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e The “Norwegian School” is generally credited with the first major successful
application of the scientific method to the problem of the relationships between extra-
tropical cyclones and fronts. Their empirical observational and analytical work plus a few
theoretical concepts resulted in a quite comprehensive framework between fronts and the

formation, structure and life-cycle of cyclones.

A) Summarize concisely the main aspects of the “Norwegian School” concepts as to
those relationships, and discuss briefly why they were successful where previous

work was not.

B) Subsequent studies since WWII has led to major modifications of several of the
Norwegian concepts. Discuss at least two aspects for which this work has produced
such major modification to Norwegian ideas about fronts and cyclone formation,
structure and life history. Where appropriate make reference to specific work that led

to these modifications.

Sol)

A) May aspects of NS : The NS made achvances on 4o Frowds
/ : desoiptive  disavertes fadvances and new nepts/leories
Descrptive Discoveries /Advewes

® Lnes of conflugwe © Shreaniime anaysTs —>discovery o lines &

Conflueuce which are pbSewer] 4o orregpend With areas 4 precip,

+ Skeeriyy line 1 Obsewed 4o exlend From center of oyclore , whove
He taygeut of Hus line ponrted o divected of propegatton Chence,
"Sleerrg "), ‘"-7 hypotherized e ling edlended over dhe cold atr
—> Sfeery Surface

» Squall line : The obgewed Onothey live ectediyy bebind Hhe

Steerny [ing, Asscctated Tl a more narw band o Triemse
preap. Thig Ime ey believed o S'lope back o cold ate
— Spuell surface.

@ Thermal distribidion ¢ lines of conPluee were olsevved Yo mespond
to dte Hevmal potien —> warm Font (Steany live) + Gkt Front
(ool i) Note fhet- Hhase lmes of (pnbuene were olserved
Lo be_ahead o the ackual fherne| foual boundaies

@ WVectler - They destibed #hck at flo parm Eout, vam porsy

ol ries owr He cwler v chead of H—> brozd erec £ ram,
hereas ot e (old Fromt, cold A underady varm rotst air
—> vaprd asceirk proouciy A vOHots band of preap. more Tidense
Hhan plserved at- tarm Hrout.

@ Vertioal motlon : Prep patterns wove oblerved 4o be 4stociated
6t verk. moton , with am'ndig motron T® Lare gir and dcsaevdnd
motion ™ Cold arr —» -H.ermy divect ireulction

@ Life gyde : Geloves wove Ghserved o form alog smooth polay-
Frout boundayy . Slall disturbance on Hhis l»undey Grew +o form
cyclowes ,oh a low prerure Center ot He sfe . Bg e opclong

grus, He cold Q- evewkacbf ’ catches up“and undevcuts the
(arm ?mw&,ﬁrm.rg_ an poclusTen 71‘7 olsened de appeavance
of the oluston 4o 4o mark +he begimyy of cyclone aleoy,

New Oneerts /Hheories

O Polar Frot : @clmeg Brm alwg polar Bront Sepenmg Cole} an 4o hard
Srom o ar 4o South (10 NoH.), Morgover dle khppmkne Conttagt Is
Concendreted ™ narrows layer, which on He larger scale can be Gnsidered
s q Zevo-order dlStphhhu? Th femp, moiskre , and pressure Sracrent.

@ Cydogenﬁ"fs : ’117 used thesries of othere +o form dhein +Lp°7 ok

C}/clogenests_

+ Margules : Demonstreted fuck 2 cyclonic Shear Fohe between avr
masses coulel be ot equilbriom , arel
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dig(‘olﬁhlulbf Couid leawme Stalle cnd §rou
- Streanline analysts by NS supported Peory dhet- cycloves Form alory
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and putply Cold @ vpwerds
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OScentrfic methed : Fitst o approach weteorolggy ™ Hs vay. Frsy

they attempted +o adequetely describe the process | and dhen 4o
uhdevstond i+
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(ro Mm-S7hu reasurened avalale), Ornetimes 1hferred 4o go
ndirech agrclqj/

@ Concep-hloi wodd ¢ [ised Tdeas of Mavgules and Helmholiz 4o
provide @ physteel basis o dar model of gckres

K ® Predictron : (hired scientific melliod 4= vext lageesl step,
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Supristiy the NS didut dleel wih dis o0 He Jﬂé’:m het o}
\ »et Leen disvered !
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equatortal gone
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- Sweli—Stcle edely difRitron & dwlulewt Bures allos sty Roent exclorge 4
avr A0vosS He bundarwes
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ey Froida| Zove v reloed v dyneric process

The Mmporfert modele of Bonks aBle- WWE awp Srvew Lebot

Palweer (1949) «
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e

has been dominated by studies of the intimate relationships between fronts and mid-
latitude cyclones, both descriptively and theoretically.

Using the format of a lecture presentation appropriate for Sr. level students in

Meteorology, prepare a summary disc. of these interrelationships between fronts and
cyclones which includes:

1. A brief summary of the “Norwegian School” points of view.

2. A disc. of the evolutionary changes in the “Norwegian School” concept that have
resulted from work since World War II.

3. A disc. of aspects of these interrelationships that need further investigation at the
present time.

(2ol ¢ ofe Bom Russ)

4 pre-reguiste 4o cyclone development uilie the baroclinic
/@ Megor olesor tive discveres ond solvances made by e NS, welude Tmshbxlay \dleas of Charuey , Endy & others )
He Rollowry ¢ * [Wamm arr bulges Hovsards the cold g uti, a low pressure cemler foini
e the dop of He projecting tongue of Larm 2Tr, Tle warm fougue T
O _fromts Veutree] fo 4he warm sector o He gelone , Aqew(g_ air & Lound
. 6,97 movrey Cyclowe has oo lwes of confluence diistmgutshed Yy

clong He warm Rowk . Coldl atv dlesconds bebined e cold Eronk.
* Further grototl, @ de grlone leads 4o ld air bebiud Jle Cold Bort +
teach ¢ underad He tarm oy alogg {he wetm Poud. This T the

process o occluston aud makes Jis olec94 Stage of He (iove Gyclone
| and s asveciated Honts.

bounidaries, The wawm Pont enfered He cyciome Fram Hhe Hout- ® Cyclone fanilies 3 e polar frots .~

end appeared {o Tndiccte He direction P c7¢|:».e propag<iton.
The Cold Frawt endered T He rear of e CSrclone. The frants

Jomed ™ He Center o e oyclone ab He Vorthermmozt tip

Charoctertgire termal properiies ; Yo Steering (larmy ¢ Squall
(celdy lines. Tle sicermy line as cutled o warm Prowt . The Speell
lire ses colled o, cold fromt. These names emphesized Hhek the
lines oP conPluguce ™ Hhe Lol were more appropriately Hetnal

A series of Cyolones form alagy dhe polar Fromk wlich Separetes poler-

ahd +ropree| arr. The Eormchion of lsce| Cycloney and Hher- assocrcled

Lronte play a pole ™ +he genercl Crrouldron by +mucpo>{vg oy,

of #e tongue of wam, atr Warm 4 cold ar- flouny Tidy e Hropicel arr poleware] 4 Cool poler av+ equctoruard . (yave ¢yclones
Cyclone are separated by Hete bovdartes. were a plysteel process by whreh e Hropres Qulol &et riel of Surplug

* Waim morst at floces wp over Hhe Colol 2 Gepareted Ly Hhe energy & He polar regions could make up By o deferet 5@ erexsy
warm Pront. Erlewsve olovels & widesprecd , untfrm prectp.

i aheacl R twe viarn Lrovd, Peak: precip n,*e.ny oacus jush
prior +o Browdel pesmege.

= Tmplicattons Fa Glbal enevgy balance of the afmos phére

® lhy was Hhe NS so successfl Jiven e Guo Progess v fe prier 5o o 0D
years ®

s To the rear of de Cyclone,Coloh a1 Flous unclerneatl, He warmar, O They Rlfowed +he classioel Scienfific wethed | Aralalitdy of dabe B

RisTey motron 1 dhe warm AT+ 73 move Violewt 4 Trreguiar adense hebwirk R ofe slabtong allowed Hem 4o shserve Hhe featares

0% dhe @lol front avdl precip 1s Fa- less extensive. Tn both they described m their polar Rowrk cycling wadel. They ured beker analys

cases (liarm ¢ cold Fronts) the precip folls on +he ol sTole methads fo extract more meeningfl miorimeton Fom He dete. (J1ud
of He Front, felds vere anal):zed usTng Sheamlings. Confluence folifuerce of
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a straght line , (Thus, we see thek ™ Hte NS Pouds are to KE. Hig slope eg. Shwed how a clprg Browbal sEe could exist.

+ The mitia) Formehon of a cyclone wes Siven iy Yo OppuS'-‘+o>¢
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patterns ¢ low level Prowtal bourdaries. T provided 4, plysteel
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ove elage n Hhe life hrg}ay of cyclones <t yclove families, Prior 4o
Gyelogenests +hee must Le a pre-exaheyy Prout (lime a?olumr&m.|9 ).
The ghear mﬂalﬁhy Toigas of Helmhobz suggect ok everul, o wave
W develop alogy His line of dirorrmndy Margules Tdeer of whuersTon
from PE +. K.E olesaitbe how e +Lema|>z direct circulatons m
growryy paves Furntoh energy 4o He Love.

A New Cyclone Lorm ok e daple point tutersection of the cold ,

sarm & oceludec! Prauts

B B8 oxluston 1le Oyclone deays , e Tdea of rainfell dinyisies

+ He Ttersechon @ Hle Fromal boudaes ic vo Ion‘go» near dhe
cewtor of He Storm
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lerge scale exchanges of 2 are ot possible . Tionto ave Bormeot

prmuml] ag aresuld 4f 0D horizondel motims . (cleBrmchven <+
(ohvepene’)

® Sturce R evergy for Geverel atmospherte Crrauletion v Hhe merikouo]
Hemal gredient belween Hhe Hropres 4~ polar regions. (Jave Oclnes
Lorm a link betveen He Hws ateas andl allory S conversion sP
APE tnbo ke | 'ﬂe/ Noded Hhek ag 'u\e?clahe develops, Larm -lqo',;-m[
i riges and ool folar 2T oescends, This (omerts B — ke,

Thewmds Ta the cyclone acelercte ond {he cettrel prescure drops,
Ohee He oclusion stage 13 reached Hhme 7s no louger a sime of
PE avarlalle & Fransfh s kE . Tle C/Close Leckeng

@ P|r|75‘70=| processes used 4o dexrile shuchne < behevior of Frowul
C]d\meg
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Gradient titnd,

MET5510C: LaSeur (45-60 minutes) ***
e Neglecting viscosity, the equation of motion for the (horizontal) wind may be written:

(1) V+kxV=-Vo

in which V = wind vector, V =dV / dt is the acceleration of V and ¢ is the geopotential,

k the vertical unit vector and fis the Coriolis parameter.

(A) What form does (1) take when the geostrophic assumption is made, i.e., what is
neglected physically?

(B) With the result in A, show that (1) may be re-written as:

2 V=-/k(V-V,)
And sketch a vector diagram of the relationship of V, V, and V :

(C) Discuss briefly the implications of B as to the direction and magnitude of V with
respectto V.

(D) What approximation as to V is made when the gradient wind assumption is used?
Give any form of the gradient wind equation that follows from this assumption, and

sketch a vector diagram illustrating V,, V;and V for cyclonically curved flows.

90\)/(,:\) For geostvaphic nssumpion . ue vgglect Accel. o (yrnd .da%

*]ﬁk X Vs =‘V¢; bere Colighe T2 balarced by pressure gradignt.
(BY From (By 4 @g e, Substrhde fo Vo )

— Y\ 4+Pkx Y =LkxYy=-Vp wimy B V

= = Pexily —fx = ~PIEx (Y -Yg) ~-Pc XY

X
y g Sv He occel. iv orthogone| 4o e

A3eastrophic sad @wmponent
Yy
(0 Magnidude ¢ We ke dict ihere nust be an ageoSfioplic wmponent
for here 4o be an cecelerchon, Hence 4he larger
e mggnhde of Yag , He lager ¥

bivectton : The olirection oP e accel (X} 18 4o Hhe rigkt of Yag
() For gradignt tzmd , e asswme 2 s—ua), lalane Ledren (1) Coridie,

(3) prostwe gradiost, and 3)Qontripetal forces,

-~ KTVQ:"-!--EVQ =-EV;_ B KT:—[R_-I.

oivide by PVe — frkrVe +1 =%1.

As For normal Cyclowie Ky>0 —> Vs >Vg

Heuce @ vechor iagwam may apear as follows

Hence B cyclonic fos hgmiie-d— balane . e How 1%
Subgeostrephic and aduel. +owads lower pressure,
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METS5510C: LaSeur (45-60 minutes) **

* To a good approximation the gradient wind ¥, may be related to the geostrophic wind
V, by the expression:

1) KTVG%-i_fVG =ng
in which K, =1/ R, is the curvature of the air trajectory (the reciprocal of the radius of
curvature of the trajectory), and fis the Coriolis parameter.
a. Show that one (convenient) solution of (1) may be obtained in the form:

2w,
@ V=

G 172
v,
1+ (1 Rhalif *’J
f

Hint: Write (1) as a quadratic in 1/V,,, solve, and invert.

b. Since K, may be > or <0 and there is a choice of +( )", (2) contains four possible
cases. Discuss concisely those cases which are physically realistic in the atmosphere.

c. For anticyclonic curvature, (2) may be interpreted as implying the existence of a
limiting value of K. Why is this so, and what is the limiting value of K, for V,=350
m/s and f=10"*s7"?

d. Show that if (1) is differentiated with respect to z that

(3) aV(; — VG (aVK _l/gz_ aKlj
Oz v, -Vo)\ ez f oz

(or an equivalent expression)

e. Given that 0K, / 6z ~ 0, consider the expected relationship of 8V, / 9z and 0V, / 8z
for normal cyclonic and anticyclonic gradient winds.

f. If 0K, / 0z # 0 consider the circumstances in which 8V, / &z may be opposite in sign
of 8V, / 0z for normal cyclonic and anticyclonic gradient winds.

|
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Vort, dishihidion

Sslo
MET? : LaSeur (7) *
e Surface weather maps typically show cyclones associated with concentrated maxima of
absolute vorticity which have large values (two to four times f) and large gradients of
vorticity; and anticyclones associated with minima of absolute vorticity that typically
occupy a considerably greater area and with much weaker gradients.
With the use of the appropriate form of the vorticity equation at the earth’s surface

(consider it flat), discuss why the above observed relationships between absolute
vorticity, cyclones and anticyclones are to be expected.

S
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Potermral vork.

/5

METS5510C (Mid latitude synoptic system): LaSeur (45-60 minutes) ***
e Combination of the three-dimensional vorticity equation, the continuity equation, and
the three-dimensional frontogenesis equation yields the following potential vorticity

theorem:
d do
E:(O(.VEGOH)=OLBOV3(;{7) +aVPe(V,x F) (1)
in which o = specific volume
6 = potential temperature
N =V, xV=3-dim. Vorticity
F = frictional force/mass
(a) Show how (1) may be transformed to the following more useful form:
db _ a (_@)( +f) =(€ +f)(_id_e) ae(aF a_F.f_) 2)
d = ogr|\ ap) ° opdi) op\ox oy,

The term in brackets on the LHS of (2) is known as the potential absolute vorticity;
(b) Explain clearly how this quantity may be evaluated from synoptic analyses. What
have studies of P shown as to its variations in magnitude in the troposphere and lower

stratosphere?

The two terms on the RHS of (2) represent physical processes that may produce changes

in P following the same volume of air;

(c) Give a clear physical interpretation of these terms and discuss the physical processes
in the atmosphere which can produce significant changes in P. Under what
circumstances is P conserved, i.e., dP/dt =07?

Seld

@
/ Sy with €5 (1), we LTl break Hhe 3-D vectors Tt Componerrts |

We choose Sor our 3-Dowrd. System @ 0-D e of constaut 8, uh
a normal vector IN. Hewee Jhe -0 gredent operator

(P is " /‘——?—“
[G=T 3 P e VI
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[(m tn) - ((c9+£)un+&'..)1 gp[e( (GeHP)]
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& X (Lp+R) ;f;(%%)
F"‘“"]' Sst. for 27 Jerm R RHS( Backion derm) —>

X6 (V:xF) = aem [(35—9-5")"\4-( i+ ¢ )_ﬂ

a9x ~ 9¢
*K%g 3 eq)
So. €303 now becomes
[o(ae o +5)| = o (LotHH 3 %°_)+o( (%._%}St \

Swell wrt olher taem = rglect.

2

z 8 A2
R =

From lnyo!n:aMnc & 92’ =-8§3 = —3- ah x5 = -5
Subet. Hhis for 2= Tuko Abve, Concel K&, divide all dems by 4 —>

40 _ 40 ory] = Eor®(-3(40)) -2 (R SE)
wL-cl. iv 9. (2)
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'Po+evr+?al vort,

5510
MET? : LaSeur(?) (?)
e The concept of Potential Absolute Vorticity, P, is increasingly used in diagnostic and
prognostic analy51s and modellmg of the atmosphere. Almost 50 years ago Ertel showed
that P=(an, eV,8) in which a =specific volume, n, =three dimensional absolute

vorticity, and V,0 = three dimensional gradient of potential temperature is a conserved
property of adiabatic, frictionless flow.

(a) Give a physical interpretation of P.
(b) Show that P may be transformed to the more convenient form:

In which N is normal to isentropic surfaces, C, is relative vorticity measured on
isentropic surfaces and fis the Coriolis parameter.
. . 0 0 0
(Hint: Use the approximations — ~ — = —-gp—)
N Oz op
(c) Discuss the circumstances in which £, may differ significantly from {,= relative
vorticity measured on pressure surfaces.
(d) Discuss the circumstances in which it has been found that P is not conserved and the
physical processes responsibie for such non-conservation.
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MET? (Mid lat): LaSeur (1 hour)
e Staley derived an extension of Ertel’s potential vorticity theorem which includes the
effect of heating and friction:

d - - (do -
-——(ocVG-n)=oc n-V(——)+aV6-(Vx F) @)
dar dt

in which o = specific volume

_)
n =V xV4+2Q =three dimensional velocity
._)
F = frictional force per unit mass

(@) If n is a unit vector normal to an isentropic surface and only diabatic and frictional
effects along n are considered, show that (1) may be written as

Lol )=+ 1f -2 2] or ®

inwhich P=0(C,+f),c=-00/dp
ov du
(o2
ox 0oy/,
._)
F, = ncomponent of Vx F
Hint: o = 9 = —pgi
on 0z op
(b) Where are large values of P observed in the atmosphere? Discuss some important
conclusions about atmospheric circulations that have resulted from studies of P.

(c) Discuss diabatic and frictional processes represented by the right hand side of (2) that
may account for considerable non-conservation of P.
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moist Stetic evegty
i

i1
MET? : LaSeur (?)
¢ Question

A

(A) Write an expression for the quantity known as “moist static energy” and give a
physical interpretation of the terms involved. Are any 51gn1ﬁcant other forms of
atmospheric energy neglected in this expression?

(B) Sketch a diagram illustrating the vertical distribution of this quantity in the average
tropical troposphere with appropriate labels of units and magnitudes involved.
Discuss briefly how adiabatic (moist and/or dry) processes effect this quantity.

(C) On your diagram in B, sketch a second curve illustrating how the vertical distribution
of this quantity is observed to change in regions of the tropical troposphere
“disturbed” on the synoptic scale by upward motion associated with lower
tropospheric convergence and upper divergence. From a comparison of these curves
and consideration of the physical nature of this quantity, discuss the implications as
to the scale on which the upward motion must occur and the nature of the physical

processes with which it is associated.

(D) What phenomena widely observed in the tropical troposphere provides a logical and
rational framework for explaining the above observations? Discuss qualitatively (no
mathematical development required) and physically the nature of this explanation
and the impact it has on numerical weather prediction in the tropical atmosphere.
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MET5534 : LaSeur (1 hour) **

X _lek ot Krishi shely nole

e Consideration of the heat and moisture budgets of larger scale (planetary or synoptic
scale) tropical weather systems characterized by lower tropospheric convergence, upper
tropospheric divergence and, thus, general upward vertical motion on that scale, shows
that such budgets calculated from the larger scale motion alone reveal large magnitude

residuals that have been termed as @, =the “apparent heat source’

’, and Q, =the

“apparent moisture sink”. Diagnostic budget calculations for such conditions typically

define these as:

ot

02249V L (o) e, Zev.0ve 2 (65)] -

op

w.n—.uu«
evcrudiﬂ‘

p Qr +LCC-e) - 5 (57

-0,=1L % +V- (}—\7 + 2(56) (note minus sign) —» (. = L-&)+ L%P(c.y'_gr)
ot op

s=c,T+gz

where s and g are dry static energy and mixing ratio, respectively.

A. Show that O, and -Q, are both positive if the vertical advection terms are the
dominant terms in these expressions, under the conditions given above; and sketch
schematic curved of O, and —Q, for the tropical troposphere for these conditions.

B. Obviously, other processes besides the large scale motion must be significant to the
heat and moisture budgets in such systems. Discuss the most likely additional
processes that have been hypothesized as playing that important role in determining

the energy budgets in such systems.

C. Furthermore, outline briefly the major assumptions originally introduced by Arakawa
(and used by many others) in an attempt to incorporate these hypothesized processes.

How does this proposed methodology explain the “apparent heat source”

and

“apparent moisture sink” in terms of the interaction between the hypothesized

processes and the larger scale motion?

D. Lastly, discuss briefly the major deficiencies of this approach that have been revealed

by diagnostic studies based upon it.
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Cumulus Paremelertzetion

MET5534: LaSeur (60 minutes)

e The effects of convective clouds in modifying the larger-scale environment in which
they are embedded are important in the tropical atmosphere both diagnostically and
prognostically. Larger-scale environmental changes are typically measured by:
ds I
0, =E+v.(sv)+5(ms)

0, = -—L[Z—z +V. ((}V) + %((ES)} (note minus sign)

s=c Ij’ + gg g = specific humidity
(a) Show that if the sum of the time tendency and horizontal advection on the larger-scale
is small that O, and Q, are determined by the larger-scale vertical advection and thus
in regions of the usual tropical atmosphere with larger-scale upward motion, Q, and
Q, are positive.

Two main approaches to “parameterizing” the effects of convective clouds have been

developed by Arakawa and Kuo.

(b) Discuss the physical characteristics of the convective clouds included in the Arakawa
and Kuo schemes. Emphasize the similarities and differences between the two
schemes.

(c) Discuss physically the processes whereby the larger-scale environment is modified in

each of these schemes. What important characteristic of actual convective clouds is
neglected in these schemes?
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METS5534: LaSeur (1 hour)
e The dominant instability characterizing the tropical atmosphere is the conditional and

convective static instability for saturated adiabatic processes. As a result, a planetary-
and/or synoptic-scale volume of the tropical atmosphere typically consists of a small
percentage (< 5%) of active convective clouds embedded within the larger unsaturated
“environment” (except for some mesoscale regions of inactive convective “debris”
clouds). Since available data and other difficulties preclude explicit consideration of
convection, methods have been developed whereby the cumulative statistical effects of
large numbers of embedded convective clouds in modifying their environment can be
estimated. Two such schemes that utilize “model” convective clouds have been
developed by Kuo and Arakawa-Schubert and widely used in both diagnostic and
prognostic studies of the tropical atmosphere.

(1) In a concise discussion, compare and contrast the physical properties and processes
incorporated in the “model” clouds of each of these two schemes of “convective
parameterization” (Little or no mathematical treatment required or expected). In
particular, in your discussion explain how the hypothesized “model” clouds
accomplish the transport and redistribution of heat and moisture from their principal
sources in the sub-cloud boundary layer to the remainder of the tropical troposphere.

(2) Briefly discuss physical characteristics and processes in actual tropical convective
clouds that are not incorporated in these schematic “model” clouds.
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(geveral) ® .z
MET? : LaSeur (30-45 minutes) A7 3

e Outline clearly and concisely the procedure used to calculate the geopotential heights of
pressure surfaces from a radiosonde observation. Include in your answer the basic
physical approximation upon which this procedure is based, the importance of ground
level “baseline” observations and a brief discussion of random and/or systematic errors in
the pressure, temperature and humidity sensors of the radiosonde as they effect the
accuracy of the geopotential calculations.
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