5.7.7(a)] tt is seen that for
all the days (23.11.96-27.11.96Y MFDSE fluchuated ai each lewvel beih in posilive
{northwird) and negative {sowthward) direction. This was duc to the change of wind
veloity st cach lovel For all the days. It is also scen that at 25.11.96 it was ncardy conslant

for 400G mb-200 mb. This revealed Lhat in tLhiz region there was a steady wind at that day.

At cyclone period [Fig. 5.7.7(a)} it is seen that at 1000 mb, from the beimnning of
eyclons {28.11.96-30.11.9%) it was negative {southward), then On 1.12.96 it was posimve
{northward). At the end of cyclone (3.12.96) il was zero. From 1060 mb-7G0 mb, MEDSE
increased gradually for all the days. Beyond 700 mb at 28.11.96 it increased linearly up to
300 mb and then decreased gradualty up to 150 mb. At 100 mb it furncd inio neg,atim;e
{southward}. Beyend 700 mb, on 29.11.96 it increased up to 300 mb and then decreased
On 3.12.96 it ncreased op 1o 150 mb. There 15 an inleresting matter on 29.11.96 and
3.12.%G in cyclong period in the region 300 mb-100 mb. In this region when one mereased
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then the other decreased. At the middle period of the cyelone (30.11.96-2.12.96) it
increased with 2 flucruation both in direction (northward and southward) up to 150 mb and
then decreased both in direction (morthward and southward) at 100 mb.

Aller landfall [Fig. 5.7.7(c}] it is seen that at 1000 mb for all the days MFIDSE was
aegative (southward). It increased to the positive (northward) direction for all the days
except at the end of landfall (8.12.96). Om 8.12.96 it was negative (southward) up to 500
b, then it increased lincardy vp to 200 mb and then deoreased. At the stading of landfall
(4.12.96) MI'DSE increased linearly up to 300 mb and then decreased wp 16 150 mb. At
100 mb i changed its direcfion from posttve 10 negative,

Meridional Flux uf Moist Static Energy (MFMSE):

Fig. 5.7.8(a-c) shows the vadation of meridional flux of moist slatic cnermy
{(MFMSE) at differcnt isobaric levels for before occurrence. cyclone perod and after
landfall. Before occurrence [Fig. 5.7.8(a)] the graph patiem was same as Fig 5.7.7(a)
which 15 discussed carlier. This was because MFMSE is simply an addution of latent heat
content with MFDSE,

At cyclone penod [Fig. 5.7.8(b)], MFMSE at 1000 mb was nogative (southward)
for all the days except 1.12.96. Then it increased Lineacly to the positive direction as
pressure decreased (height ncreased) up to 300 mb. Bui al 500 mb and 400 mb for
1.12.8.96 and 2.12.96 it was negative {sonthward) due 1o the change of wind dircction and
then tend to positive (northward) dircetion. It is also seen that at 250 mb for all the days
MIMSE decreased slightly.

Affer landfall it is seen that at 1000 mb for all the days MFMSE was negafive
{(sontliward) and then tumed into positive and increased Lincarty up to 256 mb.

From ihe above figures [Figs. 5.7.8{a-c)] it i3 observed that at cyolone period
MIMSE was maximum at starting of cyclone (28.11.96) at 300 mb compared to the other
days. This was doe 1o the high wind speed at that day. I is also observed that al 250 mb
MFMSE decreased slightly ar cyclone period but afier landfall i increased.
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4.3 Energy and variables at different cyclonic phases

The encrpyv and variables of the studied cyclones are analvzed at their diflerent
phases named Phase 1{Bc¢fore occwrrence), Phase 2{Cyclone period) and Phase 3{Allcr
landfall}.

4.3.1 Cyclone 1
Cyclone 1 is ocourred from 5 Moy to 9 May 1550 over the Bay of Hengal. lis

enercy and varables arc discussed here.

4.3.1(ay: Energy components at different phases
Sensible heat (SH):

Fip. 6.1(a) shows the vardation of sensible heat (SH) at different phases of a
studiced cyclone 1. It is seen that at phase T (before occurrence) SH was low but at phase
2 (eyclone period} SH was high. This was due to the increase of temperature at cyclone
period. But at phase 3 (after landfall) SH was again low and near about the same as phase
1.

Polential enerpy (PE).

Fig. 6.1(b) shows the varation of Potential cnergy (PE) at different phascs of
cyctone 1. It is seen that PE was maximum at cyclone period {phase 2). This was becausc
at cyclone period there existed very low pressure and for this reason geopotential height
increased.

Latent heat content (LHC):

The varation of Latent heat content (LHC) at different phases of cwelone 1 s
shown in Fig. 6.1¢c). Tt is obsened that LHC was same at phase 1 and phase 2. But at
phase 3 {afler landfzll) LHC increased. This was because at this phase more cloud i

formed and released latent heat that incrcased the mapnitude of {atent heat content.

Kinetic energy {KE)
The variation of kinetic cnergy (KE) at different phases of cyclone 1 is shown in
Fig. 6.1(d). At phase 1 (before occwrrence} KE is higher than at phase 3. This was

because at phase 1 low pressure is just formed and wind speed increased a little bit. But at
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phase 2 (cyclone period} KE was maximum comparcd to phase ! and phase 3. This

signifies the maximum wind speed at cycione period.

Total energy {TE):

Fig. 6.1{c) shows the variation of total energy {TE) at dillcrent phases of cvclone
1. It is seen that the total energy was maximum al cyclone peried (phasc 2). Because at
cyclone period sensible heat, potenrial energy and Kinetic cnergy was maximum

comparcd to before ocowrence and afier landfall.

4.3.1 (b); Variables at different phases
Temperature:

Time-temperature graph is shown in Fig. 6.3(f). It is cbserved that at phase 1 the
tempcrafure was very unstable i.e., at ime to time temperature fluctuatcd, But at phase 2
{cyclone peried), at first it increased abruptly and then mainwined near zbout a constant
value. Sensible heat was maximum at this phase becausc of increase m temperature, At

phase 3 it is slightly increased on 12, May 1990 and then decreased.

Wind speedd;

The variation of wind speed with time is shown in Fig. 6.1(g) It is seen that at
phase 1 wind spezd decreased on 2™ May 1990 and then it increased up to 4% May 1990
and again decroased on 5 May 1990. Dut at phasc 2 {cvelone period) wind speed
increased and atlained maximum value on 6" May and then decrcased pradually. At
phasc 3 it increased at the time of landfall and then decreased at the cnd of landfall. From
this figure [Fig. 6.1(g)}, it is seen that at these three phases there were three peaks. But af
¢yclone period (phase 2) the peak was maximum, For this reason we observed thal KE

was maximum ai this stage.

Wind direction:
Time-wind direction graph a1 different phases of the studied cyclone 1 is shown in
Fig. 6.1¢h). At phase 1 (1-4 May, 1990) ie., before occumrence, on 2™ May wind

direction was norwesterly (180-90), on 3™ May it was noreasterly (180-270) and on 4%
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May it was norwesterly (180-90). At phase 2 {5-9 My 19903 1.e., cvelone period, on 5h
May wind direction was norcasterly (180-270), on 6™ May it was norwesterly (180-90),
on 7% May it was noreasiorly {186-270), on 8" May it was norwesterly (180-90) and at
the end of cyclone i.c., on 9% May it was again norcasterly (180-270). Al phase 3 (10-13

Nov) i.e., during landfall wind direction was southward (northerly),

43.2 Cyclone 2
Cyclone 2 i3 oceurred from 16 December to 18 Decermber 1990 over the Bay of

Bengal, its energy and variables are discussed here.

4.3.2 (a3 Energy components at different phases
Sensible heat {SH):

Figure 6.2(a) shows the variation of sensible heat (SH) at different phascs of a
studied cyclone 2. 1t is seen that at phase 2 {cyclone period) SH was maximum compared
lo phase 1 and phasc 2. This was becanse at cyclone peniod temperature increased and so
sensible heat increased But at phase 3 SH was minimum. This was because afier Jandfall

heavy rainlzll occurred and temperature decreased so sensible heat decreased.

Polential energy (PEX:

The variation of potential energy (PE) at different phascs of cyclone 2 is shown in
Fig. 6.2(b). From this figure it is seen that PE was very high at phase l(before
occwTence). This was because just beforc cyclone low pressure i formed and

peopotential height (7} increased so increased potential cnergy.

Kinetic energy (KE):

Fig. 6.2(c) shows the variation of kinetic encrgy (KE} at dufforent phases of
cyclone 2. It is observed that KE was low at the very beginning of cyclone i.e.. at phase
1. Then it increased and attaincd maximum value at cyclone perdod (phase 7). At cvelone
period wind speed was maximum and for this KE attained maximum value. Then it
decreased at phasc 3 but it was higher #han phase 1. This was because up to that time
(during landfall) there exists some wind speed.
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Chapter 4 Besults and Duscnssion

Latent heat content (LHC):

The variation of latent heat content (LHC) at different phases of cyclone 2 is
showm in Fig. 6.2(d). At phase 2 (cvclone period) LIIC was higher than at phase 1 (before
oceurrence) and at phase 3 (during landfail). It is seen that at phase 2 temperature

increased due to release of latent heat and as a result LHC increased.

Tolal energy (TE):

The variation of tolal energy (TE} at different phases of cyclone 2 is shown in Fig.
6.2(c). From this [igure it is observed that total encrgy was minimum afer landfall (phase
3) and maximunt at cyclone period {phase 2). ARer landfafl total encrey was minimum
because of minimum sensible heat and minimuwn Iatent heat content at this stage. Al
cyclone peried total encrgy was maximum because at this stage all the eneray

components were maximum except potential energy

4.3.2 (by. Variables at different phases

Temperature:

The variation of temperature with fime at different phases of cvclone 2 is shown
in Fig. 6.2{f). At phase 1, temperature increased on 12 Dec. 1990 and then decreased. At
phase 2 (cyclone period), at frst tocmperanure increased. then decreased and again
increased. At this szage more or leas temperarure increascd During lndfall temperamre
mcreased on 20 Dec., then decreased and atained minimum value at the end of land@all
{23 Dec. 1990,

Wind speed:

fig. 6.2{g) shows Ihc variation of wind specd with lime a0 different phades of
cyclone 2. 1t is seen thal at phase 1 and phase 2 wind speed was near about same and the
variation was not so differ. ARer land(all (phase 3), it is observed that on 11 Dec. 1990
wind speed increased abruptly and reached to the maximum value and then reduced to the

same value as before (phase 2).
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Wind direction:

Fig. 6.2(h) shows Time-wind divection graph at differeni phases ol cvelone 2,
Trom this graph it is seen that at phase 1, (11-15 Dec 1990y on 12 Dec. wind direction
was southeasterly (270-360), then from 12-14 Iec. wind direction was norhw ard e,
southerly (360) and on 15" Dee. ie . at the mitiation of cvelone wind direction was
castward Lo, westerly (90). At phase 2 {16-1% Dec, 1990y i.c . cyclone period, for all (he
time wind direction was castward Le.. westerly (90), Ar phase 3 (19-23 Dec 1990) 1.¢.,

afler landfall wind dircetion was northward [southerly (3603].

134 Cwvelone 3
Cyclone 3 is oceurred from 25 April to 30 April 1991 over the Bay of Bengal, Iis

energy and variables are discussed herc,

4.3.3 (a): Energy components at different phases
Sensible heat (SHI):

Fig. 6.3(3) shows the variation of sensiblc heat (SH) at different phases of &y clone
3. It is observed thai SH was low at phase T and phasc 2 and i was near aboul the same.
But at phase 3 (afier tandfally it was maximum compared lo phase 1 and phase 2. This
was because afier landfzll latent heat released and for this temperature increased so ST

increased.

Potential energy (PE):

The vartation of potential enerey (PE) al differend phases of cvelone 3 is shown in
Fig. 6.3(b). From this figure it is scen that befor cvclone {phase 1) PE ix sfightly highei
than at phase 3 (afler andfall). Ths is because Just before cyelome (phase 1) a low
pressure is formed and geopotential height increased and g0 PE mcreased, [tug at cyelone

period (phase 23 PE was maximum due to e maximum increase of geopotential height.
Latent heat content {LH):

Fig. 6.3{c) shows the variation of latent heat conlent (LI IC) at diflerent phases of

evelone 3. At phase ! LHC was very low due to no formation of clowl, Bui at phasg 2
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(cyclone period) and phase 3 (aficr landfall) LHC was very high and ncar about the same
(at phase 3 it was slightly high). This high value of LHC was an indication ol more cloud

formation at cyclone period and after landfatl,

Kinetic energy (KE):
The varation of kinctic energy (KF) at different phases of cvelone 3 is shown in
Fig. 6.3{d). From this figurc it is ohserved that KE was low at phase 1 and phasc 2. But at

phase 3 KE was maximum due to high wind specd.

Total energy (TE):

The variation of Iotal encrgy at different phases of cyclone 3 is shown in Fig.
6.3(¢). At phase 1 (before occurrence) total eneray was very low duc to the lower energy
components at this phase. At phase 2 and phase 3 total energy was high and was
mavimum at phase 3. This was because different COENDY COMPONCHls sWere maximum

(except PE) at phase 3.

4.3.3 {b): Variables at different phases

Temperature;

The variation of temperature with time at different phases of cyclone 3 i shown
in Fig. 6.3(f). From this figure it is observed that at phase 1, phase 2 and phase 3 the
variation of temperature with time was near about the same. Bul on 24 Anril 1991 the
temperature was slightly low and on 5% May 1991 the tempcerature was slightly high. Ar
phase 3 this slightly high temperature was the result of high sensible heat al this phase.

Wind speed;

Fig. 6.3(g) shows the vanation of wind speed with time at different phases of
cyclone 3. It is observed that wind speed at different phases changed wilh time and
maintamed a zig-zug path. Here at time to time wind speed increased and decreased so
that the wealher was very unstable. It is also observed (hat after landFall {phase 3) wind
speed increased and attained maximum valuc on 4-3 May 1991, This was whyv KE was

maximum afier landfall.
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Wind direction:

Fig. 6.3(1) shows time-wind direction graph at dilfetent phases of cvelone 3
oecurred from 25-200 April 1991, A phase T (2424 April 19913 j.o. beline LR Tty PR
on 1 Apal wine direction was noreasterly (180-2700 on 22 April it was remain the samy
1.¢., norgasterly (270-] B0), at the iniation of cvelone i v, en 13.24 April wind direction
was norwesterly (180-90) Al phase 2 (25-30 Aprily e st cvclone perad, on 25227 April
wind direction was reman same 25 that of the mitiation ol cyclone (23-24 Apmi) fe.
norwesterly (TE0-90% and on 28-30 wind d rection wos sontliwesterly (99-01. At phase 3

(1-3 Mav) ic . after laadiall sind direction was southsearid j.o., nottherts (1§03

434 Cyelone 4
Cyelone 4 is occurred from 29 Aprid to 3 Nay 1994 over the Bay of Bengal, i

cirerey and vartables are discussed hore,

4.3.4 (a): Energy components at different phaszes

Sensible heat (SH):

Fig, 6.4{a) shows the varation of senvible heat (SED o differeni at dilferent
phases of cyclone 4. From this fgure it is observed that Trom phase 1 1o phase 3 senwble
heat inereased gradually and if was maximuimn atplirse 3 0., atler landiall. At phase 3 SH

was maximunt because at this phase Iemperatine was maximiumn,

Potentizl encrgy (PE):

Ihe variation of potential encrpy (LY variation at differont phascs of evelone 4 is
shown in g, 6.4(b). From phase 1 o phase 3. PE is graduaily decreased. Ti is ohserved
that at phase 1 P wax masimum  Tiys was because just befoe cvclone {phase 1) a low
pressute 1% formed, so peopotential height (7) increased. This fnerease of gropnfential

height incecased PE at this phasc.

Latent heat content (LIIC):
Fig. 6.4(c) showes the variation of latend Treat content (1] K ar dilferent phases ol

evelone 4 Here i 1s seen that 11O mucased grsdnally amd altained maximum vatoe ai
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phase 3. At Lhis phase more cloud formed and rcleased more latent heat so that 1.HC

increased. As a result heavy rainfall occur during landfall.

Kinetic energy (KE):

Variation of kinelic encrgy (KE) at different phases of eyclone 4 is shown in Fig.
6.4(d). Here KE was high at phase 1 compared to phase 2. This was because at phase )
{just before occwrence) a low pressure is formed and sirong wind was blowing. But it is

observed that at phase 3 (after landfally KE was maximum apain due to high wind speed.

Total encrgy (TE):

The variation of total energy at different phases of cyclone 4 is shown in Fig.
6.4{c). Here it is seen thal total energy was low af phase 1. At phase 2, it increased and
attained maxtmum vatue at phase 3. This maximum tolal energy at phase 3 was due to the

maximum cnergy components (except PE) at rhis phase.

434 :{_b): Variables at-diﬁ'erent phases
Temperature:

Fig. 6.4[) shows time-temperature graph. At phase 1 it is seen that, at [irst
lemperature increased and then decreased. Similarly at phase 2, at first temperalure
increased and then decreased But at phase 3, temperamire increased and became
maximum and then maintzined a constant valug, Due to this increase in temperamre

sensible heat was maximum at Lhis phase (phase 3).

Wind speed:

The variation of wind speed at different phases of cyclone 4 is shown in Fig
6.4(g). At phase 1 for first three days (24-26 April) wind specd was near about the same.
Beyond (hat (ic., after 26 April} every day wind speed changed ie., increased or
decreased. At the end of phase 3 (8 May 1994) it is observed that wind speed increased

abruptly and was maximum. For ihat KE was maximum at phase 3.
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Wind direction:

Time-wind direction graph at different phases of cvelone 4 oceured from 29
April-3 May is shown in Fig. 6.4(h). [t is observed that at phase 1 (24-28 Apnl), on 24-26
April wind direction was noreasterly (270-180), on 27 Apnil it was sauthwesterly (96-0),
on 2% April wind direction was southeasterly (270-360). Al phase 2 (29 April-3 May) ie.,
cyclene period, on 29 April wind direction was noreasterly (270-180%, on 30 April it was
southweslerly (90-0), on 1% May wind direction was norwesterly (9(-180), on 2™ May it
was southwesterly ($0-0), and at the end of cyclone ie., on 3™ Mav wind dircetion was
southcasterly (270-360). At phase 3 (4-8 May) ie.. durng landfall it is observed that

wmd direction was southward j.¢.. northerdy (180).

4.3.5 Cyclone 5
Cyclone 5 is oceurred from 21 November 10 25 November 1995 over the Bay of

Bengal. Iis crergy and variables are discusscd here.

4.3.5 (a): Energy components at different phases
Sensiblc heat (SIT):

I'ig. 6.5(a) shows the variation of sensible heat (SH) at different phases of cvelone
5. It 15 observed that at phase 1 (before occurence) SH was high compared to tie other
bvo phases i.e., phasc 2 {cyclene period) and phase 3 (during Lndfal). This was hecause
just before cyclone atmospheric temperature increased that increased SH at before

cycions,

Potential energy:

The vanation of potential energy al different phascs of cyclone 3 is shown in Fig.
6.5(b). Here it is scon that at phase 2 (cyclone period) and phase 3 {during {andfall) PE
was high compared to phasc 1 (before occurence). This high PE was due to higher
geopotential height at these two phases (i.c.. phase 2 and phase 3).
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Chapter 4 Resudts anid Discussion

Latent heat content (LHC):

The vaniation of latent heat content (LHC) at differcnt phases of cyvelone 5 is
shown in Figure 6.5(c). Here it is seen that at phase 1 (before occurcnce) LUIC was
magimum compared to phase 2 and phase 3. Here at phase 1 temperature was high, so
more watcr evaporate and then condensed and released more latent heat. This is why at

phase 1 LHC was high.

Kinetic encrgy (KE):

Fig. 6.5(d) shows the variation of kinetic cnergy (KE) al different phase of
cyclone 5. Tt is seen that at phase 1 (before occurence) KE was minimum due to lower
wind spced. Bul af phase 2 i.¢.. at cyclone period KL increased and attained maximum
value ai phase 3 ie., dunng landfall. [Here we observed thal during landfall KIi was

maximum due to higher wind speed.

Total energy (TE):

The variation of total energy at diffcrent phascs of cyclone 3 is shown in Fig,
6.5{(c). Here we ohserved that at phase 1 (before occurence) total energy was high
compared to phasc 2 and phase 3. The cifeet of sensible heat is much more on tolal
encrpy. Here we ooserved that at phase 1 SH was higher. We also ohserved that LHC was
also higher at phase 1. So tolal chergy was maximum ar phase 1. It 1s also ohserved that

during landfall {phase 3} tolal energy minimum due to lower SH and LHC.

4.3.5 (b): Variables at different phases

Temperature:

The variation of temperature with thne at different phases of cyclone 5 is shown
in Fig, 6.5¢f). From this fipure it is observed that at phase 1 {16-20 Nov.) on 16-18 Nov.
1995 temperarure was near about the same. On 18-19 Nov. temperalure decreased
sbruptly. At phase 2 (21-25 Nov.) i.e., at cyclone period, it is seen fhat af the initiation of
cvelone (20™ Nov.} temperature increased abruptly and then increascd gradually up to
24" Nov. At the end of cyclone ie., at 25" Nov, temperature decreased abruptly, At

phase 3 (26-30 Nov.) i.e., during landfall lemperature decreascd.
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Chapter 4 Feanhs and Dizetssion

Wind speed:

Fig. 6.53(g) shows the vanation of wind speed with time ai difletcnt phases of
cyclone 5. At phase 1 (16-20 Nov. 1993) w.¢., belore occurence wind speed [Muctuated
from 16-19 Nov. Al the initiation of cvclone (20-21 Nov.) wind specd increased abruptly.
At phase 2 {21-25 Nov.) i.c., during cvelons windl speed decreased on 2™ and 3™ dav
fre., 22-23 Nov.) and then increased eradually up ta 26" November ie., ¢hartng landfall,
At phase 3 (26-30 Nov.) i.c., afier landfall wind speed decreased on 27-28 Nov. and then

mereased and attaimed maximum value at the end of landfall.

Wind direclinn:

Fig. 6.5(h) shows time-wind dircction graph al diffcrent phases of ¢yelone 5
occuring on 21-25 November 1995, It is observed that at phase 1 (16-20 Nov), on 16-17
MNov. wind dircction was eastward Le. westerly (90), on 18-20 Nov. 1t was southwesterly
{90-0). At phasc 2 (21-25 Nov.) i.e.. at cyclone period, on 21 Nov. wind direction was
same as before ic., southwesterly (90-0). On the 2™ day of cvclone ic.. on 22™ Nov.
wind dircction increased abruplly and the direction was southcasterly (270-360). On 23™
Nov. wind direction was norwesterly (180-903 mnd on 24" Nov. wind direction again
increased abruptly and the dircction was again as before (21 Nov) ic, southeasterly
(270-360}. At the end of cyclone i.e., on 25 Nov. wind direction decreased abrupily and
the direction was southwesterly (90-0). At phase 3 (26-30 Nov.) i.c.. during landlil, on
26™ Nov. wind dircetion was noreasterly (180-270), on 27-28 Nev. the dircetion was
southcasterly (270-360). on 29™ Nov wind direction was souttwwesterly (20-0) and at the
end of landfall ie., on 30" Nev. wind dircction was southeasterly (270-360). From the
above Tipure [Fig. 6.5(h)], it is observed that at phase 2 i.c., at evelone peniod, at day to

day the winil direction changed t.c., dunng cyclone the wealher was very unsiable.
4.3.6 Cyclone 6

Cyelome 6 is occurred fiom 5 November to 7 November 1996 over the Bay of

Bengai. Hs energy and variables are discussed here.
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4.3.6 (a): Energy components at different phases

Sensible heat (S1):

Tig. 6.6(a) shows the variation of sensible heat (SH) at different phases of cyelone
6. It is observed thal a1 phase 1 (before occurrence) and phase 3 (after landfall) scnsible
heat was near aboul samu. But at phase 2 {cyelone period) sensible hear was maximum
than the other two phases. This was duc to the higher atmospheric temperature atl cyclone

period

Totentinl energy (PE):

The variation of potential enery (PR} vadation at different phascs of cvelone 6 is
shown in Fig. 6.6(b}. From this [igure, it is observed that PE was higher at phase 3 (afier
landfall) than a1 phase 1 (before occurrence) and at phase 2 {cvclone peried). Here during
landfail, low presswre slightly increased at ihe surface level that increased geo-potential

height. So I'E incrcased at the time of landfall,

Latent heat content {LHOC):

Fig. 6.6(c) shows the variation of latent heat contenl {LIC) af differcnt phases of
cyclonc 6. Here 1t is seen that LHC was higher at phase 2 (cvelone perind) than at phase 1
(before ocowrrence). This was because at cyvelone period lemperalure was Ligl, water
cvaporate So water vapor po lifted upward and then condenscd and released latent heat.
At cycione period more cloud formed that relcased fatent heat, So LHC was higher at

cvclone period than the other two phases.

Kinetic energy (KE):

The variation: ol kinelic energy (KE) at dilferent phases of cyvclone 6 is shown in
Fig 6.6(d). It is found that KE was nearly zero at phase 1 (before occurrence). This was
because, before cccumrence the weather was calm ie . there was no flow of wind. At
phasc 2 (cvclone period) KE slightly increased. This was because wind speed increased
slightly at cvclonc reriod. But at phase 3 (during landfally KE was maximum due (o ihe

high wind speed durng landfall.
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Chapter 4 Easubs and [iscussion

Total energy (TE):

Fig. 6.6(¢) shows the variation of total energy (1E) at different phases of evelone
6. It 18 scen that lolal energy was slightly greater at phase 1 (before occurrence) than at
phase 3 (aller [andlall). But during cvelone period (phase 2) tofal encrey was maxinwim.

This was due to the maximum sensible heat and latent heat content at cyclone pariod.

4.3.6 (b): Uariab_ies at different phases

Temperatyre:

Time-temperarure graph at different phases of ¢velone 6 is shown in Fig, 6.6(h.
Al phasc 1 (1-4 Nov.) i.c., before ocourrence temperatiure was ncar about same ol {irst
three days (1-3 Nov.) but at the initiation of crclone i.e.. 4 Nov. lemperature increased
abruptly. Al phase 2 (5-7 Nov.) ie, at cyclone period tomperalure was maximmm and
remained constant. This was because at cyclone period sensible heat was maximum. Af
phase 3 (8-12 Nov.) i.e., during landfzll, it is observed that from day o dav temperature

decrecased gradually.

Wind speed:

Fig. 6.6{g) shows time-wind speed graph at different phascs of cyclone 6. At
phasc 1 {1-4 Nov.j it is observed that wind speed fluctated. At phase 2 (3-7 Nov.) ie., at
cyclone period wind speed was higher for first day of cyclone (5% Nov.) compared to the
other two days {6-7 Nov.) Al phase 3 (8-12 Nov.} it is observed that wind speed increased
gradually up {0 10" Nov. It is also observed that wind specd was maximum at phase 3 for

‘:'-""', 10™ and 12™ Nov. For this reason KE was maximum al this phase i.2.. durng landfail.

Wind direction:

lme-wind dircction graph at diftferent phases of cyclone 6 occurring on 5-7
November is shown in Fig, 6.6(h). It is seen that at phase 1 (1-4 Nov.) on 2™ November
wind dircction was southeasterly (270-360} and al the initiation of cyclone je., on 3-4
Nov. wind direction was castward i.e.. westerly (90). Al phase 2 (3-7 Nov.) ic., evelone
period, on 3-G Nov, wind direction remained same ic., westerly (90 as that of the

mitiation of cyclone (3-4 Nov.) and at the end of cyclone Le. on 7™ Nov. it is seen that
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wind direction was southeasterly (270-360). At phase 3 (8-12 Now.), on 8 Nov. wind
dirgetion was southwesterly (90-0), on 9-10 Nov. it was southeasterly (270-360). On 1f
Nov. wind direction was southwesterly (90-0) and on 12 Nov. wind direction was apain

southeasterly {270-350),

43.7 Cyclone 7
Cyelome 7 is occurred from 28 Nouvember to 3 December 1996 over the Bay of

Bengal. Iis energy and variables arc discussed here.

4.3.7 (a): Energy components at different phases

Sensible heat (SEE):

Fig. 6.7{a) shows Lhe variation of scnsiblc heat £511) at different phases of cvelone
7. Itis observed that at phase 1 (before occurence) SH wag slightly higher than at phase 2
{cyclone period). This is because temperature was slightly higher at the initiation of

cvelone.

Potential energy (PE):

The variation of potential encrgy (PE) al different phases of cyclone 7 is shown in
Fig. 6.7(b). Here PE was maximum at phase 1 (hefore occurence). This was because
geopotential height was masimum at this phase due to the higher temperature at the

iritiation of cvelone.

I.atent heat cantent (LHC}:

| The variation of latent heat content (LIIC) at differenl phases of cyclone 7 is
shown in IFig. 6.7(c). Here it is seen that at phasc 3 {afer landfall) LIC was greater than
phase 1 and phase 2. Because during landfall more cloud formed that released latent heat

and rainfali occum.
Kinetic energy (KE):

The vaniaticn of Kinctic energy (KIE) at different phases of cyvclone 7 is shown in

Hig. 6.7(d). It is showed that at phase 1 {before occurence) KE was higher than at phase 2
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{cyclone period). But it is observed that at phase 3 (during landfall} KE was maximum.

This was because during {andfall wind speed was high that increased KE.

Total energy (TE)

The variation of total energy (TE) at differcnt phascs of cyclone 7 is shown in Fig.
&.7(c). Here it is seen that ai phasc 1 (helore occurcnce) total energy was a lille bit
ereater ihan at phase 2 {cyclone puniod). This was because al the initiation of cyclone
temperature was higher that increased SH and P and s0 increased total energy at phasc
1.

4.3.7 (b): variables at different phases

Temperature:

Time-temperaturs graph at different phases of eyclone 7 i+ shown in Fig. 6.7({}.
Here it js observed that at phase 1 {23-27 Nov.) L.¢., before accurence. at first temperature
decreased from 23-25 Moy, Dut at the initiation of cyclone 1e. on 26-27 Now,
temperature inereased slightly. At phase 2 (28 Nov -3 Dec.} ne. 3t cvelone period
temperature remained constant for hirst two day s of cvelone (28-29 Nov.} then decruascd
on 30 Nov. Beyond 30 November temperatute increased gradually up to 4% Dec. ie.. at
the end of cyclone. At phase 3 (4-8 Dec) i, during Jandiail temperature decreased

gradually.

Wind speed:

Fig. 6.7fg) shows time-wind speed graph at different phases of cvelone 7. At
phasc 1 {23-27 Nov.) i.e., before occurence it is ohserved that wind specd Duchated ie.,
at day 1o day wind speed changed. At phase 2 (28 Now.-3 Dee.) wind speed was nearly
same for all (he days except 7" Dec. But at phase 3 (4-9 Dec.) ie . during landfall wind
speed increased gradually and atiained the highest value on 6™ Dec For this reason,

dunng tandfall KE incrcased.
Wind direclion:

Fig. 6.7(h} shows time-wind direction graph al different phases of cyclone 7

ocuuiing on 39t November-3" December 1996. From this figure it is observed thal, at
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phase 1 (23-27 Nov.) ie., before occurence. on 23 Nov., wind direction was
southeasterly (270-360), on 24-26 November wind direction was noreasterly (270-1%6)
and at the initiation of ¢yclone, wind dircction was southeasterly (270-360). At phase 2
(28 Nov.-3Dec.) i.c., at cyclone period, on 28-30 Nov. wind direction remained same ic.,
southeasterly (270-360) as that of the initiation of cyclons. On 1-2 Dec. wind direction
was norweslerly (186-90) and at the ond of cyclone period wind direction was noreasterly

(180-270). At phase 3 (4-8 Dec.) wind dircction was southeasterly (270-360),
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Chapler 3 Inengy Budget

CHAPTER-5
Energy Budget

In this chapter energy budget for all the analyzed 7 ¢yclones is discussed. The
energy calculated at the slation Dhaka is compared with that at the station Chittagons.

Fig. 7.1 shows energy budget of sensible heat (SH) for seven cyclones. I'rom this
figure 1t is seen that out of this seven cyclones maximum value of SH was occured during
cyclone 4 which occured on 29.4.94-3.5.94. This maximum SH significs that aimospheric
lemperature was maximum during cvelong 4 compared to the other cyclone. The
minimum vaing of SH was occured during cyclone 2 (on 16.12.90-18.12.90). This
minimum SH means that al that time atmospheric lemperatare was low during cyclons 2
compared to the other cyclone. The average SH was little hit high during cvelone 4 while
it was low during cyclone 2.

Fig. 7.2 shows cnergy budpet of potential energy (PE) for scven cvelone. From
thie seven cyclone it is observed that PE was maximum during cvelone 1 which occured
ou 5.53.90-2.5.90. This maximum PE signilies the highest geopotential height during
cyelone 1. PE was minimum during cyclone 2 which ocoured on 16.12,90-18.12.90. The
average polential energy was also high in cyclone 1. From Fig. 6.2, it is also obscrved
that BE was nearly same (rom cyclone 2 — cyelone 7. This was because goopotential
heighl was nearly same for cyclone 2 — ¢yelone 7.

Energy budget of latent heat content (LHC) for seven cvclones is shown in T,
7.3. Il is seen that LIIC was maximum during cvclone 2 which occured on 16.12.90-
18.12.910). This was because during cyclone 2, there were more incursion of water vapor
and then condensed that increased THC. It was minimum durng cvclone 7 which
occord on 28.11.96-3.12.96. So, during cyclong 7 there was less cloud formation aund
rainfall was low. Average LHC was also high during cyclene 2. So, more rainfail ocoured
duning cyclone 2.

Encrgy budgel of kinetic energy (KE) is shown in Fig. 7.4, From this fipure it is
seen (hat KE was maximum during cyclone 1 which ocenred on 5.5.90-9.5.90. The
average KL was also high durng cyclone 1 compared to the other cvclone. This

maximum KE significs the high wind speed during cyclone 1. Kinetic cnergy was
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minimum dwing cyclone 4 which occured on 29.4.94-3.5.94, Tt is scen that wind speed
was vory low during cyclone 4 compared la the other cyclone.

Energy budget of Iotal encrgy is shown in Fig. 7.5. It is observed that tolal energy
was maximum during cvclone 1 which oceured on 5.5.90-9.5.90. This maximum iotal
energy was duc lo the maximum sensible heat , maximum potential encrgy and maximom
kinetic energy. Total energy was minimum during cyclone 2 (which occured on 16.12.9)-
18.12.90) and during cyclone 5 (which occured on 21.11.93-23.11.95. Here it is clear that
total energy was large [or pre-monscon cyclones (cyelone 1. cyclone 3 and cyclone 4)
than that of post-moensoon ¢yclones (cyclone 2, cyelone 3, eyclone 6 and cyclone 7).

Energy budget of zonal Mlux of dry static energy (ZFDSE) for scven cyclones is
shown ir. Fip. 7.6. It is szen that ZFDSE was maximum during cvelone 1 which accurcd
on 5.5.90-9.5.90,This was because during cyelonc 1 sensible heat and potential cnergy
was large during cyelone 1. This maximum ZF1SE was also duc to the maximum zonal
wind component during cyclone 1 compared to the other ¢velone, ZFTISE was miunimuim
m cyclone 5 which occured on 21.11.935-25.11.95. This was because during cyclone 5
wind speed was very low (hat reduced ZFDSE. Tt 15 also observed that in cyclone 5
sengible heat and potential energy was low. So ZIDSL durng cyxclone 3 was minimum.
The average ZFDSIE was also high during ¢yclone 1 compared io the other cyclone. From
Fig. 6.6 it is also observed that for cvery cyclone fcyclone l-cyclone 7) ZFDSE was
positive (castward) L.c., for every cyclone zonal wind compaoncnt was westerly,

Fig. 7.7 shows cnergy budget of zonal flux of moisi static cnergy (ZFMSE) lor
seven cyclones. It is seen that ZFMSE was maximum durmp cyclone 4 which occured on
29.4.94-3.5.94. Because during cyclone 4 sensible heat was maximum and the zonal wind
componsnt was aiso high. ZFMSE was minimum {negative and westward) dunng
¢yclone 5 which ocenrcd on 21.11.95-25.11.95. This was becanse during cyclone 5
sensible heat and potential encrgy was lower and zonal wind component was also lower
and nepative (westward).

FEnergy budpet of meridional flux of drv slatic cnergy (MFDSE) for seven
cvclones is shown in Fig. 7.8. From this figure it is seen that MFDSE was maximum in
cvclome 5 which occured on 21.11.95-25.11.95. This maximum MEFDSE was due 1o the

maximum meridional wind component in the positive dircction during cyclone 5.
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Chapter 5 Energy Budget

MFDSE was minimum {negative and southward) during cyclone 3 which occured on
25.4.91-30.4.91 bocause of higher merdional wind component in the negative
{southward) direction.

Fig. 7.9 shows meridional flix of moist static energy (MFMSE) for seven
¢yclones. It is scen Lhat during cyclone 4 (which occured on 29.4.94-3.5.94) MFMSE was
maximum. This was because, it s seen that during cyclonc 4 sensible heat was maximum
and meridional wind component was alse higher in the positive (northward) direction,
MFMSE was minimum {negative and southward) in cyclone 3 which ocenred on 25.4.91-
30.4.91. This was becanse during cvelone 3 mendional wind component was higher in
the negarive (southward) direction. Awerage MFMSE was also higher during cvclone 4
dng to higher (average) sensible heat and meridtonal wind component.

Fig. 7.10(2-¢) shows comparison of energy budpet of sensible heat {(SH) berween
Dhaka and Chittagong stations for five cyclone. From Fuer 7.30{a) it is scen thal during
¢yvclone 1 (which occured on 5.5.90-9.5.90) SH was maximum at Chittagong (¢yc. 1c).
This was because at cyclone period atmospheric temperature was high at Chiltagong,
Sensthle heat was mmimum at Dhaka (cyc.1) due to low temperatwe at Dhaka compared
ta Chitlagong. This indicates that cyelone I maved more nothward than nottheastward.

Fig. 7.10¢{h} shows comparison of 51 behween Chittagong and Dhaka for cyclone
3. From this figure it 13 seen that SH was maximum at Chittagong (cyve.3¢) for cvclone 3
which occured on 25.4.91-30.4.91. This maximum SH was duc to the highest temperature
at Clnttagong, Minimum SH was observed at Dhaka (cye.3) because of low temperature
compared to Chittagong. This indicates Lhat the movement of cyvelone 3 was similar {o
that of cyclong 1.

Comparison of sensible heat (SH) between Chittagong and Dhaka for cyclone 4
(which occured on 29.4.94-3.5.94) is shown in Fip.7.10{c). Here SH was maximum at
Dhaka (cyc.4) compared to Clittagong (cve.de). Here il is seen that dunng cvelone 4
atmespheric temperature was high at Dhaka. And it is also seen that SH was minimum af

Chittagong (cyc.4¢). This mdicates that ¢yclone 4 moved northeastward than northward.

Ftg. 7.10(d) shows comparison of SH between Chittagong and Dhaka [or cyclone

6 which ocgured on 5.11.96-7.11.96. From this figurc it 14 seen that SH was maximum at
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Chapler 5 Encipy Thudget

Chimapong (cyc.6c) compared to Dhaka (ove.6). This maximum S5H was for highest
almospheric wemperature at Chivagong, Sensible heat was also minimurn at Chiflagong
(cyc.5¢). This was because for the other day of cyclone temperature was also low at
Chittapeng,

Comparison of sengible heat between Chittagong and Dhaka for cyclone 7 which
occured on 28.11.96-3.12.96.is shown in Fip. 7.10{g). Here SH was maximun: at Dhaka
{cyc.7) compared to Chittagong, (cyc.7¢). Here it is scen that for cyclone 7 temperature
was high at Dhaka. Minimum SH observed at Chiitagong {cyc.7c) due io low temperature
compared to Dhaka. the inovement of cyclone 7 was similar to that of eyclone 4.

Comparison of energy budget on potential energy (PE) between Chitlagong and
Dhaka is shown in Fig. 7.11{a-¢). From Fig. 7.11{a) it is seen ihat [or cyclone 1 PE was
maxinwm at Dhaka (cyc.1) compared to Chittagong (cyc.1c) This was due to Lhe highest
geopotential height at Dhaka. It is observed that PE was minimum at Chittagong {cyc.1¢)
because of lower peopotential height. Average PE was also high in Dhaka (cye.1).

Fip. 7.11(b) shows comparison of’ PE berween Chittapong and Dhaka for cyclonc
3. It is scen that PE was maximuwn both at Chimagong (cyc.3¢) and Dhaka (cyc.3) and
was almost same. Minimum PE was at Chittagong {cve.3¢) because of lower geopoiential
height. It is also observed that at Dhaka maximum, minimum and average PE was same
due to no changa of geopotential heipht.

Fig. 7.11(c) shows comparison of PE batween Chittagong and Dhaka for cyclone
4. It is seen that at Chittagong (cyc.de) PE was maximum. Here in Chitlagong
geopotential height was higher. Minimum PE was also al Chittapong {cye. ). This was
because for another day of cyclone geopotential heighl was lower at Chitlagong. But
averape PE was higher at Dhzka {cyc.4)

Comparison of PE berween Chittagong and Dhaka for cycione 6 is shown in Fig
7.11(d) Here maximum PE was at Chittapong {cve.6c) compared to Dhaka (cyc.6).
Minimum PE was also at Chimagong (cyve.6¢). Average PE was higher at Dhaka (cyc.6).

Fig. 7.11{¢) shows comparison of PE between Chittagong and Dhaka for cyclone
7. Here it is scep that PE was maximum at Dhaka {cyve.7) compared to Chittagong. But
PE was miniinum at Chirtagong (cye.7¢). Average PE was higher al Dhaka (cye.7) due to
higher geopotential heipht.
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Chupler 5 Enengy Dardger

From the Fig. 7.31{a-¢), it is scen that for five cvelones PE was maximum for
cyclone 1 and cyclone 7 al Dhaka. Potential coerpy was maximum for cvelone 4 and
cyclone 6 at Chittageng. And maximum PE was same for ¢velone 3 both at Chittagong
(¢yc.3c)y and Dhaka {cyc.3) due to the same geopotential hoight. It is also seen that for all
of five cyclones there was a common feature that PR was minimum at Chitlagong
compared to Dhaka and PE was higher at Dhaka compared to Chittagoug.

Fig. 7.12(a-c) shows comparison of latenl heat content (LIIC) between Chittagong
and Dhaka for five cyclones. From Fip. 6.12(a-d} it is observed that LIIC was maximum
at Chittagong compared to Dhaka. This was hecause at the mitiation of cyclone ocean
surface temperature increases that evaporate water. And at Chiltagong there was more
meursicn of water vapor then condensed and released latent heat. So out of five cyclones
LHC at Chittagong was maximum for four cyclone [Fig. 7.12{a-d}]. Bu for cyclonz 7
[Fig. 7.12(e}] maximum LHC was almost the same tor both Chittagong {cve.7c) and
Dhaka {cye.7). For all five cyelones LHC was mimimum at Dhaka due to less cloud
formation. And averape LHC was also hipher at Chittagong for all five cyclones. From
Fig. 7.12(a-¢) it is seen Lhat at Chittapong LIC was highest. So at Chittapeng more cloud
formed and heavy rainfalt avcured compared to Dhaka.

{-ompariscn of kinctic energy {KE) between Chittagong and Dhaka is shown in
Fig. 7.13(a-¢). Here it is seen that out of thuse five cyclones Kinetic enerpy was
maximum a1 Dhaka for three cvelones Lo, for cvclone 1 (cye.1), evelone 3 {oye.3) and
evcione 7 {cyc. 7). For cvelone 4 {(cyc.d¢) and cyvelone 6 (cye.6c) KIE was maximum at
Chiftagong. It is also cbserved that at Dhaka average KE was also higher for all five
cyclones exeept cyclone 6 compared to Chittagong. For all five cvelones KE was
minimem at Tthaka due to lower wind speed. The wind peed at the right side was sirong
sompared to forward.

Comparison of total cnergy (TE) between Chittageng and Dhaka is shown in Fig,
7.14{a-¢). It is scen that out of five cyclones total energy was high for three cyclones ie.,
for cyelone 1 {cye.Ic), cyelone 3 (¢ye.3c) and cyclone 6 (cve Go) at Chittagong compared
to Dhaka. For the other iwo cyclones i.e., for cvelone 4 (sve.4) and cyclone 7 (cve.7) total
energy was high at Dhaka compared to Chittagong. The effect of sensible heat is much

more on total encvgy. We observed (hat total energy was maximum whose sensible hea
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Chapter 5 Enemy Budgel

was higher. From Fig. 7.14(a-) we observed that for most of the cyclone tolal energy
was higher at Chittagong. This is because Chiftagong is situated near the ocean and when
cyclone formed temperature increased that increased sensible heat and water evaporate
that also increased latent heat content. So lotal cnergy was higher at Chittagong for most

of the cyclone.
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Lo fineons

CONCLUSIONS

From the above study the lollowing conclusions can be drawn:

i) The sensible heat decreased with the increasc of height. For mest of the

cyclones it was large during the  cyclone period compared to the other phases.

i) The poteniial energy increased with the increase of height. For most of the
cyclones il was maximum during cyclone period.

iit) There was almost no variation observed for lalent heat at different phases at
the lower level, For most of the cyclones latent heat content increased at the
starting of cyclone and after landfall. Tt was maximum at the middle
troposphere (500-230 mb}.

iv) For all of three phases kinetic energy increased from middie to upper level and
was nearly zero from lower to middle troposphere. For most of the cvclones
Kinetic energy was maximum at the initiation of cyclonc period and afler
landfall. Tt was large at 300-150 mb level.

v) Westward zonal flux was observed up to ~ 700 mb lcvel. Beyond this fevel it
was eastward.  For most of the cyclones the magnitude of zonal flux was
found large just before starting cyclone period and was maximum at 250-150
mb level,

vi) Menidional flux varied between northward and southward for both before
occurrence and during cyclone period. Its magnitude was large during cvelone
peried. However, aller landfall for most of the cyclones it was southward.

vii) The zonal and meridional {luxes were high for pre-monsvon cyclones than
that of post-monsoon cyclones. )

vili) The total energy was large for pre-monsoon cyclones compared to that of

post-monsoon cyclones.

From ihis analysis we may conclude that pre-monsooen cyclone is more severe than
t
post-mensoon cyclone.  However, to understand the real environmental condition at
dilferent cyclone phases we nced more study on the tropospheric energy of cyclone nsing =

dense data network and aiso using remote sensing data.
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