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ABSTRALT

Track predictions of eyclonesformed in the BRBay of Pengal have
heen gimulated with the help of numericol model. The governing
equation of the model is the Barotropic Vorilicity Eguetion in x-
¥-t space. TL is a third aorder differentinl equation. The equa-

tion is =olved for the time rale of change of stream funetion hy

using Finile difference method. To  foreecast the future
cirenlation, streamf{unction is extrapolated shead for small time
increaments,  For simplicity it i= aasumed that the stream fune-

tion is zern atbt all boundary points.

The model area covers 0 to 30K Jalitude nnd 70 to 1O0E longitude.

Thce horizontal X,Y space  is ecogmllsy divided inteo 26x2F  grid

puoints. VYalues of the grid poinls Are evalitated by Teylor series
toking upte firat Lwo terms. fGrid point values are uzed as the
initial data. Computed extrapnlated valurs of stream-functions

are converted into geo-potential ond rontours are drawn and  then

compared with the corresponding actual one.

Track of oynlone is predicted by fnllawing the path of the centre
which detcrmines the localion of the cyclone at different times,
The ngreement between the predicied and the antusl  path of  the

cyclones are quite encouraging.
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CHADTER 1

INTRODUHCTION

1.1 Heview

Pengladesh is frequently exposed to sgevere cyclonea which
generntly orifdinale in the  form of depression at the Bay of
Bengrl. The damege wroughl by a saingle cyclone is colosaal.
Svience  today  has  nol yi:t  bheen eble to invent technigues for
preventing or contralling the fury of such storma. All that can
be done is to  predict their arrival and take precautionary
measures, Several works on Lropieal ecyelones have mlready  been

done.

Tn  "SPARRSO" a vomputer test model termed as "TYAN" [1} ie
being used for predicbkion of pntha of Bay of Bengal cyclone by =a
cembinntion of persistance and climatoleogy of cyclones from 1877-
1870, The climatology ol ovelone tracks sahow that in a particular
month, n oyelone formel in o pariiicular region of the Bay of
Bengial hes a preferred direclion of movement, speed of movement,
recurvature etc. 411 these information have been used in the
'TYAM' wmodel. The equation of trajectory of A tropical cyclone
haa Deen derived by Choudhury [2} when the boundariezs are two
orihogonal planes and Lhe landfzll i=2 at the origin. Thia ﬁas
been found to be'a roae petal with four loopa when the boundaries
are perpendicular. The tangent of the curve at the origin serves

s the x-axi1s. This zhnws reasonabhle ngreement with the cbaerved



tracks of cyclones in the Bay of Bengal,

A barctropic model known az "SANBAR” waz originelly designed
by Banders [(3] and Burpee [4] and later modified by Pike [5).
Thiz moide! predicts tropiceal cyelone motien by the tracking of
minimum stream function and wazimiim vorLicity centres.
Computations are made on a grid of mesh length 1.5 degrees of
longitude and extending From the cquator to latitude BB W amand
from longitude 36.5°W to 123.5*W. A time zlep of 30 minutes has
been used and the forecasts have generally bheen made out of 72
hovre. In Lhe original version of SANBAR fthe initial stoerm motion
computed by the model did no! ngree with the actual atorm motion.
Modifiralion made by Pike resulted in much improved forecasts af

tdireciion, ecspecially in the first 24 hour=s, but the slow bhies

largely remained.

The Elecironic compuintion cenire of the Japan Meteoroclogi-

el Ageney 6] performs numerical predictions af typhoon
movemenl,. A northern hemispherie bolanced barobtropic meodel (7))
adapted to 500 mb and is employed for the forecart, Steep pres-

sure gradients asgocialbed wilh typhoons are artifieially medified
in Lhe vceomputaticnal proredure of the model. The results of éhe
numerical typhouon track foreeasts show mome syatematic errors.
The European centre for Medium range weather Forecasta
{ECMWF} [8] 1is devoted tn the task of prediecting the weather in
the ﬁedium range (4-10 davel. The forecasting Byatem congista of

two components; s genernl errculnation btype model and o comprehen-



sivé datna ps=zimilation syslem and the same model has been used teo
predicr  intense small scale wealher phenomena (such as cyclones)
as well as to simulate elimate for pericds of uptn ten yeare.

b Vorak fﬂ] model describes tropical eyclone development in
berms of day by day changes in the cloud pattern of the sterm and
its envirenment as ohecrved in satellite picturea. The rate is

defined as one "T-number" per deay. T stonds for tropical and 18

relzrled to bthe cyclone's intenzity.

In DRangladesh only A beginning has been made towards the un-
derstanding of cyelones., A lot remains to be known., The resenrch
Wirrh mo fér done in Lhis firld is inadequate, fewer in number and
meaget in magnjtulde. This dissertation haa been undertaken keep-

ing the above paints in view.

1.2 Whnat is a8 cyvclonn?

A oyelone 18 n nntural phenomenon and 38 an intenae vortex
i atmosphere. AL ol 1aliluades the word cyelone means any large
robaling bnad westhrr phenomenn with low pressure in the centre
arcund which the air circulates in an anti clockwise direction in
the northern hemiaphere and in s cleckwise direction in the
southern hemisphere.
Mathematically a  tropical eyclone cen be assumed te be a
cylindriecal vortex such thatl the vorticitly "5 =Ux¥ [10] where V

is the velocity and has o fFinite value,



ap

Cyclones are usurlly defined by Lhe tollowing elements

ta) Miameter of a rotatineg mass of wanrm humid air, normelly
between 300 and 1500 kilemeters
(b} Movement weloecity and course.
ic} Rotation velnocity of winds. The strongest windas may
approach Z200km/hr,
{d}  Iherntinn
e}l Amount of rain

{fY Storm surge

Tropical cyelones, the most destructive of HNature'sa
phenomena, arve known Lo form over al} tropicel oceans, with the

excepkion of the South Atlantic.

The term ecyclone isa derived from the greek word "Kyklos"

meaning a cirele or A coil ol Aannkes.,

Tropiconl cyelones i mabared] conndilions nare hpnown os huar-
ricancs 1in the Aklantic and Eastern Pacific Qceans, typhoone in
the Wealoern North Pacific Ocenn, willy-willy in Australia and
baguic in the Philippince ialands; elsevhere the} are called
tropical uvyclones. In the wentl, cyeloncs used to be given girls'
names =2uch as Anna, Carol, Norothy, Eve Jane ete. A list of four
set2 of names in alphabetical order was introduced, one set being
wserd each year. After every four vesara the sets were repeated.
Reaenlly, the naming of eyclones after wale npames has been

introduced, such au Gilberl. While Lhese names are related to the



locality of occurrcnce. All tiopical cyclones are essentially

=imilar in orifgin, structurs and behaviour.

1.3 Unigue nature of the ¢yclone

{al The cyclone ia a macrascale fvent with s meso-=cale
impact [(hundreds of kilometers versus tenz of

KilomeLlers).

(b} It iz basically an ocenniec storm coneceived in a

barotropic envjronment,

lc) Having amchieved maturity, the cyclone may outrum its
barotropic envirconment and draw upen baroclinie sources
toe circulate mpisture plenty air through its heat
encgine rapidly enough te supply the latent heat
reguired te sustain iLbs =structure and fury even while

moving over cold wiober and ammetimes grent distences

Inland.

{dd} In the areas slLruck by bropical ecyclones the resultant
damages are often extensive. The principal damaging
forcea assocciated with tropical cyoclones are the storm

surge, loods caused by the hiph winds and torvential

rains.



1.4 Clagsification:

Cyclones in  the South  Asian Subcontinent mre clasaified

according to their inmtensity [11]. The followikrg nomenclature ia

in use;

{1y Depression: Winds upteo 30 mph {(48.3 km/h)

{2} Deoop depression: Winda of 30-38 mph{49-61 km/h)

{3} Cyclonie storm: Winds of 39-54 mph (62-86 km/h}

(4} Secvere eyclonic storm! Windes of 55-73 mph(B7-117 km/h)

{8) Severe Severe Oyclonic slorm! winds above 74 mph or

118 Ym/hr

1.5 Causes of formation of_a_usyelone

The origin of trapinal  cyelones is  atill mnot well
understocd. It i3 not clear under what conditicona a wesk tropi-
eal diskurlbiance cun Le transiormed inteo a severe cyolone. &D ex-
plain, the process iunvoalved in the formation and development pf
tropical  cyrolones, many theoriea hove been advanced by
meteorologist g, Rieh) j12] conzidered Atlantic cyclone
development as & progrcssive process of intenaification eof |m
migraling dizturbanee. Sadler 113] has anzlysed cyeclone
develupment resulting from downward intensification of a pre-

existing upper-tropospheric trough.

(Ot the aseasonal =#cale, LDamoge i114] =muggerts that Ocean

Lemperalure lowered by atrong evoaporation in bhe monsoon season

£



in' the scas around India prevenrts cyclones from forming in the

months with sLeongest monsoon.,

The earth receives all of its energies from +the sun  but
differcnt areas are heated unequally end this variability gives
rizse to nress of Yow and hich almoshperio presgure. A scon as B

low pressurc ares is formed, air from all directions convergesa on

it. Thiz i=s onlled "Low Level Convergence'". The Coriolis el -
fech Lurns the incoming atr so bhat jL apirala inpwards and up-
warda ok on  inciveasing  rate, causming heavy rain and thunder

storms. The air is also made very moist by rapid evaporation from

the warm ocenn. In the low pressure reglon itaelf, air rapidly
moves upwards and diverges. Tthis 1is called "high level
divergence”. The latent heat released by the cecondensation of
watcr vapour warma the alr and keeps it unstable. This latent

heal. is also thought teo aupply the necessary energy of  the

cyolone,

The "co-aperative intorncbion between the ocumelns convection
and 8 large scale perturbation leads fto unstable growth of the
large =cale system, the preocezs is referred to as conditiconal
instability of the second kind ICISK) [15]. ‘This meahsnism has
heen quite sucrcesaful Jin cxplaining the development of intense
Ltropical storms and c¢yclones. Under favourable conditions of
meisture supply, the CISE mochanism can lead to rapid development
of m cycloniec scale disturbsnee. In Lhis amplification process
friction must Le thought of as plarving an energy producing role.

Charney nnd Eliassen’a [16] stwly concluoudes that Lhe co-operative



interaction of ocumulus convection znd Lhe large-scele fielde can
produce an amplilying disturbance on the cycleonic scale provided
that the mean atmosphers s unsaturated but conditicnally

unstable,

Theoeugh =olar energy ulbtimaiely contrnls terrestrial westher,.
certain other conditiens have been found teo be pre-requisites for

Lhe development of cyclones. They nre!

{i) Cyeclones are found only in certain seasons in certain
regions and they form over OCenns huvinﬂla aurface
termperature of at least 26-27°¢, It is now recognized
that such high surface bLemperature 18 necessary to
prodiuce a steep lnpze rrbe Lhrough a major part of the
troposphere and o zheep lapse rate is necessary to

maintain thre vertiecnl circulation in 8 cyclene.

{ii) They exizt only rver tho ooceans and die out
rapidly after malking a land fall. Over land, the rain
cnals the surfnece and producres a satable lapse rate in
the loweat laver., AL sen, such cooling is inmsignificant
bocause the rain 1s chﬁrned inLo the sea water, which
heonuse of ita veery high conductive capocity, suPhlies

heak in generous amounts to the air.

{i11)They derive theoir energy from Lhe latent heat of

oondenpsation,



liv) Cwxclones are seldom obscrved within five degreea of the
squator, thus indicating some dependence on the

Corinlis effect for their development and mnintenance.

Although these conditions are necessary, they are by no

meapa sufficient bo produce a eyclone,

1.6 Life eyele of cycloncs

The life span of  Lropica)l eycleonea wWith  full eyeclonic
intensity averages out at about six days from the time they form
uptil the time they enter land or recurve intg the middle
latitudes. The evolution of the average storm from birth teo death
has heen divided intoc four slages!

{1) Formakive stugc:

1n this stape, the pullern center i poorly defined
apd lowd bands are poorly corganized. Ho eye ia
viaible and Lhre wind apeed range in 30-5%0 mph. Unusual
21} of pressurtc over 24 hours by 2-3 mb or mcore takes

place in Lhe cenler of the vorticity concentration.

{2} Immature_siage:

Wind= of ocyelonic forece form a tight band arcund the
cenker. the b snd rain pattern changes from
disorganized znualls to narrow organized bands

apiralling inwnrd, Only o oamell area is as yet



involved, though there moy be r larde outer envelope.
Thne e¥e is wvsunlly visible Lut raggéd and irregular 1in

shape.

(3} Mature stnge:

On the average the mature stafge occupies the longest
part of the cyoale and most often leatas several days,
Central specd and pressure need not exceed thoae of
the immature sLage. Dut the circulsation widens out,
and in moving stormsa, ovolone winds may extend severnl
hundreds of kilometers from the center to the right of
the direclion of motion., The eye is prominent and
circular, the clowd pattern iz almost circular and
ameokh, At Lhis alnge, heating from convective clouds
furnishes the lmigeat amount of energy for cyeclone
matinbonanee . Pressoare gradientg pre largeast at the

surface. Wind speed rapge iz hetween BO-Z200 mph.

{4} Dgcaying or Transformalion stade:
Nearly, all cyclones weaken substantially upon entering
land, becausc they lose the cnergy source furnished by
the underlying ocean surface. The decay is eapecially
rapina where Lhe land i9 mountainecus. Some cyclones do
die cut over sen nndl this event can be related to their
moving over 1 oonlld peean currenth or being invaded by &

surfrea cold aie miis behind A coldd frent or by a2 cold

10



center at high levels moving over their top.

1.7 The Malure Cyclone

A clear demonstration of the cyoclone as a working endine can
he obtained by forming = composile picture in all its facets from

the ocean surfece to the upper troposphere,

al F;

ho

gssure

Within 200 km of the cvclane center, the pressure field and
its izobars are very nearly ¢ircular and eymmetric around the
eye. Thc most reliable and widely used surface instrument yield-
ing gquantitative data 15 the harometer. Ordinarily, surface pres-
sure wvaries little mare than 3% {2nmb} in the tropice. The
centranl pressure of cycleones, however, may be 5% or even 10%
brlow nverage sea-lovel preasure. A cyclone with 950 mb central,

presaure is always rated n severc sborm.

bl Cloud pattern

Cloud photographs wobiained from westher satellite have
revenled that a cyelone seedling initially appears as a cluster
of rain cleouds, A mature cyelone has m well organized cloud
pattern. It is possihle Lo deduce the wind speeds from the size
and depgree of organization of this cloud. The cleouda, especially
nt the outcr edgesa, torm long streets that spiral inward. The

most intense part is situated off centre te the right of the

1t
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direction of mobtion, which is townrd north-nerthwest. Usually a

central dot denoting the eye id visible.

= Wind fields

When a cyclone lies ﬂmhﬂgded in what we may term a steering
currenl, of large scale, the speeds of Lhe steering current and of
the vortex nre largely additive. To bthe right of the directicn of
motion of the center, the dircetion of vortex motion and steering
curtent coincide, ©On the lelft side they emre uovpposed to each
other. Thus speeds are almost invariably higher to the right than
to the left of the direction of motion in moving cyeclones.
Streamlines spiral inward to the ring of satrongest wind. The

apiral iz observed in all cxclones,
A} Procipitation

Individinl rain caudge measurement= Hive ovnly a poer ap-
proximation of precipiltation in ey¥leonea, The wind drives rain
horizontally and pickasup water already fallen to the gEround. Even
alight topographic froatures such as buildings, lakes Aand =mall
hills influence precipitation. Rainfall at any station dependes

on 1its location with respect bo oveloniec path, intenaity and

celerity,

el The eve of the cyelone

The venler of the ocyelone iz revealed as a 'saingular point':

P2



Fig 1.3,

Linear superposition of vortex circulation’

and atraight “loeering current



pressure stops falling, wind stops blowing hard, rainfall cemses,
clouds lighten or dizsppenr so  Lhat  the satellite photograph
shows n central smnll hole, and the ocean waves are confused. Erve
diamcter vary from 5 to over BO km, depending on rate of atorm
propagntion. The eye is uswally piclured as circular, it some-
times becomes elongated. Hometimes it is ditfused wilh a double
structured appearance. Modern obsepvations especially radar, have
proved that an eye does noul remain in siendy state but is  con-

slantly undcrgoing tranaformation.

1.8 Favoured areag and secasons of cyclone development

! ¢ ¢
Cyelone developmen!l is rare between 5N and 53 latitude, where

the vertical compenent of the earth rotation wain@ is very weak
nr zero, where

W

1

rotation of the enorth about its maxi= in anguler

mensure .

¢

ing ranges from zZero ot Lhe eguator to 1 at the pole I,Elﬂﬂ Y.

latitude.

AL latitudes 5° Lo 6 singg = 91 nnd this is the lower limi} for
deveclopmenl of woet, though nol all eyclones. Cyclones are known
in ﬂllftrﬂpiﬂﬂl oceans cxcepl the South Atlantic. In deneral they
tend to be moszt fregaeont in Lhe Jate summer and early fall. In
Dangladesh the most faveured secasons for cyclones are pre-monsoon

{april-May} and post mon=zoon (September-December).

13




CNAPIER 2

HUMERICAL METNONRS oF CYCLONE TRACK PREDICTION

2.1 Introduction

Beoause of the foroes rezponsible for the motion of tropical
cyolones afe not understood olearlty,  the prolblem of forecasting
the movement of tropical cyclones is one of the most difficult
Laghks in bthe moteorology. A pioncering attempt to  predict  the
weather by mimerical inlegrnt ion wvas oade by an English man, L.F.
Richardson [191 in 1922, Although_-his procedure was basicelly
sound,  there was zome flaws that regulted in large ecrrores with

respect Lo bthe observed [ields,

After Richardson's Failure, numerical predicbion was not ab-
tempted for many year=. After World War TI the electronic com-
puler wazs inslalled  rwad Chorney, Fjorlefl and ven Neumsnn (120]
made the first asunceszful numericsal  forecnst at 500mb with n

simple barolropic vorticity model.

With Lhe development of snst i llsb o) powerful  computers -and
more sophisticaled modelling techniquea, more emphasis is now in
pumerical forecasting, With its abilily to handle large volumes
of data and mnke formideble calculations quickly, the computera

v Hive the mebearologisl o goidanes on preparing forecnsts for

pablic informations,

L4



2.2 Fundawental Equahiotns

"
The atmosphere im an open system that responds to sclar

radiation and inleracts in a variety of wayas with the earth’s
surface, The fnrcesggunﬁmﬁ each pnrecel are gravity, frietion, in-
ternnl pressure foree and bthe effect of earth's rotation. Atmoe-
pheric motions are governcd by ithree  fundomental ph¥sical
principels: congervation of mas=, «onservation of momentum and

conzervation of energy.

The momerntum equation which is basic to most work in dynamic

meteorology is given bhelowo

— — — | = — g
d___L_J:_z_,_rLXU--_[éVP‘l'G‘,‘FT e e e o ,..t---lzal}
dt
Ej: veloeity vector
n = angnlar velocity vector of earth
TP = gradient of pressure
d z gravitational force
Fr = frictional forre
For  the purpose of theooretical analysia and numerical

prediction, it is convenienl to wxpand equation (2.1} in sherical
co-ordinates =p that the surace of the earth corresponds to a co-
ordinate surface. The co—ordinnle axes are then (A, Gr 2y,

where

A
¢

langitnde

latitude .

e
1

vertical diatanes above Lhe surface of the earth

£]



'
The cqualions are simplified for synoptic scale motions by

defining charaocteristic seale of the field variables based on ob-

gerved values Tor mid-1atitbudes,

From Table{;.]} it iz vlear that for mid-latitude synoptic

scale disturbances the Coriolis foree and the preassure gradient

force are in approximole halance, Te obtain prediction equations

it. i3 neceaasry to retain the acceelorabion

iLerm. Approximete
horivonlal prognostic eguations are
I aF
—_ [ . e b.n..|||(2-2}
%ff FIJ £ ak
- b o2f Creeaa (2.3}
%*’c”‘"”ﬁ o

Meteortologicel measuremanta are  pgenerally referred to constant

pressure surfaces. To aimplify aystem of equations, it ie con-

veniont to replace Lhe haotizonlal cquations of motien by the vor-

Licity equation in the isobuariec co-ordinate ayatem and can be

wrikten as follows

28 - V. 58+ ) -0 3p ~ GHITV

o
2w ol __ 2V 2l
+ 1(. af 37 I % s o t2.4)

The term on the loft hand side of eqn.{2.4) 4is the local

rate of chande of relative vorticity. The teerms on the right hand
aide of Lhe equation boginning from the _If{f are

1} borizonlal mwivection of ahsolubte verticity

11 the vertiesl advection of relntive vurticityh i

1111 the divergenre fterm

iw} the twistaing or tilidng term. '
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TABLE 2.1.

Scale Analysls of the Horzontal Mementum Em}mi
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boundary and decay away from the boondary with Lhe pressure mnd
Lhe density fields remnining in hydrestatic balance every where.
These wnves have maximum pressure oacillaticons at the groond they

may be filtercd simply by regquiring that

_ df
w =50 | Cvies.02.5)

at the lower boundanrar.
where W = vertical mobtion

P - pressure

Te filter out.the time dependenti gravity weves, the local
rete of change of the horizontnl diverecnce is negleoled iﬁ Om-
puting the reclaiionship hetween the mass and the velocity fields,
The:  horizontal equations HF-MHTiHH replaced by the vorticity

and divergence equationz and this is the minimum simplificalbion

regquiree] Yo Filther gravily wnwvies,

2.4 Filtered Forecast Fqualtlion

To exhibil the relntionzhip between the zealing and filter-
ing more clearly it is convenient te divide the horizontal
velocity field into nondivergent and irrotationel components.
Helmhollzs [21] =mtales Lhat any velogcily Tield can be written aa

the vechtor =sum of a nondivergent part and an irrotational part,

auch thnrl

V= Vy + V :
¥ e ce e (2.8)

whcrc\ﬁ,is the non divergen! part with

V-vp = 0 o 4207

18



and i%is the jrrotational part with
¥V X wi = Q cer e 12.8)

For mid latitude synoplin acale motion, the vorticity equa-
tion when scaled gives a relmtionship between Vy and {b which 1=

known as the balanced equation. Here IV@’}) lUE‘

Balonced equation may be written as

_ 9
vi[$+ %cvﬁjﬁmww)m (2

where @ is the geo-potentinl.

Faqn. (2.9} may be used as a basia for a forecaat model which fil-
ters out the gravity wave sclulions. Tt Eives B complicated non-

linear relaticpnahip betwaan @ and ?and that is why it is not

widely umed in numerical forecasating. -

It is observed for synoptic scele motionge the neonlinear
terms are small compared to linear terma in the equation.
Therefore, =small terms can be nepglected and etream  function is

Fiven approximately by the relatiocn

f ..;...;;{2;1[]}
-
The appreximate vorticity equation for a level of non-divergence

beocomes

.Dac-‘?"’f”:—-;’;-?(vvfi’—h?) cer e (2.11)
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2.8 HNumericasl Technique

The obhjective of numerien! prediction is to predict the fu-
ture state of the atmoepheric cirvculation from knowledge of its

present state by use of Lhe dynamical equations., Ta fulfill this

ohjective we need

(1} The intial astate of the field variablesa.

(2} A closed set of prediction equations relating the

field variahbles.

{2} A method of integrating the equations in time to

obtain the future distribution of the field variables,

The mort common numerical integration procedure Tor weather
predicticn has been the finite difference methed in which the
derivatives in the differential equations of motion are replaced

by finite difference eppruximations at a discrete get of paintse

in space and time.

There are a number of problems associated with deriving

finite difference analogs tu partial differentinl equations.

i1}y Computationa] stobility:

A zolution of the difference equations approximate a aolu-
tion of the original aystem. It turns out that the ratio of the
time and sgpace: increments must satisfy cgertain conditions.

Gourant—Friedriuhg—Levr {CFL) (22} . Condition for computation

0



atability i=

At
C <1

Ax
C = wave speed
At = time step
Ax = grid Jength.

{ii) Truncation error:

Difference equation is only an approximation te the dif-
ferential equation, the accuremcy of the former may be meaBured by

tekhing the difference between the two, which ig called the Trun-

catiaon error T .

T+ = difference equation - differentinl equation.

2.8 Humerical solution of the Barotropic Uorﬁicity eguation

The barotropic model is the simpleat dynamic' trepieal
cyclene treck prediction model. To produce m forecast, we require

the numeriecal aolution of some type of vortieity equatioen. The

governing equation iz given by

Vl_'ﬂ 1 F(F’{' ,\J'r, t) () e {2.12)

2l



Hhete
v 27D
FO®Y, 1)V ¥ F(YV+f)= rié%r-‘?* 5% v¥+exk o ..(213)

2

»(2.14)

l

,rﬁ_

ard j(,::’;

The advection of ambsolute vorticity F{x,y,t} may be cerlculated at
any point in space provided that we know the field of Pix,¥,t).
Equation (2.12} fB 2 poisson equatien in the variabie'jlwith
Fix,¥,t) s known source function. It mey be solved for ')C by
geveral standard methods. The most common method is to write
equation (2.12) in finite difference form and solve for X ap-
proximately uging the iterative method called relaxmtion. Let the
horizontal x,¥y, apace is divided into a grid of (M+1) x {H+1%)

points separated by distunce increment h. Then we can write the

co-ardinate distances as x=mh mnd v=nh, where m=0,1,2...... H and

n=0,{,2, ......N. Thus any point on the grid is unigquely iden-
tified by the indices (m.n}.

Using centered difference formulas, derivatives of ¥ at the point

{m,n) may be expressed in terma of the values of j“ at surround-

ing points,

.,...._."P-mﬂ.ﬂ _'F\!’:'""“'--""'l e s e (;,.15)
)1n,11'_d 2h

= Y ' Coo e falde)

2%



In a asimilar fashion second derivatives can be written as

(_;1:;' )wm = Eh“*h’“ ~ 27, + Yo, 'n] /h’- C s (2aF)

(ﬁl)‘m;ﬂ :[?ﬂ,ﬂ-}j -42”']’-.,-.,1.,+"P“_,.,1_,] /}-,." L (2-1&‘)-

Thua, we may write as the finite difference approximation to the

horizontal laplacian:
v x [¥ +¥ + ¥
Y= ™E) M ™, ) -,

+ Vo e H‘H’w,nj/h‘ . (299)

It is possible to obtain Finite difference anmlog §in which both
the snergy and average vorticity are congerved on the grid mesh.
o, as a finile difference form for Flx,y), we Lake centered dif-

ferences to get

- | -
Fﬂ*“ _'A;Ez,l:(#)ﬁ_,,hﬂ_'_‘ ——Hh-rq.-;.-ﬂ*l ) V +’“."l+t

-
— (F\P-"rndll"ﬂ.-]' '-"'r\ij—ﬂl—l,‘??"“) ‘? ’i,"ﬂ'l-,'ﬂ-'j
- ( ¥ e s
i, ntt = Tmey -t JY Vg,

+(‘\R“"-‘“‘],"I‘I+i - ﬂkﬂ"l—-!) ﬂ-j) Y;F*-rn*J_,'ﬂ ]

+ L0 (“}’_m*_“ﬂ . "“ﬂ-:,-ln) .. . (z2.20)
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It i8 verified that

M-d

> Fnw = O L (2e21)

Tt

H-

2

Provided that ¥ is constant on the boundaries, otherwise, the
average vorlicity will net be conrserved in the finite difference
form of the vorticity equation. In addition to congservation of

average vorticity, kinctic cnergy and mean square verticity are

alsn oonserved.,

Finile difference form of eguation (2.28) may be written as

|
=

leﬂ fan Frn.m

24



Relaxation.

To zsolve the equation {(2.21) for i(m,n) a simple acheme con a

large ¢grid mesh an iterative technique known as relaxation is -

uaed., Relaxation iz an iterative procedure, Relaxation achemes
may be dividied inte two classes: (1) Simultaneous relaxation and
(2) Succeszgive relxation. First an initial guesa of the =olution

ig made and then prodressively improved until an acceptable level
of mccuracy is reached. We thus label X with the auperscript ¥ to
indicate the ¥th guess :)CJ .If the method is convergent, ?C-Jﬂhﬂuld
approach the true solution Xat all points as Y00 , We write

the initial guess for the XA field as= I,:.ﬂa Equation (2.21} can be

written a=

o [ ]

x--rﬂis;‘.n +I~m-|)_ﬂ, 4"}:'11,114-; -+ :K-

™, -

“4]::",11 = "’CrF"".ﬂ + R:--J..-, .. {2»23)

where R g, 5 is the residunl which is a measure of the difference
between the initiam} guess mnd the true solution. The residual mt
any peint [(m,n} may be reduced to zero by altering the guess

o |
im,n at that point to inﬂdcfined by

25



i o o _
Iﬂ,’ﬂ =I""’"|1’1 + “%'R*n,ﬂ e 4 . (1.2'1‘)

while leaving the guesspes nt all surrounding pointa unchanged.

It is ciear that once B new guess has been made at & Hiven
point, the new values can be used to modify the residualas at the
purrounding pointa. Thus,- Lhe regiduals can be computed sBequen-
tially starting from grid point (1,1} and working to the right
along the grid to point (M-1,1), then skipping to the second in-

terior row of peints and working from point (1,2) to (M-1,2) eto.

Time integration

To forecast Lhe fuilbure circulation, the calculated :}; m,n
field iz extrapolated aheesd in time using m Tinite difference

approximation. Chooaing a centered differencing echeme 4+ can be

written as

w(tﬁst):wp(h,af)uatx:(t») S (229

This scheme reguires the valves of #at two time levels, Fite -
Lt} and +({te) in order to compute “P{tni-s £}, S5ince at the first
time step of the forecast (ty, = 0) only "f"-:tu] iz known, to in-

itiate the forecast s forward time step is used. Theg
w(st)= ¥(o)+ st Xlo) . (2.2¢)

A larger value of §t will tend to give a poor approximation due
to truncakion errors. Such errors can be contreolled by making At

sufficiently small.

¢
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FTER 3

1,

TRACK PREDICTION OF BAY OF BEWGAL CYCLONES

3.1 Bay of Bengal Cyclones

Bangladesh iz a part of the humid tropics with the Himalayae
in the Horth and a funnel shaped coast line touching the Bay of
Bengal in the South. This peculiar gecgraphy ceuses Bandladesh
very often the landind ground of cyclones causing m lot aof
damaée; Because of Lhe low [lal terrain, high density of popula-
tion and poorly huilt houses, most of the damage occura in  the

coastal districts and in Lhe off-shore islands,

of all the terrible cyelunes thel have hit Pangladesh per-

haps the most deadly was that of 12 Hovember 1970. The damage to

property and crops was nolossal. The estimated maximum wind speed
was about 224 Km. p.h. (140 mfhnurs} snd theimaximum storm surge
height about 9m {30 ft}. The cyclone cccured dering a high tide
period and  hence  the grcat-surge height. There is a record in

Ain-E-Akhari of a great ztorm in 684 which affected the coastal
diatrictas of Barisal, MNoakhali =and Chittagong. The Btorm aurde

due to this eyclone was Lhought to be about 12m (40 [t). About
200,000 people died.

In our country treopical coyeclones pcour mostly during pre

{April-May)} and posi {Sept-Dec) monsvon period.

2F
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3.2 Ares of anelysis and grid represenbtation

Area of analysis 1in this work ocovers from 0Oe to  JO°N
iatitude and T70?* te 100*E longitude, which includes most part of

the Pay of Pengal, Bangladesh, Scuterhn part of India and Burma.

1t iz normal prectice that the contours are drawn for dif-
ferent layers of the atmosphere. Here one 500 mb height conkour

end one 850mb height contour was chosen for analysia.

The whole cantour ares 13 divided in 25 =x 256 equidistant

that ia B2H grid points.

An example of the conftour within the aree under atudy is
ghﬂwn in fig. 1(3.2). As Lthe conteour lines do not pass through the
grid pointa, the values of the gep-potential height are needed to
be calculated from the given contour values., Taylor series expan-
sion gan be applied very Ei’fectively in this regard. Let @[x.y]

repregent the value of geopotential height at =2ny point, then

aP

@IK*"]’]:IY} =§E_K,}” + h:—SE +  aaaa ..-..-{3;1:

where h; is the Ffinite increment along +x direction.

amd.

’ Y -
—hxl = r - E B CRU R N R ) '
Ptx-b:,y) = Pix,yr - B = ¥ (3.2)
%
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s
h: is the finite increment nlong -x direction.

adding 3.4 and 3.2
_ , %,y
Plx+ ha,yd + Px-Key) = 2 P(x,y) + "-‘_.?n(---)th;—-hi

By = - ($g +F + F_ i L (309)

ohere 323 (xshy, )
43 2 é{ﬂ"'l:!- . ")
gl 2 2%

u - )

Similarly, #e can write for ¥ direction
F 4
é{xrfl = -+ i£$ +él +%I '“'rr - h,‘}] it#iiirrll314_’

Mhete

‘ﬁ: = é[x,;ﬁh:]
$, P2 y~hy)

F .28

E] ay

i+ .. . . .
hy finite increment along - y direction
hy finite incrementi along + ¥ direction.
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Theve ot

Pix, ¥y = -1$—[{@1 + &, + &, + &, +¥:( ﬂ—mj
a }

-
+§r ':h;r - hst]

------- "R EERE NN {3-5’
Equation (3.5} is used for evaluation. All these works are dane
manually. For this reascn it is very tedious and {ime consuming

one and the computer which is used h%s not any contour evaluating

facility. However, there are vontour evalusting programmes in

cther computers.

n the boundaries only one known point is evailesble mnd rest
three points are not known. [In  such cmzes +the boundary grid

value=s are azsumed to be the same as that of the nearent

contours.,

It ia preferable to replace geo-potential %{Z) by B quantity

ralled geopotentiml height which is defined ms z:@12}fﬂa
where gs =z 9,.B0B65 m/sec? is the global avernge of gravity at =sea
level. In troposphere and lower atratosphere Z ia numerically

very cvlose to the gerometric height.

After evaluating eaxch grid point,. computer programme is

developed by using the finike difference form of the barotrepic

vorticity equation.

j{ r time rate of change of stream function is evaluated by
relaxation method. Time slep for integration fﬂF forecaating im
teken 30 minutes,

-1



The results obtained for 30 minutes time-atep integration
is used ms input for next 30 minutes forecast., Irn this manner the

programme  runa for 56 hours ashead for 7-11-83 cyelone and 4B

hours for 12-11-84 cyclone.

Next tesk was to draw the Recopotential height contours uaing
the data obtained after integration. Contcurs are dreawn by the
compubter. Then the Jorcation of the cyelone centre ia compared

with ™ the aoctual coyclone oentre that is  supplied by the

metecorological department.

3.3 Result
In the present work two cy¥clones have been studied. They are -

i} The cyclone of 7-11-83. For this cyclone 500mh

height data were usarecd.

1i} The cyclone of 12-11-84. For this cyclone 850mb height

date were uaed,

Cyclone of 7-11-83

The centre of the cyclone that ceccured on 7-11-83 was at the
position 16.25° N iatitude and 88.75°E longitude at 00.00 GMT.
After 24 hours the centre shifted to l?:]'H letitude and 89.5° E
longitude, After a lapse of further 24 hours [ i.e., 4B hours
from 00100 GHMT en 7-11-83) the centre was found to pccupy a posi-
tion 90.0°E longitude and 18°N latitude and 91.8'E longitude and
18.B°N latjtude after 56 hours.
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TABRLE 31

Date Height Time Coenblre of Cyelone

mb GHMT ) Acttunl Predicted

Lati I,ucirz ) !-t_:-r;.éi tude l;at:i tude LDngit_u_dE

7.11.83 500 00,00 b6, 257N £8.75"E 16.25"°N 88.75°E
R.11.83 500 0. 00 17.107K RS .50VE 17.50%K 89.50°EF
9,11.83 5 (3 00.00 PR, 07N 40, 00" k" 18.00°N 90, 50K

9.11.83 500 08.00 18, 80°N 91.80%E 18, 209N 90.80°E
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Prediction on the basis of relevant date analyeis applring
BVE .indicates a location 89.5 E longitude and 17.5° N latitude
after 24 hours, a position of 90.5°FE longitude and 1R"N latitude
after 48 hours and 90.8"E longitude and 18.2° latitude after 56

hours,

Cyeclone of 12-11-84

The centre of the cyelone thal occured on 12-11-84 was at
the position 81.R7"E and 13.2°N at 12!00 GMT. After 24 houre the
centre shifted te 80° E and 14 N, After a lapae of furtﬂer 24
houra { 48 hours from 00.00 GMT on 12-11-84) the centre was found
to occupy a position 79°E mnd 14.5"N. Prediction on the bazis of
relevent date analysis by applying BVE indicates a location 81.5

E and 13.8"N after 24 hourz and Bl.DoE and IE.N after 48 houra.

3.4 Discussion

The gtudy of cyclone of 12-131-84 wpa undertaken with a dif-
ferent purpose; we wanted to apply the equation that has been
developed for = pressure height of 500mb to a pressure height of
B50 mb of ancther e¥clone and to have some idea about the extent
of divergence between the chserved nnd the prescribed trach. The
resulite show that the divergnee both in reapect of movement and
localion are guite different. Thise indicates that the egquation

has toc be modified ko suit o different pressure height.
IL iz obvicus from bLthe abtudy theat the reault is gquite en-

couraging for the 7-11-23 cyclone inspite of the simplicity of

the model. The deviztion is more in the case of 12-11-8B4 cycelone,
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TARLE 3.2

Date lxight T3 me: Centee of Cyelone

mb GHMT Actlunl I'redicted

“Latilude Longitude ‘Latitude, Longitude

12,11, 81 a51 12,00 13,20 . 81.87%R 13.20°N  81.87°%R
13.11.84 A5 12.00 1, 00y €0, 007K 13,50%N 81.50°E
14.11.84 RS0 12.00 1l a0y 9. 0nvE 15.00°N £1.00°E
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Thig could be due to the fact that in the former cape the data
was used for 500mb where az in the casze of letter data for 850 mb

was used. Detter results could be schieved by developing more

complicated model,

33



CHAPTER 4

MIKIMIZING CYCLONE LOSSES

4.1 Introduction

Tropical eyclones are a major source of natural disaster and

it is a meteorotogical evenlt.. I, is= importent to know just where

a8 oyclone will strike, how intense it will be and how long it_

will lust. Because enormous lose of life and an unteld variety
and amount of damage can result from a cycleone peassage. Although
oyelones are amall! in number, the frequency of opportunity for

their development per season, is alwayas high.

For elfeclive reduction of the impact of & cyclone and the
risks of living in a cyclone~-prone area, co-ordinated action at
several levels of government is needed; Leginonind with some form
of lepnd use planning and regulation. Egually important in defend-
ind mgninst a cyclone disaster are public awarenees programmes to
promote an undergtending of the cyclone and its potential impact
and of Lhe mcasures that roastal residents ﬁust take to face the
threat of a crclnne‘ with minimal riak to their lives and
property. Perhaps the most important single element in the
defence againat cyclone disaster is the cyclone prediction end
warning service pnd its associnted systems for communicating end

interpreting warning advices to those who must take emergency ac-

tions on short notice to protect lite and property.
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4.2 Forecast Problemsg

The cyclonez appreaching the coast musi contain et least
five elements: {31) The curreat poaition, atrength and movement,
{2) The predicted time and position mt landfall, (3) The strength
at landfall, {1) Peak cyclonie tides and mreas of inundation and
{6) Specific warnings for the coastal areas at risk. Of these,
the most critical are the predictions of position and etrength at
landfall. If these twe are known, the remainder can usually be
cheerved or derived from data supplied by the customery cy¥clone
monitaring facilities - aircraft, weather aatellites and radar. A
rapid increase in cyclone gtrenglh during its last 12 hours at
sea can sometimes double the peak-zurge heights and escrlate the

urgency for evacuatiaon.

4.3 Prediciing Cyclone Movement

Cyclone prediction i=s not an exact science. Success in pre-
dicting cyclone movems=nt depends upon the intial direction of

movement, Lhe stage of development and the strength of the ateer-

ing current.

Three classes of modela for predicting cyeclone movement were

in use in 19B0D:
(i} kinematic analoy mcdels
(11} dynamic analog models

liiilpure dynamical models

{i}) The firat draws upon the climatoclogy of cyclone
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tracks and of persistence of movement te preduce a moat
probable displacement of the center. The ocutput is s

function of initial position, past movement and time of

aCCurance .

i3 The second extracts from historional ceases the dynamicsml
properties of the near or the large-scale envirocoment
that aorrelate with some aspect of cyclone movement.
These are comhined in a multiple regression statement as
analogs to the migration of the vortex.
{iii} The third model combines basic principles of fluid

motion, the thermodynemics of an ideal gas, mand the ap-
plication of conservetion relationships to predict the

behaviour and displacement of the cyclone vortex.

4.4 Bechground of Prediction Methods

Movemcnt: Before the advent of dynamic prediction modelns,
cyclone movement was regarded copcepiunally as the reaponae of a
vortex to o steering current. Most forecast decision making was
centered around the itdentificatlion of the steering level and the
reasoning about changes that could modify the steering and future
track of the system.

In 1956 H. Riehl [23] proposed a model to provide objective
predictions of movement. He conaidered that the beet availsable
index to steering the cyclone 12 the geostrophic flow of the en-
vironment at the level of non-divergence ({4-6km). He computed
zonal and meridionel components of geostrophic wind from 500-mb
anelyses usind a rectangular grid superimpozed ©on the vortex.

Theee deta were used as inputs to a8 regression hased upon hia-
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toric storm casea to obtain-the weatward and northward componenta
of digplacement for the ensuing 24-hour period. The method worked
quite well in a research environment, but operationally it auf-
fered Ffrom subjectivity of hurried hend analyaes for the 500-mb

surface.

4.5 Development

The simulation of development is complex because of the need
te incorporate explicity or by parameterizaticn, the smaller-
acale mokiong that distribute heat geperated by the cumuli
throughout the warm core. The explosive development of distur-
bances and rapid growth of cyclones into extreme events are cur-
rently bevond the reach of operational -MDdElE and remain un-
resclved problems. These unresolved prnhlemé are the more impor-
tant because significant changes in strength or =size af the
cyclone =trongly influence the heighi of peak sterm surges, the

extent of comstal inundation mnd the requirement for evacuation.
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Chapter b

GENERAL DISCUSSION

With the present scientific knowledge and technology evail-
able to man it is not poesible to stop the formation of a
c}clnne. The accurate pfediciiﬂn of cyelone intensity and move-
nent is pre-requigite for taking preparedness meaaurea towards

minimizing the loas of lifec and property due te this calamity.

In this dissertation attcmpts hnve been made to ascertain how
far Lhe wapplication of the Baroitopie wvorticity equetion to
cyclones of this region will help us predict the crcloné- Lracks.
The results show some discrepenciez between the actual value .and
the predicted value, The discrepency may be partially due to the
fellowing reasons.

{i} The Barobtropic model] 1= idealislic., In such simplified modela
some terms are neglected or approximated in the governing equa-

tion and this gives rise to errorsa.

liti} Incompltete udcrstanding of verioua physical procésses of

tropical meteorolody.
{iii) Bay of Bengal] is situated between 0" to 25 North latitude.
But the model equation is set up for middie latitude (45°

latitude) synoptic scale for convenience and hence i=s in heed of

corrections.

{iv)] Corieclis parameter varies with latitude. But in this dia-

sertation an average value of this parameter has been taken.
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{v) ¥alues of the grid peinls are determined by Taylor geries
expanaion. This methed cannot give the correct input data; be-
cause at least four known -pDints are required to evaluate &
point. Any mistake in aoy whe of the peints willllead to large
errors to other points and vitiate the result.

{vi} The laws governing the varimticns of various parameters are
cnly approximete.

{vii) Becausc of the instabilities in Lhe atmosphere {barotropic,
baroclinic ete), there is a maximum time limit upto which pre-
dictions will be valid.

{viii) The gRoverning Barotropiec Vorticity equation is anh exact
model only for a homogenecous incompressible fluid c¢onfined be-
tween rigid, frictionle=ss horizontal boundaries. It ia obviounm
that the atmoaphere deoes not. meet Lhese basic requirements.

{ix) One of Lhe poesible sources of error could be in the
ohservations.

For more accurate prediclions, the #overning equation should be
modified. Some parameters with proper weightage may be introduced

in the eguatioun.

1t is proposed to study the above aspect further with a view to

{i}) exemine closely such deviationa in reapect of eelected
cyelones,

fii) Modify the equation Lo suiil the changed pressure heights.
11ii} Ascerlain which egualion vields the moat aetizfactory

results of cyeloneg occuring 1n this region.

Cyclone i3 & aynoptic scale phenomena and it freguently
hits Bangladezh every year. Inapite of this, - comprehensive and
intensive research work has not so far been seriously undertaken

on thias catnsbtrophic phenomencon. In thia regard some research
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work have been done but they are inadequate
Hence the ztudy of cyeclone of Bay of Bengal

receive the highest priorily.

and fewer in number.

ghould, therefore,



Glossury

b1 1
%" .
b

Definition of Technical Terma

1. Coriolis Forece ! Corivoli= force ia a deflecting foroe. It
arises due to the rotation of the earth. It acts perpendicular te
the velocity vector, can change only the direction of travel and

1he defleclion is to the right direcLion of motion,

2. Vorticity : It is an important paremeter widely used in the
sludy of meteorology. Tt is an vector measure of the locel rate of

rotation of a fluid, It is p wmicroscopic quentity.
3. Truck ! The path taken by thec centee of a tropical Cyrelone.

4. Barotropie Environment : An atmosphere in which temperature
variaticons in the horizontal directions are small or absent, with
tddenaity a function of pressure alone., The =surface of  equel

Y
density de not intersecl in Lhe isobaric surtaces.

5. Darpcolinic enpviropment @ An atmosphere characterized by
gignificant variations in ftemperature, herizontally with density
a function of both pressure and temperature. Constant preasure

surfaces {ischaric) intersect ronstant density surfaces.

6. Geo-potential @ Ai any heighit 2 it iz defined as the worh

required to roisce 2 unit mass to height 72 from semr level,

T. Conditinal instabilily @ The abtote of a column of mAir whee itz

al



vertical distribution of temperature is such that the layer is

stable for dry eir but unstasble for satureted mir.

B. Hydrostatic equilibrium : The state of a fluid in which

complete berlance exists between the forece of gravity and the

pressure force.

9. Bynoptic chart ! In metecrology, &any chart or map on which
- data and anelyses are presented that describe the atmosphere over

A larde area at o gdiven moment,

10, Beta-planc approximetion : The Corieclia parameter can be

expanded in a Tarvlor series mbout the latitude &= follows

f = f, + 2% + higher termsa

Where ﬁ = df/dy . If let L designate the latitudinal scele of

the motions, then the retio of the' firet two terma in the

expanaion of f has order of magnitude

BL/ta ~-[Cos 4:,.]_]/[9 ing . )

When L/a << 1 , then it is nmzsumed that ﬁ = df /dy is constant.
This approximation is= wsually termed a8z the beta- plane

approximation.
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