KrTsL

> Derve T9ertropic Pot, Vork. €. Conseriction of Bot, Vork. Tples chnges g gbe. vork ¥ Stabic sielkdy
Hois coudl youge that p:’rh'{»«‘on?g 4o describe lee Cyclegenests. Wilt i+ werk e%udb( well ™ +he lee P mounbanee
ohen the basre Haos are wes}e‘-y or 625’4&4/?
2y Tiwe rate of chage of angilkr momertum T looal Sylindlien| coordd. System. Driscuss VRMous torgues
Decribe o 4o N/rierfre" max, Mensy ok a huwicove ‘fﬂhg b Accot Sourees , Sks Low\oky values
of parcels Qngulr womentum.
3) Nondimensialize the Zwal E.0.M ™ Hhe PBL ¢ disaiss what Conchtion you expect Elanan, Bolvechive +
Shokes eund layers, Give an exanple of Lraus £r He advecive bownday | ¥+ & W v
m cross eglatorta) Floo oP Soml:f Jet. 7 e ©
4) Gren closedl doman eguations for He rotafione] & chvegert K.E .+ for iernal plus prlewid evergy,
discuss usgg The‘i_b{dry argunente  fo martencuce of a Sidh%cnly M Skdle monsooiy From
differentral }mkg, Explatv te role of all sAliewt aouartances . Eplatn S'ranheome of ortenkchion o He.
velocry Fblehh‘a( ¢ rt. Streamblnckion ™ His Pro“eh.

5) Donive Spectral fomn of the barshopic , nendivergent Vork, €3, Discuss how trasfom meted s Used 4p
handle lingayr ¢ &4 non-linear 4ems. Glo, how you would make one ﬁ‘meS{eP Rreoart staring from w0
over the glole at Sovwd.

6) Spectre| foim of the SomT-Tmphcet shallow woter €3.

&) Explara Clearly why fee ve use Sewi-Tmplictt RlgorTm.

> Shertry Fow 6,0+ Z ot singe level as func. of lab/lon. drwd dekalled Fo chat Shuuyy Spectin|
method $or Solutton.

e)One aloays enaurters 2 Helmjoliz eg. ™ s €. ho i 75 Seived &'}'BC("“‘/.

q) P{SC‘JS G)WPMHTOMJ g‘a.hly a£ He SSMT—W”P‘K;" +e dg@?e;eucﬂg schewe aPpheol'fb a STVNP‘E
linear e €g. Piscuss adwewdages ovev an exphcat imethed . In apphicahon o Shelios usler Shay

SQPGVGH'DM of derrs £y ﬁm‘— & Slocy modes. Indicde o Helm holtz g pops 4.
) Denve stevcrl for 4-;&‘ ordev agurete Laplacmn or describe methel - Tmpleme i+,
usmy His , descrrbe how one rshucks 4t 4 der acurale Jacohion which SoksHes
%uadmﬁc Thvarjance,
qy Witte down the Shallow wter equation ™ sent-Twplicit £em ad describe He Helmhoifz 3. fo the
free surbre hetght. Discuss He mvariads of He protlew B a clsed dom=m, whet may be Apropricke
100“*4’0*/ conditons v Hus onl-iem.
(0) Semtnay  TrHe /spesker . Approcch . Mat results | Lomikations.
ll)S}e&rc( Shallows woler, Outline erch £ He .ﬁ“oms )
QSpechel dosed system
L)Q&wd-a? HBZMDH'ZGZ. B, Boe subxe et | Pt Yegtor

€y 4 «  penlinearthies
dy . Semi—Twplicit Yme dfﬂ%»evc%

12) Usny. Serle anal. Che fopace ) , Shuww bdane of Faves for Bewan |, pvechive ¥ Shkes bowdony
lajers. Devive ayprpitcte Freguency equations. |

(3) Sketch wind 4 pressure Flelds B Somalt Je+ over e Arabian Sex daw% summer of fhe | b lewe,
Discuss baance o£ $orces -f-)mm south 4o novth %“ow?g He J@“

| (out of (4T)



(4_)20,147 4 meﬁdt:eﬂ/ Frwah‘g_ waves 6u the Macden-Julian +tme sale 20 - bo . R
of Hese waves had been reloted fo oaurrence of Tiira-smssina| climde var?aloslibc. Decorie.
Yok cledy it.0. moton Beld , clouds & weether, Ohd are Verko| ¢ horgarte] sades of these waves,

i5) Seguentially describe fastures oP an ElNito apisede v s chmosphovrc Twpack Dicortte
Pk,s’rcal aspects oR ivkation o wam weter of He B Nifio ™ a coupled oaean -almes. context
Sketch globe| cast-west divegent Chroulation dur?g a1 Bl Nidie ¢ an Ef Viejo 3 e mmplicotions
on +epice] climdle .

I6) Place Rllowiy cvents ™ logice{ +me Sequence : Uy conveetisn (2> PN palter (35 SST ameim.
Trode wmd anom. (5) 'Th,lmz;( rtn ¢ droglbs () West. wind anom. () Oceente Kelum weve.

1) Barstroptc Hroustd, oF enexgy &2 Zonal ez How o eddies on the sele of OBipn, wines,

Discuss = SyropHc aspects horiz. /vert, States. Whet aompitotton would you Cany ot fo estab. P
ob e barohopic praess. Enegetics , Tnfleckon pornt Tskbilily , gl note vs. scddes of mefy

D From first principles | Rumalade the Sﬁﬂi\b; hazl-g__é» ranlell rele csimeles .

omesa 3. 28 Franeiork R clisaussion . oy, dliscuss eliphery of He co-eg.
[ Wrie down o angular monentum e3s

A) ove usng Sphertea] o '
b) ove relevat +o hurniome ™ load c,ylmdr?ac{ Goonels,

Dicciss Televance B manvlenance oR e opraal den. ctre. ¢ of hurtaanes. Tncl: role of tores,
-l:yansrer"s , ¥ turbulent eddy metion,

20) Clestly Shis spectre| transform metud Bmubtion o bamtrop. vort. eg. Sted fom v, eg. o
Shos Legewdre - Feurter tansfom o e spectrel &g < cl Porhay e ove tme Slep Slutron
procecive for each oR Hhe terms, (se any stevdod tme ditRrenciyy Scheme.
213 Descrive Abraan eastorly wwve Clocations , Seeson , chirbuele , Tulewstly, frepeny . extent). Relctin 4o
loexf Hedigy cell usty sSkoteh. Discuss role of Larotnpic + ambmed barotrpic ~ bevachinre m@(&
of s envirnment & pessible Growoth of Aftean waves .
22) Adirbotic - Tnuiscrel pot. vork. eq.
Descrie  Formabion o‘:’ m?ol-la‘l'.elgee froygl, %{C‘ii—g'} =0
Uy Conservolion primciple .

23) One~ parigreph v exch !
2y Ozone hele

b Nudear FrecZe
¢) Sahelian dnught
d) EL Nifo

€) VAS scundings

) Egualorral i‘\m\ wves
N Istdy g\—a»?l7 waves

h) Wave CISk

0 PNA pallern

) Medden - Julan wave

k) Heok oo,

e

%

- Use swple Q &,



% Secsonal varalitdy of Hadley cell

™M
MET5533: T. N. Krishnamurtti (?)

e If you are to investigate the_seasonal variability of Hadley cell how would you start

fromy, the world weather watch (WWW) data sets and proceed sequentially to calculate an

fmy nole pd
Soly, To myvesiigate the Sorsomsl wmzhky of the Hu“y cell , we could
/ procede as shown lelow
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*% Hadley cell 4 Cross-eguatertal +ransport,

)
METSSS@f(rTropical Meteorology): T. N. Krishnamurti (1 hour, 1997)*
e a) Define the Hadley Cell. b) If you are to map the Hadley Cell from real data, show the
sequence of steps (including equations for a stream function) you would need to map it.
Explain how the Hadley Cell transports momentum and moisture across the equator
om the winter to the summer hemisphere, however it transports kinetic energy the
opposite ways. d) How do transports of heat and moisture typically vary among El Nino

and La Nina years.
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# major_Zonal (Symmetries

MET5533: T. N. Krishnamurti (?)

e Describe the major zonal asymmetries of the time mean motion field during the
northern summer over the tropics at 850 and 200 mbs
-eﬁt at ~ nie Pﬂ:

%S‘ol) The princrple R3ywretric foatures o+ 95w Tw de NH sumwer are

Qi)&lrhor?ca\ high presane areas of N+ S RAflankre oceans
= - “ ”

]

Pacific ooeeng

@ Trade wind System of nagsr pooans (NS Indamm ooean) v

(4 Cross cquatorial Pl ofP He Shmalic coest over the Drclwan Sea
(5) Southeast ponseons . Monsoon Hrough ove- Indiz ,

(&) Aughraha hisl . Mascarene high.

(1) ITCE i loarted porth of He eguelvr

(9 Hesh lobs over deserts

oy 4

DE 40E lsl?oF_ o
<@orb NH Qmmer)
The Sdiew feetures of the 20omb N.H_Pos Ped ave
S(l) Tibeten high pressure area

(ay West Brigan high presswe area
(3) Mid-Pacifrc trough

@ Mid -AHawlic -I»rmk

(5) Trpproel easterty Je+ over Asta o eguatorial Ay
\ (&) Medoen ligh

Y werien e Tiltan behs

vy
@)‘) 9 /\Ni@ A Mlodic by
epm ey
ot

.

= [ PN .
.l %‘Mﬂ - C“’}.._

9 Mexigee high

408

(]

‘1235 80E o s
In sowth east Asia , Hee tx o branch of FISTa mation T dug
Walker cell. Tlos coupled wrih He tpper level Job stroam can

b heavy preciptiction . Over Nort Bfrroa 7o the dleendiry

bravel, o e Walke- cell . The Souliern hewigphore job sheci
reduee] ks Mehsvy and moves 4y abad 218
The velocity potenta] Beld shows Stroy greckenk o A ovev Hee

Sputhy Tndean oBen and in e vicinib, of romb dogls
X ek 2t P4 ﬁs!!_t 4

[




% Hadley ¢ Walker circdation

MET5533: T. N. Krishnamurti

/ e Describe how you would go about finding the intensity of Hadley and Walker
circulations. Why are these circulations considered important, what are their different
roles in the tropical general circulations. How are these circulations maintained.
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% ENSO Scenarlo

METS5533 (Tropical Meteorology): T. N. Krishnamurti (1 hour)
e In the El Nino — Southern Oscillation scenario the following elements appear to have a
sequential role:

(1) Convection @)

(2) PNA patterns @

(3) SST anomalies @

(4) Trade wind anomalies @

(5) Tropical rain and droughts @)

(6) Westerly wind anomalies ®

(7) Oceanic Kelvin waves. @
Place these events in a logical time sequence and describe this scenario giving physical
arguments.
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% ENSO Scenerio — ielated plepamena.

553
MET? (Tropical): T. N. Krishnamurti (?)
e Discuss the El Nino scenario in the context of Indian Monsoon rainfall and south-east
Asia and Australian droughts. Include in your discussion the role of elements such as

trades, ocean temperatures, oceanic convection, tropical waves, 200 mb flow patterns and
divergent circulations.
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£ Bl Nmo scewarto

METS5533: T. N. Krishnamurti (?)

¢ Question

a) Describe in sequence the elements of the El Nino.

b) Provide a detailed analysis of the evolution of the westerly wind anomaly; the oceanic
mixed layer overturning; and the warming of the equatorial ocean.

look of other ansuers,



* E‘ Nmo Scewario

METS5533: T. N. Krishnamurti
¢ Question

a)
b)
)

Jook ot other answors

Describe in sequence the salient features of an El Nino episode and its atmospheric
impact.

Describe the physical aspects of the initiation of warm water of the El Nino in a
coupled ocean-atmosphere context.

Sketch the global east west divergent circulation during an El Nino and Elviejo and
its implication on tropical climate.

jo



% £l Nino

METS5533 (Tropical Meteorology): T. N. Krishnamurti (1 hour, 1995)

e Describe in some detail with sketches the sequence of the elements of a southern
oscillation starting from a strong trade wind phase and culminating in the same phase.
Describe within it the comings and goings of the cold and warm phases of the El Nino.

How would a feature such as an_ggst-Afric ought be a part of his scenario, discuss.
look ot oHer ansuer

ABraan drought appeas o be cherectertaed by phenomena on 4o dme Socle

O relabvely Shot “episodes” of savious uTdesprecd droyght which usuel
|gg,g,a'yem, ov Hu0, Somelmes a lHe logor , bt rm7 moe Han 4-5
years.

@logg dry “pertad ”_gpanmy 4 decede or vove tolivch woy Telde Sevena
very diy episedes,

i



% 90 4o 56 dey oScHlletisns (Madden-Jubian tme sale) Vi

33
\/ MET?(Tropical): T. N. Krishnamurti (1 hour) —>rete Pd pio

e Describe the zonally and meridionally propagating waves on the Madden-Julian time
scale of 30 to 50 days. The passage of these waves have been related to the occurrence of
intra seasonal climate variability. Describe that clearly in terms of motion field, cloud and
weather. What are the horizontal and vertical scales of these waves.
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¥% matenawe of monsoon (Theguality Qrgumedts) © WMA-A Brderacion

v

MET5533: T. N. Krishnamurti (1 hour) * —— nete p849

e Given closed domain equations for the rotational and divergent kinetic energy and for

the internal plus potential energy. Discuss, using inequality arguments, the maintenance
of a statistically steady state monsoon from differential heating.

Explain the role of all

the salient covariances. Explain the significance of the orientation

of the velocity potential with respect to the stream function in this problem.
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5533
- MET?: T. N. Krishnamurti (?)
V' e Discuss how the following processes stabilize and/or destabilize the dry and moist static
stability of the trade wind environment.
a) cloud top cooling (what clouds and where and how)
b) large scale divergence — skablize
¢) air sea interaction (surface fluxes)
d) cloud top evaporation
e) large scale advective processes (horizontal and vertical)
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558
./ MET?: Krish? (?)

e Derive (or write down) an equation for the time rate of change of dry static stability.
(Include effects of heat sources and sinks). Discuss qualitatively the maintenance of the
trade wind inversion using the above framework.
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5583
MET? : T. N. Krishnamurti (?) —nete pll 412
¢ Derive an equation for the time rate of change of moist static stability and discuss the
various mechanisms that can contribute to the stabilizing and destabilizing of a sounding.
\( How is the conditionally instability of the large scale tropics restored continuously.
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MET5533: T. N. Krishnamurti (?)

e Given the moist stability equation ik st <Y
[, = .— —o0o —or, & —
A gom o g, 0 ol ocn
ot op op Op op 5
where > H, =LEs+Hr+ Hsw
Discuss the role of ‘Radiative destabilization’ and of the ‘vertical eddy flux term’.
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5533 . )
MET?: T. N. Krishnamurti (?)

e Describe the African easterly jet (location, seasons, altitude, intensity, extent). Discuss

its location in reference to the local Hadley cell with illustration (label all coordinates).

Discuss_the, role of barotropic, and. combined barotropic-baroclinic instability of this
environment and the possible growth of African waves.
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4 Afrraan v — Lnr&mﬂc process

METS5533: T. N. Krishnamurti (60 minutes) *

e The barotropic transfer of energy for a mean zonal flow to eddies on the scale of
African waves is considered important. Discuss the following in the context:
(a) Synoptic aspects of African waves and its broad scale environment. — lok oher vefes
(b) Observed scale (horizontal and vertical) and frequency of these waves.— -~ ~
+/(c) What computation would you carry out to establish the importance of the barotropic
process. Present a detailed framework: e.g. energetics, inflection point instability,

growth rate versus scales.
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# Plran wave — barctrpre enegy eckoge  combmel baropopic—beroctinie mc{z!xh/&,

METS5533: T. N. Krishnamurti (?)
e Question

1. Given the following expression for the barotropic energy exchange from zonal to the
eddy motion:

ok >f—[__]

Discuss its applicability to the west-African easterly wave and the west-African low
level jet. 5 luk other motes
2. a) What is meant by the term ‘combined barotropic-baroclinic instability’. — \wk =y e pi3.
b) What parameter do you examine for studying the necessary condition for the
combined instability. What is that supposed to tell us about the African wave.
c) Provide a short summary (1/2 page) on the main findings by RENNICK on the
initial value approach to the combined instability for the growth of African waves.
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% heat lows

\/ MET5533: T. N. Krishnamurti (?) *

. . . . 4
e This question relates to tropical/subtropical heat lows over deserts.

a) What are the typical vertical distributions of vertical motion, divergence and relative

vorticity in these systems.

b) What do the satellite signatures of net incoming minus the net outgoing radiation look
like at the top of the atmosphere in these systems.

Vc) Describe the framework for the heat budget of the heat low emphasizing relative
contributions from the role of adiabatic descent, radiative components, lateral
import/export of energy and the maintenance of the thermal stratifications.

d) What are the plausible teleconnections of the heat lows with the rain producing

systems around it.
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5533 or 5534
MET?: T. N. Krishnamurti (60 minutes)

e Try to write a small paragraph, e.g. for the Glossary of Meteorology, for the following:
J a) Equatorial Kelvin waves

) Rossby gravity waves ——|(aves et roseniies o Toertto=graitly oave for g Zonel scols (= 0) end
(c) Wave Cisk resemlies a Rossby viove £ zona| spelet chareclenshic o Synopttc - Scde distarlendes.
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Efj)—»o N 34::.;;' V (o) Lare CLIK (Covdittomal Instalibl, 0f He Sacond kmd) —> L next page dlso /
eves are e
4 i maxTmen Growth
Thus , Kelom waves are eastuerd propagetny W/ 20wl veloatt Ordinony covdtonal isldiiy (of He 1™ land) produces 3
< Seopotenti] pertubehions Hot mi‘m [chbde () as G&us@h roles B metions on b scele of Melividuel Cundlus . T (znnet Le uvedt $o
: v mation | Oboerwehions Tndicdte
eqlam e Synophc scobe pryantzetion of e .
funchrons ceniered on +he egquator. &I: He M:M‘ directon fle frck e mean-tnprocl abrsplere 19 ot Sehrcded (even M dle PBLY. Thus 2
balare of forces 75 excolly thel for o, edstoa Pergets percel pust underge < conniderdile amount @ Erced asent Lefre T becomes
Shellpis sehor %mvry wave. The metidiowal -ﬁme balence od b ot @ biso f-’wl'. Such Prced ascert will oaur m an orgqu’fﬁd mawher
a Kelvin oeve s an exact geostrophte Lalav:(‘e botugen $he Zoml oty T regtons oR ot (evel conveygence. The Cumubis domechion - large seele
velocly <+ pertubehon meridionc| presung gra igut, THis thechoge mofton must Hen be viewed as @:Femhuel)( Thteractng . The aumulus supphies
o? 3@'\ at dle equw Jhot Pemﬂs His sﬁm‘ "’7(2 P ei,udwral de ‘-ed- V\P@ng Jo dive He hge W‘Q d(g{.mkame , ond He IO&Q gocle
ode o extsk =5 (Jave propagehion b +he eatd, ohstyrlewce produces the moislure Convegihce neceswary dp dnve e awech
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process 1s whred 4 a3 CISK B
TP toe tekem v/ and repeat tbe dbove cnalysts ue fnd @ cvbic In ware-CISK, dhe low lovl comvergence i simply the convergent veloay
° a e n, T
disperston rebton of He Eoven \'ﬁdd assecicled with e vave ol
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(€) Madden - Jultaw wave —lock of other nobes and below

& heat low
The hest lows T2 a Very Shallow feakure oPlen fund over large dleserts
(Sahare, , Brabtan, desevt vegion & SW DS ete.)  Near the Sf , Here
™ a Sl-mg ey o 4he arr due 4o lasge Bures o LW radichion ,
veflected SW radialton andl seusible heat flux duryy He d«yhme bans .
Thewe T8 large-Sale ascendisy mokon of He aarm atr Tn the lopor
ahmosphore, The hect loy Te a regTon oP an anordous heot smic as
the OLR exceeds nonty SW rediatton . Large swle deccent alore
the Shalloss heot lows develop bo mamtam a Hemmol balauce ,
/ Dry asnvechon mprdly temoves Superadiabohc |2pse rales . The
werm hoposphedc olumns call for an upper avlicydene tohite large
| Sede descont calls o upper level covvergence . The uppor-anficyclone
' vhich forms is a ol)mamc anftgyelone whicl, is mesd l.-kal/ wavkdmed|
by laferal Teput of anticyclonic relative vorkicedy t He ujpov dopaspioe
This latewal Twpid- Can (oime Lom the Astan monsoon region tokeve
fhe poleward side o Hhe Hropical easlery Jet aomteins large
‘ anourte of anticyclome reletive vorticity whel. is sJ,w;,ll adveded
' donsheom

|

wons ] uppe~ ol eesiody Jot
| desemt. ol

oM af  d» 5 1w SN O &S

N~ <cmss Seckow over AProa >

V  (e> Madder Julian_werg
(3) Neatly 1b yeurs o datly rawmoonde dete For Canton Islod (38,

W) were subjected +o speckrel arobers ek reveeled the Sl
T dbe 30-50 dey mode (Madden 4 Juhan, 1913)
0 Prks w Hee Zona| tinel were Shnger ™ e louer tropospheve .
weak +o non-egstewt ™ dhe o0 ~4o0mb le),er 4 s'Jmsg sgam ™ Hle
tpper Froposphane .

Hropesprorc Zohal el oseiichon and ok of phase w/that 7 He
Uppor +roposphene .
(3) Troposphtric terpercimes edibited & swilar peck :
pestive Shoten presure cnordlies were Assucteled W/ negohve
{enpordlae anomalies Jhroyghact e +roposphere .
Thrs kind of VQ\'TGLillb T 4he Bo-tpoy made has Leew dnclyzed

m mehy oHer pleces ™ He hopics , phe such area Lerq He nowgoon
ri’(;'ibh .

-~y

( Shatwn pressure posvessed 4 pesk tshich wes T phase W/ e lower \\

/3
(T) ehser ushons G'Ped‘ R fle Tichen Sirmor Morroon ™ He Comext of the
20- 5vdlay mode.
O Meridional propqgetion_
(i Meridioual propdgetin of Zonaly orieuted Cloud lires over Znelian
Suboontment Prom equatorzl latludes to Himeloas,
(2) heridional propagaiy rams of gyl & antr-gelasic Hlou pehiers
™ He laoer Hropesphoe
(3) precipiiehion anemalies W/ periocdicthet ~ 5D 080
) Geopstentrel & (oot uckuabions 5 e lower & upper Hropotphone 1Tl
peviodhi crhies ~ 40 da./.s.
@ Zonal_propagetion
(1 Zonal propagetren of Hropreat OLR
2 casuod propegah clvegert wrd fidd @ 20mb.
s planeler; puve # [ which exisi Al year il i Hnesccle
‘ (3) T-phase propagetren o see levol Freld acompanyyy uppe- lowel
| divergent wave.
(1 oscHlioton ST ver western Pacific 3 Bay of Bengal
0.3 o Lo%e
(@) [alent & gensible heok fues > eyes due mae 4, Luotuatous m

|

| L Lozt ¥ Speed + SSTs Moishine ool {ermperal
! 00 £ 36W/fma oscrilstton olich ok Seomt 4o le TmpoHent
| @Enegy egenge
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’\ (3)71‘5).reaew,>a swell amant ogeuev fion, Hle Norkdc»ea#/

on {he e (EHQES |

(y Some past wosulls from Krish
ver Tndia ik is He weridion| pssage of the Cydlente a-d arfr-gclme
Aovs which modulate the monsoon on Je 30 do b0 dey tesede
Dry spells oour when the LFM 13 ouk of plase w/ the Climatolagial
Fows. (et spells ocur when He LEM Blows is w phase w/ fhe dinabolsgte
$low.
oue- Ching e 20-%o modulzhon of the OCeame Quponents of e
Blogs towerds e lanct mess enices Fhe onshore craichion of +e
Subhiopicd highs
LFM 19 phese W/ onshore dlm-}ulogmd Hoews ngs monSoen F2TMS,
LEM out of phese (errir—pamliel) do climetelggice] Plow Limye dvy spell
Ouey_Bustratha  1his 4he enbgnament oR He monsosut trough betusen 10}
3+ 159 Cloback e He TTCE over Hiis 1gpon) thet undergoes o moduletton
Bor He passage of e LFM
s30m = (Ohen LFM Pots L Climo, flow are 1 phase —> Lot spel
. onh—pmlbl—’dyj spell
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@ Ware_Q1gk  agem

Short Hor anolitial Trstaal of e second kel “’““") omsidored the prinar

Sackn- ﬁn--lruyiml development and Suslenence by cl.omc) + Elressen (1964 ) /

The Cosporative Tnierachan o Corulus omeckion and e loge - sade

verce] wotwon .

“The curulus comeckon Supphes He hect newsery Ho derive Ve large-scele
distorience , andd He lagge-Secte distwbarce preduces Y& morshoe wuvergen
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MET? : T. N. Krishnamurti (?)

e Define the following terms and describe them as well:

a) Conditional instability

b) Combined barotropic-baroclinic instability
c) PNA pattern

d) Equatorial Kelvin wave

e) Mixed Rossby gravity wave

f) Madden-Julian oscillation.

0 ConditTone| r»ggxgxy — = Jock ot oAber nees
b Combined_barotropic ~baroclimre msiclibly —

C) PNA pafiern

/Tl«e olserved Lpper Hroposphtsic hoght anomaltes durg NH
pinder. This paltonn suggests 2 4ram 0P ghahionaly Roscly
weves Hict emanctes Fun, e equatoriel furce region and

Bollous a greot cirde path
WG
N \

o Equatoriel Kelvm wove
loaves Hat e eactuard propagetiyy a+d have Zunal veloerly and
Jeopotenitel perkwrbations et vavy ™ letdude 2y Gasssran
Punctions centered on e eguator.
1) phase spheed : C= £{gH
~ Tdeuttool to ot G Shallovs-ticder §ravily Laves.
2) perburbetron Zone! velo
O = u, e P¥ac
— decgyirg awcy Frons Hhe Eguetnr (C70)
3) The mertdioncl ‘ﬁxce balence ©
oyl = %
\ —> extrach GeoBtrophic balane betueen the Zomel veloay

lak ot vy "'@

and dhe meridione] presouse Gradiend
©) losk at e pevtos aote .

£y Madden -Julian oScillction

The 30—50017 mode rerecled fom He spectrum a.hal).nx of
heerly 10 yeurs of dasly rewrnsonde date B Contonlskond (39, l27)

1 Poaks ™ te Zonal Lind were Shog ™ He lower and Gpper
+oposphere | weak +o Yioh-gxist Tn the 700 - 4opmb leyen

5) Sdetion presure hes a peck

™ phese  ——lowpe love| zonelwind oveilichive,
out ef phete = Uprer « " “
3) Terporolne

© anowaly — @ presswe 4’"’"‘"]
\Olasevwd ™ mamy slho. plices Th ¥e HopTcs (monsoon wgton)
all
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MET‘?s% N. Krishnamurti (?) *
e Describe the following in one paragraph each:
v a) Ozone hole,
vb) Nuclear freeze,
c) Sahelian drought,
d) EINino and
v e) VAS soundings.

a) Ozone hole — look af Ruschers nole

by Nuclear feeze — "

¢) Sahelian dg;;b_i—_

( S—hvg, perssience of 4he Sahel drugld canbe understand iR a
Shony_postiwe feerdbacle reoharism 15 operahy , Parky dwen by

harges S"'PCQ.?EE!'E{‘ The key factore T the mechawrsms
this for Studied arp e Sufoce alledo amd setl meistme , both of

which affeck he mdiakion baane at Hhe surfes , e Frst di ,
Hhe Second d»ec+}¢ Hhrough T MPluence ou e ledent haol flay

Indeserts , Heve are Hove prmary laudt surfoce influgnces ;

15 lgh surlece olledo

ay lack of seif moishue 2 Cuapobranspiration

3) low surbace clreg due 4o Yhe absewce of vegeleny
T os Found Hhet the mPlences o SOl moysiee and surfece
Abedo lend 4o miligate each olher 1.0, an Merease n surfoce
Abede procuces Subsrdewce and mevshune olivergence near e
Surfeces , whereas , a reduchon T evapotromspirelion produces
\(l thermal low, rging Moty and moisture emegence .

h El ning_ — look ek other netes.

\Y Q)_Vﬂg Soundings

é The Visihe InPrared Spin Sean Redipmeler Shimder |as (Egidpisible Chawne|
dedectors ond (STX\thermal detedlors o sevwse IR m 12 Spechre] bawds
Retrevel of accurale WW: ond moisture profiles Hom these nadicnee
Cun be aqomplished by usny the radiahe +ravsBy- eguation: +he Solution
of whicl, relies upon dhe plysracl propevhes of the meesenents .
Cloucls are delineated by vlite aveas. hish peler vapor couentrettons
by blue & green , dry, cloud free areas by dark bram + bleck,

.
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5533 _ ,
MET?: T. N. Krishnamurti (?)

e Explain the following concepts very clearly

a) Inflection point instability v — alresdy ansvevoq
b) Conditional instability (barotropic/baroclinic) -
¢) Radiative destabilization (cloud-radiative) — dry + neistuwe skehc shabibly Cirede red inasen )

d) Non-convective rain — lss o+ TMIL & NP

e) Pacific North American Patterns
f) East-West circulation

look 24 olber nokes £

% Some noteg Lor opechny guesines.
o Bvarialle Pientral enedy
The dotal pelentrc eneg/ thet aan be Comverted do K.E

Ecplosnve. oplome (inb/i,) dogperny yclome
over apzn( [elont hock helesse

gzsk
PE
oV land — Gy Uppo--level frciyg,

* Potewital Vorhichly
I+ i3 Tmportant boceuse i Thdiosles Jhe rebkenslup bedaees
VO"""‘A"/ andt S‘ML’"& as a (onservative races R the Shdy of
parcel motion.

°_Hadley cireuletion (T. Bjerkwes | 1966)
pefng +o the TTSTN] Iotton o He Yhermel quchor andl

[ Srnultangous SYhhs motton Tn He beld of sd-ho'ﬁeel highs

« Conditton £ barodinte Ths{ALﬂLtl_

The horimidal dewperckae Jrediewt (or eguivently {hormal pand
~vorfred e shear) must Le Shoyg 4o overcome s\iqltl;zzg
B ePfect

* Enogy cowveritons dngy barogliete fnstalibl,
Zove — EAPE — EKE — frrctoncl Ollmlb{'lﬂh + Z&
« Coudiion For barotropic rw;{cE\_h,k
Somewhere ™ e domdin |
( ZKE — EKE
. Lape Teraction
The excloge of enav Lo one +o ansther woe numer
Tncludes +he Tnierectiohs w/ ol other e Mumder
ConverSion, o Enerdy — Hhiuugh ronlinear tere
Thvolve ot lecst Hree wove nunber

- EV\S“H'og
Glsbal Twlegrel of cue-helf of vorkcrly Sguered rCloled 4o
rotetord KE : &%Q‘dm
Covsewed nandwegt»-‘ Frchiorless baml-»ofvc Qoo

wheckoin pond ""““7
S U -
59 (8- ,.‘,’)—o

« barsdlinge meiahl:y
“the process by alrcl He barechinic (wave , mduced mevaly 19 Yhorpovbe] adveck
Qmpli, APE matuly olug Jo planetery -sake {empercime gredient Comverls
o KE.
Enegy Jrausforvmabion of bareclintc mkl»flry )
© ZAPE 15 genercled by diffrantrcel hodrg
@ Zop—> EAPE s a roslk & iy advedun of denpocler:
(G EAPE — EKE L} Slavtuize Conveckion .
@ EKE. = TE :clisnipehon
Ny N ZKE ol disaipatun by Hnlulence .
- Eneygy O2sde
?‘ This 19 a Conseguence of the 24 {aw of thowmoglyrantes , hich ocn be expresed
05 g Stetemert 4o the CRRcH 4hat,
™ the dbsewce of external Rreg.,any System nust len| owerd o stete of
Grecter and Greciev ranclomness and disorelor,

moxTmum ittopy srresponcite CVeIgy olsstpetion
—> tandom woleadar motton —— radickion

 Kuo— Eliassen €3

" The Hherrodynemic effed of heoky, and heot Elux Comvergente are
O1fParpniratect merrdlomaly X
The momentum ePBecks of Frichon ard momentum Buc Comergence ave
chilPeretiated verhadly .

Both eRbols act as torgues,

S~

« Slowttve qunvection
[#e unstable motion Hot octurs When QW percels are Oligpleced alony

Q‘DPE +hat lies lﬁ"‘“eeh tum?ch“d and He S‘ore 09 Bsu)&(e
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MET5538: T. N. Krishnamurti (40 minutes) *

¥

—> also ook ot NWP quesion

e In tropical and middle latitude weather system we have to deal with the large scale

condensation process.

From first principles formulate the stablhty, heating and ramfall rate estimates. Use a
simple quasi-geostrophic omega-equation as a frame work for your discussion. Discuss
also in ellipticity of the omega-equation in this context.

Bol) Salle heatry 19 Thvokedl when dle Rl Hve cocittons ae mef
/

w<o (ascewt) :d)«mvﬁc asceid,

—‘:;g>o ,—‘3%»: : ghalle

—‘%; 50.8 (ko accunt £ subgtd-Sade Seturshon )

~ [0 (Saturcied )

Non-~mnvechue heotny

HNc = L%SE = "La)f",}"l;

whone, g = 0.632.65
p—06 3786
€s = 4l exP[g_-T"'ﬂ’ "Telens frmla”

B - p(3R) ———0
@ T 4324 19e = Es
Takg ;’- Trbo Es .thet 15 . moist adicdot.
cri,T’,, +a32+138 =0 ®
eliminte 3T lelueon © ad @ Lo got 3
Thus ke mr-ﬁ:u an be witlen as
B ﬁgpg_lt& op

_ Meanushre

%%: =D§“~ — hyprlelic
2 =2 () — paralte
%‘; +% =Pox, gy —selliphe

GG o-ep.
(w20 -~ B2l -uveed)|+ b (Lved)
shech e eltiphic

AUk + QLU)\'.; +c LL,; = F(X:S > W, lbe, Ug)

Parebslic  « f b*-2e =0 — heot (oliBusren) €F,
Ellsp#lc o if Peacco — \..ap(ece .

In e 03, =0
Thevebre

F Hyperbolic dype if Lr—ac >0 ——> Were ef.
v

]

iBT>0 5 cyd @ b~ac = ~2e <o :elhphc ¥

<i€ T=0 : no.n-ey. : melphc v/
\ R T<0 - c<o :b~ac=-ge>0 :lheul'P"tg f/

N

=

% Comprebersire note ¢

/ Lmqe Soule Condengcehion 13 usudy mvoked T 4 NWP madel o olynemic
ostent of Sialle, sohurcled i paours o any level of He modle| atmos phove,
The ascend 73 usudl/ a Conequente ok lage saele dynawies sud, o

oh FRerenire vorkieny advechon o- {hernal advechion. Othe Sources of Stalle
ascent qip Hhore due o orography or even Luoyehg driven aScoit from
Hhe fower +oposplere, Tn the lollor Case both convedivie + nolcowedtive

Clowds @sulel (oextst, Lo Symetrag mitcbl
The Conditrons fm-Thuokig lerge secle amdeuwsshon, cre
(M <o (asewd)

20 &
= ~5 >0, % >0 (Stalle)

(3) 3 508 (Solurated)
Bs

Tn @ mubtlove] PDE NWP redol we usudlly Checke fon ant whoe large
Stele Supersalurchons €ack e Slep. Below we outlire , ™ geer . how
$hre e done

e compde He diffoeuce 42 =3-%s If 43 >0, Hhen ot Hig level of
The GHm, we Set the Oomirbutrons of large sede condenseion +o hectry
harg He 18 laso of Hermosbynanics ol e woivre vaper Comimity .

CI‘;—Q = e > xrgese ™ Yempercloe fram Qrdaotion
P oot At

_9_% -_%% s loss o tealer vapor +o condlenscien,

2% =

Thig the Superselurztion 73 STmply conolenged out (il an gyuvelent
hect release in the thermal Gurin, oF thet lovel of Hhe alnosphee,

This 75 usuelly dove at He el of eack tmastep abler ol procestes
heve owhibded +o a positve A% .

Hote do (e caleulde §c°

Waries Bemulae exish v compebe s One Such zppnack 1¢ o St wi

Tedens 3. 4o chietn Hhe saturabion vaper presswe , €5,
a @5 = (6. “M)ex[’(a(‘r 13: ””l we | uoer

Ol |26
4. b ap Consherbs licl. vary for satvrchon IEYEEY
over Tee 4 veter

Given ©; and the pressuse , He Saturchon Specifle Luurday 2s 13
(2 @5 = 0.62& /p—(i~p evres
+ The stplest formulotton & noncomsective hackyy con e desciled s

-Qo“u
birs L =-L°%

andl con Le appraaniater] 23 (exped %&{ axd dirop all 4oy except
vertec| adveckion )

(3) Mne=-Lo :?:
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we weaue 3 —33 Qoug e weret adiabet conghructed by applying
Telert -eomule. o+ e, wedel lewels . (Note 32 15 e stope of
o Qafurated mot adiabet)
e note Hhob He fobal morst Stahe anogy o e alfeclect |ayer
¢ ®hserved . This mples
coust. = Ngpid = Mooy =92 +G T+ Lgs
We diBorenhate this Lt regpect +o p
0=332 t6F 1F
Asctintey bokrogtatrc Lol
° TT8P
THTS nay be rewrthen uang He (oot thet Ty, =(1+0.6(3:) T
Thus (4 lecomas
M L5 "T‘ +L§3 (5
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of Ts and p. Thi €guction mey Mksﬂwd %Qlt e Qishiude
s Tho (53 to et an ey, ﬁ»

s

——.“P = C|C'A/H_&G03

.63

pes ,cx=if;c3(_/—§}mam,ﬂ

Ca =2 _ ATABY)
=L CT-Ly>

Once e beve "3’ b€ stuply ompile He nomconveckive heoky fopm

(%) @
Shable rambelf s represerttedd by Hhe nrtegral

Re=g [ oy = - g fltion

whee O =
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(onyechive precip armg Yo atmosphtre €
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(-850, -%50) akmogphére

The lage socle Meg wobon i3 assectoted]
O#h lavge amounts of adiabatic oochu. This
Qols Hhe etmosphoe . The Condenschion of peler
Vaper relgases latent bect-uhicl, cocwmy e
risthy av. Howevey | becouse 4ine eScewt 15

ol thit aree repesnts
Cookiyy 6auty ma slalle th.% fhe adickatic
Oohg. o ascent > dialoke warady clee 4o
@ndensehon. THiS , T He b He alnasphore
ceols
=5 For onvective precip, QScenk pcrury ™ a_anditoral q»ss;.u)

doswlutely) unstalle atmogioe (-38>0 , ~3 <o)

diobatic heetry .
lovel o8 fee cantection
adrdletic coolivg

o The ITSTay motton GaCurs n @ Oomdi#‘rohalyS“dJe atm. D7
odicokic agcet 4o re LFC does sl the 24m. bk alove dhe
LEC He latont heot releese asworcled w/ condensahon owrbelms
+he achaletic ostig . Thus ™ He net Hhoe 3g Lohme

@ The riswy mokon surs pue- 2 very Seall ractton of 4he grid
Lox. (vor the remdindp o the 36id box,a lape scdle subsrdence
is Pound . This adialehe warmmy associaled With the Sulsrdence

0 mavo thaw e Adie ancomtedot W Avved Ao do ae Donk

9% _ ) Rl —we T tstecd of T becuuse Hhealr s schorcled,

2,
fhet substdence occurs over@ mich loner arez dhen He comvedue £
aseent,

\/ How do we achieve dynawrcelly firced loyge seele ascont?
we turn to te QG coeg.
L e T
o ® ©
Term® 15 2n eliptrc operete- (slich Sprecds He Forcrgy on e RNS Lo,

honéohkdy (V*) ond Ver‘ho:y (OP-) 6&:7“44-07 & Belds
(Va."’ T GP;)Q.’ ok —(O
Tom® : oliffrenttel vaticnl, odvection .

Vorticil, advechon T dyprec developry md-let- baroclinig weves 7 ~ O
neav the Surbace and Tacreases mavig up T the ctmogpiene . This s

THustrabed belns.
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# Ghallow non- precipibaityg  Chud

METS5534: T. N. Krishnamurti (?) (—9 Elerentory Cluel vavole|

\/ e In the model of the shallow non precipitating cloud (FRANK MURRAY NOT
NICKERSON) we discussed three physical processes: condensation, evaporation and
associated heating (or cooling). Describe how these processes were handled in the cloud
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% Blwaphortc _ gnguar momentum

5534 . .
MET?: T. N. Krishnamurti (?) *

/4
Y

e This question is on_atmospheric angular momentum. Write down two angular

momentum equations for a parcel of air: one for the atmospheric angular momentum
(using Vspherical coordinates) and the other relevant to a hurricane (usingva local

cylindrical coordinate).

Discuss the relevance of the angular momentum principle for the maintenance of the
tropical general circulation and of a hurricane (respectively). Your discussions should
include the role of different torques, transports and of turbulent eddy motions.
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% Ougdar momentum privciple ™ Humoae.

MET§S§I“. N. Krishnamurti (?)

hurricane. Describe:

a) the constant angular momentum profile for inflowing air at low levels.

b) the role of pressure torques v

c) the role of frictional torques »

d) how one can estimate the surface drag using the angular momentum budget.

looke at my mole pap—2a
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% anguler wowenlum T Humeane

5534
MET?(Tropical): T. N. Krishnamurti (1 hour) *
e Write down the equation for the time rate of change of angular momentum of a parcel
for a local cylindrical coordinate. Discuss the various torques. Describe how you might
interpret the maximum intensity of a hurricane taking into account the sources, sinks and
the boundary values of a parcel’s angular momentum.
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# Qugular mowentum budget ™ Hurrrgane

MET5534: T. N. Krishnamurti (?)

¢ You are to make use of angular momentum budget using a local cylindrical coordinate
(centered on a hurricane) as a frame of reference. Show how such a budget, based on real
data, can be used to find the variation of surface drag (of a hurricane) as a function of
radial distance for the storms center. Show how the same data sets can be used to find a
relationship between the surface drag coefficient and the wind speed. Present a sequential
use of data, identifying such, for the entire stream of above computations. What do the
final results typically look like for a hurricane.
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MET5534 (Tropical (small scale) Meteorology): T. N. Krishnamurti (1 hour)

e Hurricane Opel of 1995 exhibited several interesting intensity changes as it moved
towards Pensacola. You are to formulate a research problem which is to address possible
investigations of these intensity changes. Elaborate on the following:

1) What kind of intensity change are you addressing?

2) What mathematical framework would you need?

3) What hypothesis would you be testing?

4) What data sets do you need?

5) What computations would you be doing?

6) What can you expect to learn from your approach?

opel
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* Dodeutral vortxdy

7/

5524

MET?: T. N. Krishnamurti (?) , 149§ and beRee

¢ Question

i)

a) Derive the adiabatic-inviscid potential vorticity equation,

d o6
a5

b) Describe the formation of a middle latitude lee trough (in the lee of the Rockies)
using this conservation principle.
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5534

MET?(General): T. N. Krishnamurti (1 hour)
e Derive the isentropic potential vorticity equation. The conservation of potential
vorticity implies changes among absolute vorticity and the static stability, how would you
use that partioning to describe a lee cyclogenesis phenomena. Will it work equally well in
the lee of mountains when the basic flows are westerly or easterly. Discuss.
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MET5534-(Tropical MET): T. N. Krishnamurti (?)

¢ Define potential vorticity

- Write down an expression for potential vorticity in the isentropic frame of reference.

- How do diabatic effects produce changes in the potential vorticity.

- It is sometimes said that the arrival of an upper PV wave can influence surface
cyclone development. Explain the process.
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% Stotwhral methds £ hurtcoue frack predition

METgs(gl“';opical): T. N. Krishnamurti (45 minutes) *

e Describe the operational statistical methods for hurricane track prediction. How do the
HURRAN and the various NHCXX incorporate past and present information to issue
forecasts? What are skill of performance of these methods; how can these methods be
improved?

2
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% PBL dynamres

5534
MET?: T. N. Krishnamurti (?)

V4

e Describe the planetary boundary layer dynamics as a departure from the usual Ekman

laws with the inclusion of advective acceleration. Describe the nature and transition in the
planetary boundary layer following the Somali jet over the Arabian sea.
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% PBL dynmrcs (Someh jet)

MET5534: T. N. Krishnamurti (1 hour)

¢ Question

a) In the context of the planetary boundary dynamics show the scale analysis for the
balance of forces for the Ekman, Advective and the Stokes types. Derive appropriate
frequency equations.

b) Sketch the wind and pressure fields for the Somali jet over the Arabian Sea during
summer at the 1 km level, and discuss the balance of forces from south to north
following the jet.

leok 2} #le_previeus angeer &
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% PBL (Somali et

MET5534: T. N. Krishnamurti (1 hour)

o Using appropriate length and time scales, nondimensionalise the zonal equation of
motion in the planetary boundary layer, and discuss under what conditions you expect
Ekman, Advective and Stokes boundary layers.'Give an example of the balance of forces
for the advective boundary layer and explain its role in the cross equatorial flows of the
Somali jet.

[k ot Hhe previos answer
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MET5541: T. N. Krishnamurti (1 hour) * — ¢ha.

¢ Question

a) Derive an appropriate stencil for m order accurate Laplacian or describe a

procedure for implementing it.

b) Using the above lattice describe in principle how one constructs a fourth order

accurate Jacobg&an which satisfies the quadratic invariance. (%, ¥)

Q) There are +wo kmds of stencils .
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5541
MET? : Krish? (?)
e Write down the names of major subroutines (with arguments) you would need in order
to solve a grid point barotropic vorticity equation model as a prediction problem for a
given streamfunction. Assume 3 plane limited domain, cyclic boundary conditions along

x. Outline a main program that would call the above subroutines in order to produce a 24
hour forecast of the streamfunction and to map it.
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METS5541: T. N. Krishnamurti (?) *
e Question

a. Discuss the computational stability of a semi-implicit time differencing scheme

applied to a simple linear wave equation. Discuss its advantage over an explicit

method.

b. In its application to shallow water show the separation of the terms for the fastﬁi

Tmp|u‘ fa, 4

the slow modes. Briefly indicate how a Helmholtz equation pops up in this

formulation™ exprert
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METS5541: T. N. Krishnamurti (1 hour) *

e Write down the shallow water equation in semi-implicit form and describe the

Helmholtz equation for the free surface heightDiscuss the invariants of the problem for
_aclosed domain. What may be appropriate boundary conditions for this problem?
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METS5541: T. N. Krishnamurti (?)

e Given a linearized system of shallow water equations (linearized about a constant basic
flow), show that the frequency equation for wave motions is a cubic. Show that this cubic
has two solutions which descrlbe gravity waves moving in opposite directions and a
unidirectional Rossby wave. V'Show furthermore that the use of the geostrophic
approximation retains only the Rossby wave and the gravity wave solution vanish.

Hint: Use as a start equations of the type:
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MET5541: T. N. Krishnamurti (?, 1997)

e In the spectral transform method over la spherd explain clearly what is:

a) a fourier-legendre transform

b) an inverse fourier-legendre transform

Show how you would use the above to calculate the fourier-legendre transform of the
nonlinear term of the barotropic vorticity equation starting from a global field of ¥(1,0)

where A is the longitude and @ is the latitude.
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METS5541 (NWP): T. N. Krishnamurti (?) , 1398

e Using the barotropic non-divergent vorticity equation as a frame of reference:

- MS Seeking Students: Describe a numerical procedure for its solution.

- Ph.D. Seeking Students: Describe the spectral transform method for the solution
procedure.

% look at nole p4get2.
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5544
MET? : T. N. Krishnamurti (?)
 The spectral €eree of the nondivergent barotropic model is given by the following
equation o
dw””” = 2Q m iw”l 71 - _6—12_}:]'" 1
dt nn+1) ™ n(p+1) ™
Starting from the above equation, describe the transform method for solving the above
equation. Include in your discussion how you handle the time differencing, the linear and

the nonlinear terms and the eventual mapping of the solution.
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MET5541(Dynamical Weather Prediction): T. N. Krishnamurti (1 hour, 1995)
¢ Question
v a) Write down the barotropic vorticity equation on a sphere.
v b) Using spherical harmonics as a basis function, derive the spectral form of the
barotropic vorticity equation. Y~
v ¢) Show the following for the solution procedure for the weather forecast model:
Use of the transform method to handle linear and the nonlinear terms.

Provide a flow chart using a simple time differencing scheme for this problem.
827 o anaor
Jook at de nole - pagera,



METS5541: T. N. Krishnamurti (1 hour) *
* Derive the spectral form of the barotropic nondivergent vorticity equation. Discuss in

detail how the transform method is used to handle a linear and the nonlinear terms.
Finally show how you would make a one time step forecast starting from the wind
components %, v over the globe at 500 mb.

refer b Hie note p12




MET5541: T. N. Krishnamurti (?) *

e Show clearly how the spectral transform method works in the formulation of the
barotropic vorticity equation. Start from the vorticity equation and show the legendre-
fourier transform of the spectral equation and clearly portray the one time step solution
procedure for each of the terms. Use any standard time differencing scheme as your
frame of reference.

« look ab p12 of my nde
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MET5541: T. N. Krishnamurti (1 hour) *
e The spectral form of the semi-implicit shallow water equation are given by:

-n(n+1) —a'/;;"’" =a,,,(4,B) )
124 (U N j
—n(n+1)=22 = B-A)-|V? ' 2
n(n+1)— a,.,.(B,—4) iy Y 5 @)
a 'm ] )
FPer—g,,(C,D)-9F, ®

where 4=U(V’y+f), B=V(V’y+f)
C=U¢', D=V¢', C=U¢', F=VeV, V=Ui+lj
and the operator « is defined as follows:

NN S)

= 4
cos’ 8| AL a0 @

Explain the following:

a) Explain clearly why we use the semi-implicit algorithm.

b) Starting from u, v and z at a single level as a function of latitude and longitude,
draw a detailed flow chart, the spectral method for the solution of this problem.

¢) One always encounters a Helmholtz equation in this problem; elaborate where and
show how it is solved spectrally.
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MET5541: T. N. Krishnamurti (1 hour) *

e Describe the_semi implicit spectral shallow water model. Specifically outline the
following.

(a) Spectral closed system.

(b) Treatment of the Helmholtz equation for the free surface height.

(c) Treatment of nonlinearity

(d) Treatment of the semi-implicit time differencing.

Too many details are not necessary, convince me that you know in principle how one can
put these ideas together spectrally.
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MET? (NWP): T. N. Krishnamurti (?)

e Describe the closed system of equations (motion, hydrostatics, mass continuity and

thermodynamics) on the x-y-c plane where ¢ = p/ p,. Start from the x, y, p system on
the Beta plane, p, is the station level pressure.
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5541
MET?: T. N. Krishnamurti (?)
e Describe how you would model large scale condensation (i.e. nonconvective
precipitation process) for NWP. Your answer should include:
a) expressions for heating, moistening and rain rates,
b) conditions under which this is invoked, and
c) adiscussion as to why such a process leads to the cooling of the environment.
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MET5541: T. N. Krishnamurti (1 hour)

e Derive a simple quasigeostrophic isentropic coordinate adiabatic forecast model. What
are the dependent variables, and the closed system of equations. Describe the procedure
for solution of time marching and boundary value issues.
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MET?: T. N. Krishnamurti (?)

® You have no doubt attended a recent departmental seminar; be scientific in answering
the following:

a) Write down the approximate title of this seminar and the speaker’s name

b) Present a statement of the problem posed by the speaker.

¢) A summary of the talk.

d) Present a critique of this seminar (pros and cons as you saw it).

e) Conclusions of this talk.
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MET?: T. N. Krishnamurti (40 minutes)

¢ As a graduate student you were required to attend departmental seminars. For one of
the seminars you attended (not your own seminar) discuss the following:

a) Approximate title of seminar.

b) Approach to the problem.

¢) Main results

d) Limitation of the work.
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ABSTRACT

A high resolution nested regional spectral
model and an ensemble perturbation sys-
tem are combined to forecast the track, in-
tensity, and precipitation arising from Su-

er Typhoon Winnie of August, 1997. In
just 24 to 36 hours, northern Taiwan and
portions of eastern China were inundated
with heavy rainfall amounts greater than
200 mm, which led to landslides and ma-
jor flooding of crops. The prediction of
floods is challenging since rainfall distri-
butions can have a high degree of spatial
and temporal variability. Thus, an ensem-
ble of forecasts is generated to evaluate
this event. Regional model resolutions are
set at 0.5° and 0.25°. The results indi-
cate very accurate track and intensity fore-
casts. For both the control and ensemble
mean forecasts, the track position errors
remain below 150 km through 72 hours
while intensity errors are approximately 5
m s~! at the time of landfall. Qualita-
tively, the overall 5-day precipitation pat-
terns look realistic and compare favorably
with the observed data. Upon examining
individual stations with high accumulated
rainfall values, most forecasts underesti-
mate those station totals by 50 to 100 mm.
A transform technique is then applied to
each ensemble member’s track so that the
precipitation from each member accumu-
lates along the ensemble mean track. A
new relative ensemble mean is then cre-
ated. Using a 0.25° resolution, both the
control forecast and the relative ensemble

mean, in general, provide the best rainfall
prediction. This is especially the case for
the areas near and to the north of where
Winnie makes landfall in eastern China.
Over these locations errors are generally
between 10 and 60 mm.

1 INTRODUCTION

1.1 Overview

Tropical cyclones and floods are among
the world’s most serious threats to life and
property. According to a World Meteo-
rological Organization (WMO) study (De
and Joshi, 1998), tropical cyclones rank
second among all natural disasters in loss
of life behind drought. As a result of land-
falling tropical cyclones, nearly 900,000
deaths occurred around the world from
1967-1991. Each year about 80 tropical
cyclones form in the tropical oceans with
the northern and eastern hemispheres be-
ing preferred regions. Typhoons in the
western North Pacific Ocean basin annu-
ally cause more than $4 billion in total
losses based on estimates by the Asian and
Pacific Typhoon Committee of the WMO
(Chen, 1995).

The dangers of tropical cyclones include
storm surges, strong winds, and flooding
due to heavy rainfall. This last aspect can
pose grave risks if certain conditions are
met. The process begins while the tropical
cyclone is still over the ocean. Here, the
hydrological cycle is intensified due to the
cyclone’s massive energy exchanges. Be-
cause of warm sea surface temperatures,
sustained high winds, and sea spray asso-
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ciated with large swells, the evaporation
and transport of water vapor is signifi-
cantly enhanced (Raj, 1998). Once the
storm approaches land, several factors can
cause severe flooding. First, a persistent
supply of moist air may be drawn into
a cyclone’s circulation. This can be de-
picted on satellite imagery as cumulonim-
bus cloud lines usually on the equatorward
side of a storm. Water vapor transport
is maximized along these inflow channels,
and intense rains may soon develop (Chen,
1995).

Then, as the tropical cyclone moves
ashore, heavy rains may occur in four ba-
sic regions. One is within the core of
the cyclone, which extends 15 to 50 km
from the center of circulation. Within
this area powerful upward vertical veloci-
ties may lead to torrential precipitation. If
the ground has already become nearly sat-
urated before this core reaches shore, then
surface runoff would only be aggravated.
In addition, persistent rainfall can result
from spiral rainbands, which are usually
found in the right semicircle and are 5-50
km wide and 100-300 km long. These spi-
ral bands are often maintained via conver-
gence. For instance, in the western north
Pacific, an easterly low level jet may com-
bine with monsoon southwesterlies and an
equatorward wind component on the ty-
phoon’s west side. Even after landfall
when the circulation is much weaker, spi-
ral bands may still be sustained. Further-
more, heavy rains can also be observed in
a third location north of landfalling trop-
ical cyclones. For example, in China it
is not uncommon for inverted troughs to

form to the north of a cyclone within an
area of low level horizontal wind shear and
positive vorticity advection. The most
intense rains are often found where the
southeasterly low level jet intersects the
inverted trough. Finally, it is also possi-
ble for heavy rains to evolve as much as
1000 km away from a tropical cyclone’s
center. For instance, over China a por-
tion of a cyclone’s large supply of water
vapor may be transported into the vicin-
ity of an approaching westerly trough via a
strong southeasterly low level jet. Hence,
the rainfall can be amplified along the ap-
proaching front in an area of strong mois-
ture convergence (Chen, 1995).

Once a tropical cyclone’s circulation is
completely inland, it will begin to weaken,
and the strong winds and deadly storm
surge will no longer be a threat. Neverthe-
less, high winds may have already defoli-
ated vegetation, which can seriously cur-
tail rainfall interception and lead to in-
creased runoff. High winds can also op-
pose river flows and, together with high
tides, can decrease discharge at a river’s
mouth (Raj, 1998). Even as the winds fi-
nally begin to subside, heavy rainfall may
become a serious issue, especially if the
vortex is sustained through strong upper
level divergence and low level convergence.
Flooding is likely if the circulation can
be maintained for about three days after
landfall, but floods may still occur over
time periods of 24 to 36 hours. A more
critical situation arises if the cyclone vor-
tex becomes nearly stationary. In this
case, the cyclone environment is usually
characterized by weak or offsetting steer-
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ing currents. More specifically, the under-
lying causes may include (1) high pressure
regions surrounding the cyclone; (2) trop-
ical cyclone interaction with another low
pressure system leading to looping or stag-
nation; (3) a strong, blocking high pres-
sure region to the northwest of the cy-
clone; and (4) different layers of the at-
mosphere possessing opposite steering cur-
rents (Chen, 1995).

Moreover, coastal boundaries
and mountainous terrain provide another
important means for producing torrential
rainfall. Increased convergence along the
coastline to the right of a storm (in the
northern hemisphere) can occur because
of blocking and frictional effects. A land
mass will often act as a block to the on-
shore air flow while also serving to increase
frictional convergence as the winds move
from the sea to the land. The conver-
gence and consequent heavy rains are only
exacerbated by steep topographic regions
along the coast. In addition, mountains
also may help cause tremendous floods as
air currents are quickly forced upward.
This is especially true if the ranges are
oriented perpendicular to the low level
flow. Heavy rain bands may then form
over the same locations. Precipitation
amounts may also be magnified by unique
terrain features, such as V-shaped moun-
tain ranges and long, narrow river valleys.
Rainfall accumulations may be especially
significant on valley floors (Chen, 1995).

The consequences of a flood event are of-
ten far-reaching. On steep hills and moun-
tains, especially those which contain frag-
ile soil or volcanic ash, landslides can eas-

ily occur. Dwellings, bridges and roads
can be uprooted or destroyed and rivers
diverted due to the excess debris. On the
flood plain, the ponding of stagnant, dirty
water can pose serious health risks. In ad-
dition, it is probable that major flooding
will kill livestock and devastate crops and
vegetation. The effects can often be long-
lasting (Raj, 1998).

1.2 Objectives and Organization
of Thesis

This study focuses on one particular ty-
phoon flood event — Super Typhoon Win-
nie of August, 1997, which seriously af-
fected portions of Taiwan and eastern
China. Even though the typhoon did not
become stationary, very heavy rains oc-
curred near the core and spiral bands. In
addition, the blocking and frictional ef-
fects of the Chinese land mass likely served
to increase the convergence and heavy pre-
cipitation to the north of the typhoon’s
center. Moreover, steep hills and heavy
rainfall in Taipei combined to induce land-
slides.

In order to investigate this event, the
Florida State University Nested Regional
Spectral Model (FSUNRSM) is employed,
along with an empirical orthogonal func-
tion (EOF) perturbation method, to gen-
erate ensemble forecasts of the track,
intensity, and precipitation. @ The re-
gional model used here is based upon the
Florida State University Global Spectral
Model (FSUGSM). Both employ the same
physics and both use the sigma (o) co-
ordinate in the vertical, where there are
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14 levels. The horizontal resolution is set
to approximately 0.9375° (T-126) for the
global model and either 0.5° or 0.25° for
the regional model. Further details about
the FSUNRSM are available in Appendix
B.

A successful prediction of a typhoon’s
heavy rain areas is predicated upon an
accurate forecast of the typhoon’s path,
strength, and structure. Furthermore, it
is crucial to correctly parameterize the
cumulus convection and related heating.
In addition, air-sea interactions and mois-
ture, temperature, and wind fields sur-
rounding the typhoon must be accurately
represented as well as boundary parame-
ters, such as sea surface temperatures and
topography. Misconstructions in the phys-
ical parameterizations can seriously de-
grade a typhoon forecast.

By using a high resolution spectral
model and an ensemble prediction system,
the main goals of this thesis are to

e research different ensemble forecast
strategies and explain why an empiri-
cal orthogonal function (EOF)-based
perturbation technique is suitable for
tropical weather prediction;

e perform a detailed case study of Su-
per Typhoon Winnie and compare the
observed track and intensities with
those from the control and ensemble
members;

e demonstrate the useful products of
ensemble forecasting, which include
multi-panel charts, probability dis-
tribution maps, cluster mean charts,

and station time series;

e focus on the rainfall and subsequent
flooding due to Winnie by comparing
station and satellite-derived precipi-
tation data to the model ensemble;

e investigate what effect, if any, ini-
tialization procedures have on pertur-
bation growth and related ensemble
spread;

e examine what effect, if any, a higher
resolution regional forecast would
have on the precipitation patterns
and amounts.

In Chapter 2, the FSUGSM is ex-
plained. The dynamical and physical as-
pects of the model are detailed, as well
as the two main initialization procedures.
Ensemble forecast strategies is the topic
of Chapter 3. Two techniques currently
in use at operational centers — the sin-
gular vector and breeding methods — are
described. Then, the EOF-based pertur-
bation method used in this thesis is pre-
sented along with a brief discussion about
ensemble forecasts of floods. In Chapter
4, the experiment methodology is set forth
in addition to observational aspects of Su-
per Typhoon Winnie and related flooding
issues. In this study, both a lower resolu-
tion global model and a high resolution re-
gional model are utilized. Sensitivity tests
are then performed to determine the im-
pacts of a very high resolution regional
model forecast. The consequences of per-
forming a physical initialization either be-
fore or after generating perturbations is



also explored. In Chapter 5, the computa-
tional results of the ensemble forecasts are
presented, and finally, Chapter 6 contains
the conclusions and future work.

SUMMARY AND CON-
CLUSIONS

1.3 Discussion and Summary

Through the use of a high resolution re-
gional spectral model and an EOF-based
perturbation technique, this study aims
to assess the effectiveness of an ensem-
ble forecast of a typhoon flood event. In
Chapter 1, an overview is given of how
tropical-cyclone induced floods can occur.
In Typhoon Winnie’s case, these floods
are likely a result of heavy rains asso-
ciated with the typhoon’s core and spi-
ral bands. In addition, the land mass of
China may have contributed to the flood-
ing via frictional convergence and blocking
effects. The steep topographic features of
northern Taiwan definitely helped in forc-
ing heavy rains and subsequent landslides
there.

The FSUGSM is described in Chap-
ter 2 and the physical initialization tech-
nique is examined in detail. This 24-hour
pre-integration procedure helps synthesize
the rainfall and moisture fields with the
other atmospheric variables, thus creat-
ing a physically realistic initial state and
hopefully reducing the spin-up time of the
model.

Ensemble forecasting and the EOF-
based perturbation method are both de-

tailed in Chapter 3. It is shown that this
ensemble prediction system is suitable for
tropical forecasting since it uses a nonlin-
ear model with a complete physics pack-
age in order to obtain a realistic perturba-
tion field. The primary eigenvector repre-
sents the optimal perturbation as it is pro-
jected onto fast-growing, dynamically un-
stable modes. This method is somewhat
similar to the breeding method employed
at NCEP since the initial perturbations
are selected by the model itself (Zhang,
1997). The singular vector method used
at the ECMWEF is also a powerful ensem-
ble technique in which fast-growing modes
are chosen as the eigenvectors of the prod-
uct of an operator by its adjoint. The most
dynamically unstable regions — those that
are most sensitive to different initial con-
ditions — are efficiently sampled.

The ensemble experiments begin ap-
proximately 48 hours prior to landfall. In
one experiment, the physical initialization
technique is performed after the pertur-
bations have been added. For this case,
the initial wind components have been ‘re-
laxed’ and the perturbation growth rate
suppressed. Thus, the ensemble forecast
is rendered ineffective due to the fact that
very few possible forecast directions have
been sampled. In the second experiment,
the perturbation generation is performed
after the initialization, and the spread is
much more robust, but not excessive. For
this case study, the track and intensity
of Typhoon Winnie is well-predicted by
both the control and ensemble mean. This
case is similar to one performed by Zhang
(1997) during his simulation of 5 different



Atlantic-basin hurricanes. In that case,
both the control and ensemble mean pre-
dicted the track of Hurricane Hugo equally
well. Since the control (unperturbed) fore-
cast is derived from the best guess initial
conditions, one might expect this member
to be among the best. Indeed, the con-
trol forecast is often given extra weight
within an ensemble system. The ensemble
mean track, however, should be superior if
the forecast uncertainty is properly sam-
pled. In general, with this EOF method,
the overall track forecast skill over the con-
trol has been improved in several cases, in-
cluding those performed by Zhang (1997).
This degree of success is not guaranteed,
however, for each individual case study.
Many more cases need to be performed in-
volving a variety of different synoptic sit-
uations.

In addition to the track and intensity
charts, an assortment of useful products
can be created from an ensemble fore-
cast. Among these are ‘stamp’ maps,
cluster mean charts, probability distribu-
tion maps, and station time series. The
focus of the thesis is on the precipita-
tion products from the ensemble mem-
bers. As mentioned, precipitation is a very
difficult variable to forecast even when
other variables are well-predicted. For the
0.5° simulation, the control forecast pro-
duces realistic precipitation patterns, in-
cluding mesoscale bands of enhanced pre-
cipitation. The ensemble mean is a lit-
tle smoother, but the rainfall amounts are
still adequate. A relative ensemble mean
is defined by transforming each ensemble
member’s track and associated precipita-

tion to the ensemble mean track. Then a
new ensemble mean is taken. With this
method, the goal is to reduce the amount
of smearing, which can often occur when
the ensemble members are far apart from
the mean track. For the 0.5° run, how-
ever, the difference between the two means
is not too noticeable. By examining sta-
tion data, one can further test the ensem-
ble forecast. In general, at the nine sta-
tion locations, most of the forecasts did
not produce sufficient precipitation. The
best skill occurred near and to the north
of where Typhoon Winnie made landfall.
Furthermore, in most cases, the relative
ensemble mean improved the final precip-
itation amount.

An intermediate 0.5° experiment is run
to test the sensitivity of perturbation mag-
nitudes, which are reduced by half in this
test. The corresponding track spread at
the time of landfall is also cut in half. It
appears, therefore, that there is some sen-
sitivity to tropical cyclone perturbation
magnitudes, but further experiments will
need to be performed to verify this.

A 0.25° resolution run is the final exper-
iment. The track forecasts exhibit more
spread, but the ensemble mean and con-
trol continue to show a high degree of skill.
For the precipitation output, even finer de-
tail is evident. The control forecast from
this experiment is the most skillful, and
the need for a relative ensemble mean in
this situation is apparent, particularly af-
ter day 3. Overall, the highest rainfall pre-
diction skill is near and just north of where
Winnie makes landfall in China. Some no-
ticeable improvements are made from the



0.5° run to the 0.25° simulation, but it
may not be enough to justify tripling the
computing time.

Numerical weather prediction of rain-
fall, especially rare event flooding cases,
is very challenging, even when a storm’s
track and intensity are correctly modeled.
A discontinuous, derived quantity like pre-
cipitation often possesses much variability
in space and time. Thus, it is best to ex-
amine each individual ensemble member
carefully in order to determine the maxi-
mum amount possible at any one location.

1.4 Future Work

This study evaluates an ensemble forecast
of floods arising from a tropical cyclone
landfall. Since this is still a relatively new
area of study, further research is needed.
This includes investigating modeling is-
sues such as:

e the effectiveness of the EOF-based
ensemble prediction system. The
limited number of case studies per-
formed thus far limits the skill assess-
ment. Many additional simulations
are needed involving weak, moderate,
and strong tropical cyclones embed-
ded within a variety of synoptic flows.

the number of ensemble members. In
this study, each model simulation in-
cludes seven ensemble members. The
statistics generated from this sample
are presented, but little validation of
these statistics is given. For rare
events, it is best to have a large num-

ber of members so that all possibili-
ties may be realized.

model resolution and computing time.
Certainly, a high resolution model
must be run in order to try to pre-
dict mesoscale precipitation distribu-
tions and spiral rainbands. Addi-
tional vertical resolution should also
be explored. The most effective res-
olution, however, is one which gives
the most value while using as few
resources as possible. It is difficult
to determine from this case study
whether the 0.25° simulation is more
effective than the 0.5° experiment.

weighting the control (unperturbed)
forecast. Not all forecasts have an
equal probability of occurring. If
the fastest growing modes dominate a
forecast, then this forecast will be less
likely to occur when compared to one
that is normally evolving. Thus, after
performing many simulations, some
proper weight may be estimated for
the control forecast.

In addition to the above considera-
tions, further hydrological work is neces-
sary. This includes, but is not limited to

e generating a flood potential map. For
a particular region, this map would
include information about the clima-
tology, terrain, soil moisture, and
of course, the precipitation forecast.
Ideally, weighting factors would be
used to redistribute rainfall for a more
meaningful forecast.
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e estimating (via Thiessen polygons,
for example) how much precipitation
has fallen over a given land area. This
can be implemented for both station
and model data. By performing sta-
tistical analysis on this spatial rainfall
distribution, the forecast skill can be
improved over that from a point pre-
cipitation forecast.



